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Mode-specific multi-channel dynamics of the F~ + CHD,CI reaction
on a global ab initio potential energy surface
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Rerrich Béla tér 1, Szeged H-6720, Hungary
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We report a detailed quasiclassical trajectory study for the dynamics of the ground-state and CH/CD
stretching-excited F~ + CHD,Cl(vcy/cp = 0,1) — CI™ + CHD,F, HF + CD,CI", and DF + CHDCI~
SN2, proton-, and deuteron-abstraction reactions using a full-dimensional global ab initio analytical
potential energy surface. The simulations show that (a) CHD,Cl(vcn,cp = 1), especially for vey = 1,
maintains its mode-specific excited character prior to interaction, (b) the SN2 reaction is vibrationally
mode-specific, (c) double inversion can occur and is enhanced upon CH/CD stretching excitations, (d)
in the abstraction reactions the HF channel is preferred and the vcy,cp = 1 excitations significantly
promote the HF/DF channels, (e) back-side rebound, back-side stripping, and front-side stripping
are the dominant direct abstraction mechanisms based on correlated scattering- and attack-angle
distributions, (f) the exact classical vibrational energy-based Gaussian binning (1GB) provides
realistic mode-specific polyatomic product state distributions, (g) in the abstraction reactions CH and
CD stretchings are not pure spectator modes and mainly ground-state products are produced, thus
most of the initial energy transfers into product translation, and (h) the HF and DF product molecules
are rotationally cold without any significant dependence on the reactant’s and HF/DF vibrational
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states. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963664]

I. INTRODUCTION

The bimolecular nucleophilic substitution (SN2) is one of
the most important reaction classes in organic and bio-organic
chemistry. A stereo-specific optical-inversion mechanism of
the SN2 reactions was discovered experimentally by Walden
more than a hundred years ago.' After the early discovery,
it took about 40 yr to explain its atomistic mechanism as
discussed by Ingold in 1953.> Nowadays, Walden inversion
is a well-known textbook example of the mechanism of
SN2 reactions. However, recent theoretical and experimental
studies’> showed that Sn2 reactions are “not so simple”®
as highlighted by Xie and Hase in 2016.” Walden inversion
can occur via direct rebound, direct stripping, and indirect
pathways involving complex formations or roundabout.®'
Furthermore, retention mechanisms, such as the front-side
attack!'~'>* and the recently discovered double inversion*
(see Figure 1), also exist. Despite the many known reaction
mechanisms, the deeper, atomic-level understanding of the
complex dynamics of Sn2 reactions still requires further
experimental and theoretical investigations.

Direct dynamics simulations, which compute the potential
energies and gradients on-the-fly, have played a key
role in uncovering the atomic-level pathways of Sy2
reactions.>%10:14-16 Recently, we developed the first high-level
ab initio-based global analytical potential energy surfaces
(PESs) for the F~+ CH5;Y [Y = F and Cl] reactions,”*!’

®Present address: Department of Chemistry, King’s College London, London
SE1 1DB, United Kingdom.
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which have allowed efficient dynamical investigations using
either the quasiclassical trajectory (QCT)*>%!718 or reduced-
dimensional quantum'® methods. Using analytical PESs,
one can compute millions of trajectories which provide
unprecedented statistical accuracy for Sy2 simulations and
may reveal novel reaction mechanisms. Indeed, in 2015 we
found a double-inversion pathway for the F~ + CH3Cl Sx2
reaction, in which a proton-abstraction induced inversion
followed by a second inversion via the usual central transition
state results in overall retention.* Furthermore, in the case
of the F~ + CH3F reaction, our QCT simulations showed that
front-side attack may become a dominant Sn2 mechanism
at very high collision energies.!” As double inversion is
induced by a proton abstraction, the proton transfer channel
is especially interesting in the ion-molecule reactions. The
analytical PES of the F~+ CH3;Cl reaction describes the
proton-abstraction channel beside the above-mentioned Sy2
pathways; thus, we can efficiently study the competing
reaction channels and mechanisms.

In this study, we report QCT computations for the
F~ + CHD,(CI reaction, focusing on the CI~ + CHD,F, HF
+ CD,CI", and DF + CHDCI"™ product channels. The simula-
tions may reveal interesting isotope effects and provide insight
into the mechanisms of the proton/deuteron-transfer and
double-inversion pathways. We are particularly interested in
the role of the proton abstraction induced inversion in the
double-inversion process and the partially deuterated reactant
may provide additional insight by showing the mass effects
on the mechanism if we manage to distinguish between
the proton- and deuteron-induced inversions as shown in
Fig. 1. Furthermore, we study the effects of the CH and

Published by AIP Publishing.
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FIG. 1. Different channels and mech-
anisms of the F~+CHD,Cl reaction.
Blue background denotes an inverted
configuration relative to that of the re-
actant (yellow).
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CD stretching excitations, which are expected to promote
the corresponding abstraction channel as well as the double
inversion. Utilizing our mode-specific product analysis and
binning techniques,’®?! we can follow the energy flow along
the reaction coordinate from reactants to products. The mode-
specific vibrational distributions of the polyatomic product
molecules and ions may provide information about vibrational
adiabacity and test the utility of the one-dimensional Gaussian
binning (1GB)>*-?? approach.

In Section II, we provide the methodological and
computational details focusing on the vibrational mode-
specific polyatomic product analysis and the different
implementations of the 1GB approach. The QCT results
on the inversion and retention pathways of the Sy2 channel,
proton and deuteron abstraction, and mode-specific energy
transfer are described and discussed in Section III. The paper
ends with summary and conclusions in Section I'V.

Il. METHODS
A. Computational details

The QCT computations are performed for the F~
+ CHD,Cl reaction employing our full-dimensional analytical
ab initio PES developed for the F~ + CH3Cl reaction in
2015.* The harmonic vibrational ground-state (v = 0) and
the stretching-excited states (vcu(a’) = 1, vep(a’) =1, and

Q
"
8.
.,
3
. _>
o
o“

vep(a’’) = 1) of the polyatomic reactant are prepared by
standard normal mode sampling.”® The initial rotational
angular momentum of CHD,Cl is set to zero by modifying
the initial velocities.?

The initial orientation of CHD,Cl is randomly selected
and the distance of the reactants is Vx2+ b2, where b is
the impact parameter scanned with a step size of Ab from
0 to bmax, which is the maximum value of b, where any
reactive event can occur. The settings for x, Ab, and by,
values at each collision energy (E.o) are shown in Table I.
Trajectories are run at E.oy = 1, 2,4, 7, 10, 15, 20, 30, 40, 50,
and 60 kcal/mol. At each b, 5000 trajectories are computed,
except at E.o; = 50 kcal/mol, where 25 000 trajectories are run
at each b in order to get improved statistics for the correlated
differential cross sections and mode-specific product state
distributions, resulting in more than 6 X 100 trajectories in
this study. The trajectories are propagated using the velocity
Verlet algorithm with a 0.0726 fs (3 a.u. of time) time step
allowing a maximum of 4 500 000 steps (327 ps), but most of
the trajectories finish much faster within a few picoseconds.
The trajectories are stopped when the maximum of the actual
inter-atomic distances is 1 bohr larger than the initial one. In
case of the highly exothermic F~ + CHD,Cl — CHD,F + C1~
substitution reaction, the product zero-point energy (ZPE)
violation is not a concern. However, for the substantially endo-
thermic F~ + CHD,Cl — CD,CI™ + HF and CHDCI~ + DF
abstraction reactions, the ZPE violation of the products is not



134303-3 I. Szabd and G. Czaké

TABLEI Settings for the initial distance of the reactants and impact parame-
ter scans (in bohr) and the total number of trajectories at each collision energy
(Ecop in kcal/mol).?

Econ X Ab bmaxb Nlrajb

1 30 1.0 25 130000
2 25 1.0 21 110000
4 20 0.5 18 185000
7 20 0.5 15 155000
10 20 0.5 13 135000
15 20 0.5 11 115000
20 20 0.5 9 95000
30 20 0.5 9 95000
40 20 0.5 8 85000
50 20 0.5 7 375000°
60 20 0.5 7 75000

The initial distance of the reactants is (x2+b2)!/2, where b =0, Ab, 2Ab, ..., bmax
and Nirj = (bmax/Ab + 1) X 5000.

bbmax and N; slightly vary for the different initial vibrational states at a given Ecojj;
here the largest values are given for each Eoj.

€At Eqo =50 keal/mol, 25 000 trajectories are run at each b in order to get improved
statistics for the correlated differential cross sections and mode-specific product-state
distributions.

negligible. Thus, we consider both the soft and hard ZPE
constraints in which trajectories are discarded if the sum of
the product vibrational energies is less than the sum of their
ZPEs (soft) and either product has less vibrational energy than
its ZPE (hard).

As mentioned above and shown in Table I, we run
trajectories at equidistantly sampled b values, ie., b,
=nXAb [n=0,1,...,nma], Where nypax = bmax/Ab. There-
fore, cross sections are calculated by a b-weighted numerical
integration of the reaction probabilities, P(b), as

Nmax
o= Y Ab{buP(b) + by )] (1)
n=1
Differential cross sections as well as translational, vibrational,
and rotational-vibrational distributions are also computed
using Eq. (1) after binning the trajectories with respect
to scattering angle, product relative translational energy,
vibrational, and ro-vibrational state.

B. Mode-specific normal mode analysis

Mode-specific vibrational analysis is performed for the N-
atomic polyatomic products (CHD,F, CD,Cl", and CHDCI")
following the procedure described in Ref. 21. The key steps
of our approach can be summarized as follows:

(1) A normal-mode analysis is carried out at the equilibrium
geometry (r}?), which provides 3N— 6 nonzero harmonic
frequencies, wy and the orthogonal transformation matrix,
which transforms from Cartesian to normal coordinates.

(2) We remove the angular momentum by modifying
velocities.

(3) For each trajectory, an exact transformation to the Eckart
frame corresponding to ri? is done.

(4) The normal coordinates (Q;) and momenta (Py) are
determined from the mass-scaled Cartesian displacement
coordinates and velocities using the transformation matrix
obtained in step (1).

J. Chem. Phys. 145, 134303 (2016)

(5) The harmonic vibrational energy and the corresponding
action for each normal mode are obtained (in atomic
units) as

P2 (1)22 E 1
P, @l g o Bl
2 "o o 2

k=12,...,3N -6. )

Ey =

The integer vibrational quanta (n;) are the nearest integer
values of n; . Note that step (1) has to be done only once for a
given product type, whereas steps (2)—(5) need to be repeated
for each reactive trajectory.

C. Binning techniques

The standard QCT studies apply the histogram binning
(HB) technique, where the probability of a particular
vibrational state n at a given impact parameter is defined as

N(b,n)
M traj(b ) ’
where N(b,n) is the number of products in state n from the
total number of trajectories Ni,j(b) at a specific b value.

Using the 1GB approach,”*?> a Gaussian weight is
defined for each product at a given b as

Pug(b,n) =

3

B _ﬁz(E(n’p’b)—E(n))z
Gp(b,n) = ﬁe EO p=12,...,N(bn), 4

where 8 = 2\/@/6, 0 is the full-width at half-maximum,
E(n’p,p) is the actual vibrational energy of the p™ product
molecule, E(n) is the quantum energy corresponding to the
vibrational state n that is the nearest integer vector of n’,, 5,
and E(0) is the harmonic ZPE. Then, the probability of n at a
fixed b value can be obtained as
N(b,n)
21 Gp(b,n)
p=
Pgp(b,n) NegD) )
Following Ref. 21, here we consider two 1GB approaches,
denoted as GB(harm) and GB(harm-exact), to calculate
Gp(b,n) by using different methods to calculate the energies
E(n’p ;) and E(n) used in Eq. (4).
GB(harm) employs the harmonic (harm) energy formulae
for both E(n;), ,) and E(n) as follows:

3N-6

1
E(m,,) = Z Wi (n,'(’p’b + E) (6)
k=1
and
3N-6 1
E(ll) = Z Wi (I’lk + z) . (7)
k=1

GB(harm-exact) determines E(n’, ;) exactly in the
Cartesian space as

N
1 T
E(n/p,b) = 2 Z mivl;,rp,b(v?,rp,b)
i=1

S )

®)

ENpp) — V(LS

+V(r1,p,b’r2,p,b’- . 1°>%72 2
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where v‘t?’rp! , is the velocity of the pth product at a given b
and n corresponding to zero angular momentum and V is
the potential energy of the N-atomic product. This GB(harm-
exact) approach uses the “exact” anharmonic Eq. (8) and the
“harm” Eq. (7) for E(n;, ») and E(n), respectively.

The vibrational mode specific cross sections are computed
from Pyg(b,n) and Pgg(b,n) using a b-weighted integration
utilizing Eq. (1). Note that we used the same approach in
our previous studies, e.g., Refs. 20 and 21, even if the
impact parameter treatment was not emphasized in the earlier
work.

lll. RESULTS AND DISCUSSION

The F~ + CHD,Cl —» CI” + CHD,F SN2 reaction is
highly exothermic, AHy = —10794 cm™! (=30.9 kcal/mol),
whereas the proton abstraction channels leading to either
HF + CD,CI™ or DF + CHDCI™ are endothermic with AH
= 8709 cm™! (24.9 kcal/mol) or 8778 cm™! (25.1 kcal/mol), as
seen in Figure 2. Fig. 2 also shows the fundamental vibrational
states of the reactant and the various product molecules and
ions. In this study, we focus on the ground, CH-, and CD-
stretch excited (vcu(a’) = 1, vep(a’) = 1, and vep(a”) = 1)
vibrational states of the reactant and we investigate the mode-
specific overall as well as state-to-state reactivity. Before
we move forward, we examine how the reactant molecule
maintains its initial mode-specific quasi-classical vibrational
state while the reactants approach each other. Figure 3
shows the time evolution of the mode-specific vibrational
energies of CHD,CI obtained by the procedure described in
Sec. II B. As seen, most of the mode energies remain nearly

J. Chem. Phys. 145, 134303 (2016)

steady prior to collision, except the vcp(a’) stretching mode
(2255 cm™") which loses energy and an a’-symmetry bending
mode (1107 cm™") which gains energy. Due to the local-mode
nature of the CH stretching, the CHD,Cl(vcu(a’) = 1) reactant
maintains its mode-specific excited character very well, only
about 10% energy leakage is expected prior to reaction. In the
case of the CD stretching-excited reactants, the energy leak
is modest, about 20%, for vcp(a’’) = 1 and more substantial,
close to 50% during 0.3 ps, for vcp(a’) = 1; nevertheless,
the mode-specific excitations are still qualitatively described.
Thus, Figure 3 shows that the QCT method can be used to study
the mode-specific dynamics of Sy2 and proton-abstraction
reactions of methyl-halides.

A. SnN2 channel with inversion and retention
1. Inversion cross sections

The mode-specific excitation functions (cross sections
vs. Eqq) of the halogen substitution channel are shown in
Figure 4. As seen in our previous studies on the F~ + CH;Cl
Sn2 reaction,*’ the cross sections are very large at low
collision energies and rapidly decrease with increasing Eoy.
This is expected in the case of a highly exothermic barrierless
(submerged barrier) reaction, where the attractive long range
interactions play a key role at low E,q. Cross section ratios
between the stretching-excited and ground-state reactions
are in the 0.9-1.3 range depending on E ., as also shown
in Fig. 4. At low E.y (1-7 kcal/mol), the CH and CD
stretching excitations slightly inhibit the SN2 reaction, at
around 15 kcal/mol significant enhancement is seen, and
at high E. the enhancement effect diminishes and turns

F +tCHB.EE=CE+CHDF HE+CDCIE DF +CHDC|
4208 — (1,0,
3126 —— 1,
, 3051 — (1,0,)
_ 3152 = v y(@’)
: B4 — 17, 2916 —— (0,1,)
5 2239 ——— 2, i
M
5 2362 =——— v p(a”) 2182 ———— (0,5,) FIG.b2. Energet.ics of thc.=j E‘.+CHD2C1
O | 2255 = vp(@) 2089 01) 2136 — 0,2,) reactions showing the initial and fi-
c 1394 3 o nal fundamental harmonic vibrational
o 13§ 81 states corresponding to the analytical
o ! PES (Ref. 4).
= 1129 4 1307 — (0,3,)
@5 [ 1006 —— & i
D [131] ======= 997 =———— 6, 1057 =——(0,2,) 1099 = (0,4,)
1107 ======~ 841 06) -
897 ======- 462 —— (0,4,) 465 ——(0,6,)
798 m===mn- 0 —
m—— 0 (0,0,)
10794 T il
+8709 +8778
0 ...................................................................
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FIG. 3. Vibrational energies corresponding to the normal modes of ground-state (v =0), CH stretching (vcp(a’)=1), and CD stretching (vep(a’)=1 and
vep(a”) = 1) excited CHD,Cl as a function of the trajectory integration time. The vibrational energies are averaged over 500 trajectories and the time interval
[0,¢]. The F~ nucleophile is placed far, i.e., there is no interaction between the reactants. The harmonic vibrational frequencies of CHD,Cl correspond to the

analytical PES.

into inhibition. Despite the conventional wisdom saying that
the CH stretching is a spectator mode in SN2 reactions, we
find significant CH and CD stretching effects on the Sn2
reactivity. Of course, QCT can overestimate these stretching
effects due to unphysical energy leak from the excited mode
to the other modes of the reactant molecule. This energy
leak is likely the reason of the larger enhancement effect

800 1 125 ~
1.20 —o—v (@)1
vop(@)=1
600 - (@")=1

ICS / bohr®
N
o
o

N

o

o
1

0 10 20 30 40 50 60
EcoII / keal mol™

FIG. 4. Integral cross sections and their ratios, ICS/ICS(v=0), as a
function of collision energy for the ground-state, CH-stretching (vcp(a’)
=1), and CD-stretching (vep(a’) =1 and vep(a”) = 1) excited F~+ CHD,ClI
— CHD,F +CI™ substitution reaction.

found for the vcp(a’) = 1 excitation relative to vcp(a”) = 1.
As discussed above, energy leak is the most substantial from
the vep(a’) = 1 mode, which may result in unphysical energy
transfer to the reaction coordinate, thereby enhancing the Sn2
reaction. Nevertheless, the present CH and CD stretching
effects are certainly not just artifacts of the QCT method,
because a recent quantum dynamical study'® found similar
CH stretching effect for the F~ + CH;3Cl SN2 reaction.

2. Retention cross sections

As mentioned in Sec. I, we recently discovered a double-
inversion mechanism for the F~ + CH3Cl SN2 reaction, which
is an indirect process involving several steps.* First, F~
abstracts a proton from CH3;Cl forming a FH---CH,CI™
complex. Second, HF moves around the CH,Cl™ unit and
eventually the proton is transferred back forming a new CH
bond while an umbrella motion inverts the configuration
around the carbon center. Third, a second inversion occurs via
the usual central transition state while the halogens exchange
forming the CH;3F + CI™ products with overall retention of
configuration. Double-inversion cross sections as a function
of E. are shown in Figure 5 for the ground-state and CH/CD
stretching-excited F~ + CHD,Cl SN2 reactions. The double-
inversion cross sections are about two orders of magnitude
smaller than the inversion ones. For the F~ + CHD,Cl(v = 0)
reaction, the double-inversion pathway opens at around
E.on = 15 kcal/mol, in accord with its adiabatic barrier height
of about 13 kcal/mol. The double-inversion excitation function
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reactant (right panels). For DI and IND, the H and D abstraction induced inversion pathways are identified.

increases with E..j, has a maximum at 40 kcal/mol, and then
decay is seen. The front-side attack retention pathway opens
at E.o;p = 50 kcal/mol; thus, at low collision energies, the
double-inversion mechanism is responsible for retention.

We have managed to distinguish between double
inversions via H- or D-abstraction induced inversion. As
shown in Figure 6, we followed the CH and CD distances in
time for all the double-inversion trajectories and determined
whether proton or deuteron abstraction induces the inversion
of the CD,CI™ or CHDCI™ unit. The induced inversion is

verified by defining an angle between the C—Cl vector and
the normal vector of the CD, or CHD plane, as shown in
Fig. 6. In order to provide additional insight into the double-
inversion mechanism, Figure 6 also shows the distribution of
the intermolecular CH/CD distances at the turning point of
the inversion, where CD,Cl/CHDCI is planar. As seen, the
distribution is broad ranging from 1 to 5 A and peaking at
around 1.4 A. Thus, in the most cases, the inversion occurs
at shorter CH/CD distances than the corresponding double-
inversion transition-state value of 1.8 A.* Of course, this is
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moiety, where X = D and Y = H or D. The blue arrow indicates the representative case of D abstraction induced inversion, i.e., flipping of the H and D atoms
in CICHD via 8 =90°. Normalized distribution of the intermolecular CH/CD distances at 8 =90° for the F~+ CHD,Cl(v = 0) reaction at collision energy of

50 kcal/mol (right panel).

somewhat expected, because the geometry at the saddle point
is in slightly “pre-inversion” stage. Furthermore, it is important
to find that significant number of induced inversions occur at
large inter-fragment separations, where the proton/deuteron
bonds back after the inversion of the CD,C1~/CHDCI™ unit.

For the F~ + CHD,Cl(v = 0) reaction, the ratio of the pro-
ton and deuteron abstraction induced double inversions is close
to the statistical 1:2, as seen in Fig. 5. The CH and CD stretch-
ing excitations significantly enhance the double inversion. For
F~ + CHD,Cl(vcy = 1), the proton and deuteron abstraction
pathways are not statistical, since the two pathways have
similar cross sections, because CH stretching excitation has a
larger enhancement effect on the proton abstraction induced
mechanism. In the case of CD stretching excitations, an overall
enhancement is seen, but the deuteron abstraction induced
pathway is not getting additional preference. This may be due
to the faster energy leak from the excited CD stretching modes
relative to the CH mode. Furthermore, in the case of the CH
stretching excitation, larger enhancement is expected, because
the CH excitation energy is roughly 1.4 times larger than the
CD energy. In Figure 5, we also show the cross sections for
induced inversion that is not followed by halogen substitution,
thereby resulting in an inverted CHD,Cl. As seen, the induced-
inversion cross sections have similar magnitudes and collision
energy dependence as the double-inversion ones. This shows
that there is roughly a fifty-fifty chance that the first inversion
is followed by a substitution causing a second inversion.

B. Proton and deuteron abstraction channels
1. Cross sections

Excitation functions for the proton and deuteron
abstraction channels are given in Figure 7. The excitation
functions of the HF and DF channels of the F~ + CHD,Cl(v
= 0) reaction increase from a threshold energy as E.y
increases and the cross sections of the two channels are
virtually the same. This latter finding about the non-statistical
HF:DF ratio shows that the probability of the proton transfer

is significantly higher than that of the deuteron abstraction.
(Note that the same reactivity of H and D would result in
a HF:DF ratio of 1:2.) CH stretching excitation substantially
enhances the HF channel and with a lesser extent enhances the
DF channel as well. For example, at E.o; = 40 kcal/mol, the
enhancement factors are 10 and 2 for the HF and DF channels,
respectively. The CD stretching excitations also enhance the
abstraction channels, but the effects are less significant than
in the case of the CH excitation. At E., = 40 kcal/mol,
the enhancement factors are about 3-4 and 2-3 for the
DF and HF channels, respectively. The soft and hard ZPE
constraints decrease the absolute cross sections, but the shape
of the excitation functions and the relative cross sections,
i.e., vibrational enhancement factors, are virtually not affected,
as shown in Figure 7. Thus, it is comforting that most of the
qualitative conclusions do not depend on the ZPE treatment of
the quasiclassical product analysis. However, one important
advantage of the ZPE constraint should be mentioned.
Without ZPE treatment, QCT underestimates the threshold
energy due to ZPE violation of the products. For example,
for the F~+ CHD,Cl(v = 0) reaction, a few abstraction
trajectories are found at E.o; = 20 kcal/mol, even if the
adiabatic(classical) barrier heights of the HF/DF channels
are 24.9/25.1(28.2) kcal/mol corresponding to the analytical
PES. The ZPE constraints, even in the soft case, increase the
threshold energies and ensure physically realistic values.

2. Angular distributions and mechanisms

Scattering angle and initial attack angle distributions for
the abstraction channels are shown in Figure 8. The scattering
angle distributions are virtually the same for the HF and
DF channels and show preference at backward direction
(rebound mechanism) while the probability of sideways and
forward scattering (stripping mechanism) is also significant.
The attack angle, which is defined as the angle between the
C—Cl vector and the initial velocity of CHD,Cl, distributions
show that the reaction can occur via front-side (Cl side)
attack, but back-side (CHD, side) collisions are preferred.
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FIG. 7. Integral cross sections as a function of the collision energy for
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the sum of their ZPEs, and (c) ZPE(hard) constraint where trajectories are
discarded if either product has less vibrational energy than its ZPE.

Unlike for the scattering angles, in the case of the attack
angle distributions, a significant difference is seen between
the HF and DF channels. For the DF channel, the back-
side and front-side attacks, i.e., end-on collisions, are more
preferred, whereas the side-on collisions are less favored,
compared to the HF channel. In order to get deeper insight
into the mechanisms of the abstraction process, in Fig. 8 we

J. Chem. Phys. 145, 134303 (2016)

show the correlation diagrams of the scattering angle and
attack angle distributions. These correlation diagrams reveal
three major direct abstraction mechanisms, namely, back-
side rebound, back-side stripping, and front-side stripping as
the representative trajectory snapshots shown in Figure 9.
Furthermore, the angle correlations show that the front-side
rebound is not preferred. For the HF channel, the side-
on rebound is also significant, whereas this mechanism is
found to be negligible for the DF channel. Recently, without
distinguishing between back-side and front-side attacks,
Zhang, Xie, and Hase also identified rebound and stripping as
the direct mechanisms of the proton transfer in F~ + CH;1.>*

C. Energy transfer

It is an important question as how the initial translational
and vibrational energies of the reactive system transfer to the
translational, vibrational, and rotational degrees of freedom of
the products. Answering this question is especially challenging
for polyatomic products where many vibrational modes exist.
Our mode-specific product analysis and advanced binning
methods described in Secs. II B and II C provide insight into
the mode-specific state-to-state dynamics of the title reaction.
We focus below the proton and deuteron abstraction channels,
but mode-specific product distributions are also presented for
the SN2 channel. Besides following the energy transfer, we
aim to test various binning methods (HB and different 1GB
approaches), thereby showing their utilities and limitations.

1. Translational energy distributions

Relative translational energy distributions for the HF
+ CD,Cl” and DF + CHDCI™ products of the ground-
state and CH/CD stretching-excited F~ + CHD,Cl reactions at
E.oi = 50 kcal/mol (17 500 cm™") are shown in Figure 10. For
the F~ + CHD,Cl(v = 0) reaction, the distributions are almost
the same for the HF and DF channels, have a maximum at a low
energy (1500 cm™), and decrease sharply as the translational
energy increases. In the case of the CH stretching-excited
reactant, the HF distribution becomes much broader and
hotter (almost constant up to 10000 cm™Y), whereas the DF
channel is only slightly affected. Thus, it seems that most of
the CH stretching excitation energy goes into translation of
the products if the excited bond breaks. In the case of the
CD stretching excitations, the distributions become slightly
broader and hotter than the corresponding ones of the v = 0
reaction, but interestingly the distributions of the HF and DF
channels are very similar, especially in the vcp(a’) = 1 case.
This may partially be due to the facts that the CD stretching
excitation energies are smaller than the CH energy and the
energy leak is faster for the CD modes. Of course, the product
vibrational distributions can shed more light on this interesting
energy transfer as discussed below.

2. Mode-specific polyatomic product
vibrational distributions

Figure 11 shows the mode-specific vibrational distribu-
tions for the CHD,F product of the F~ + CHD,Cl(vcy = 0, 1)
SN2 reactions using the HB, GB(harm), and GB(harm-exact)
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binning techniques (see Sec. II C). Using HB we get
small populations for vibrational states above the maximum
available energy (En.x) due to the rounding issue of the
HB method and the occasional failure of the normal-mode
analysis. In the former case, the possible rounding of the non-
integer action to an upper integer quantum number can result
in an energetically non-available state. The other issue is that
the normal-mode analysis can overestimate the mode-specific

Back-side rebound

vibrational energy, especially at highly distorted structures,
which can result in again an unphysical vibrational state.
The GB(harm) method solves the rounding issue, but does
not treat the normal-mode analysis issue. As Fig. 11 shows,
GB(harm) slightly decreases the density of states above E,x,
but the unphysical populations are still not negligible. If we
use GB(harm-exact), which solves both issues, the undesired
states above Ep,.x disappear, as seen in Fig. 11. Besides the
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considering all trajectories without ZPE constraint.

above-discussed differences, all the binning techniques show
that the ground vibrational state of CHD,F has the highest
probability for the F~+ CHD,Cl(v = 0) reaction, whereas
CHD,F(v = 0) is negligible for F~+ CHD,Cl(vcy = 1),
where the fundamental vibrational state with one quantum
excitation on the CH stretching mode is the most likely
one.

As GB(harm-exact) is found to be the most realistic, we
use this approach to present the mode-specific vibrational
distributions for the CD,Cl” and CHDCI™ products of the
ground-state and CH/CD stretching-excited F~ + CHD,Cl
reactions in Figures 12 and 13. The weights for the diatom
+ polyatom channels are computed as the products of the
1GB weights of the fragments. The Gaussian weights for
HF and DF are obtained based on their internal energy as
described in Ref. 20. In all cases, even for the CH/CD
stretching-excited reactions, the dominant product state is the
ground vibrational state of CD,Cl"/CHDCI . Furthermore,
some umbrella and bending excited states, including their
overtones and combinations, have significant populations as
indicated in Figs. 12 and 13. Interestingly, the CD,CI™ product
is found vibrationally colder for the vcy = 1 reaction than
for the v = 0 reaction. Since, as discussed earlier, vcy = 1
excitation makes the translational energy distribution of the
HF + CD,CI™ channel much broader and hotter than that of
the v = 0 reaction, it seems that the CH stretching-excitation
energy preferably transfers into relative translation than

vibration of the products. (Note that possible energy transfer
to HF ro-vibration will be discussed later.) In the case of the
DF + CHDCI™ channel, the F~ + CHD,Cl(vcy = 1) reaction
produces vibrationally much hotter CHDCI™ products than the
v = Oreaction does. In the vcy = 1 reaction, the CH stretching-
excited state of CHDCI™ becomes the second most favored
product state after ground state. However, it is important to
note that the population of this state is not very large; thus,
QCT shows that the CH stretching is not a pure spectator mode
in the F~ + CHD,Cl(vcyg = 1) — DF + CHDCI™ reaction. The
breakdown of the spectator mode picture is even more obvious
for the CD stretching-excited reactions, where the populations
of the CD stretching-excited CD,CI™ product states are small.
Unlike for F~ + CHD,Cl(vcy = 1), for the vcp = 1 reactions,
both the CD,Cl™ and CHDCI" vibrational distributions are
somewhat hotter than the corresponding v = 0 distributions,
in accord with the different CH and CD stretching effects on
the translational energy distributions.

In order to get more insight into the mode-specific product
state distributions, in Figure 14, we show the distributions
of the vibrational quantum numbers on each specific mode
of the CHD,F, CD,Cl", and CHDCI™ products integrating
over all the other modes. In the case of each product
vibrational mode of the F~ + CHD,Cl(v = 0) reaction, the
zero quantum is the most likely with about 50% probability
for the lowest-energy mode(s) and about 90% probability
for the highest-energy one(s). One-quantum excitation has
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FIG. 11. Normalized CHD,F mode-specific vibrational distributions (showing all the states) at collision energy of 50 kcal/mol for the ground-state (v =0) and
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states, respectively.

about 20%-30% probability for the low-energy bending and
C-Cl stretching modes and usually less than 10% for the
CH/CD stretching modes. Small populations for excitations
with multiple quanta are also seen, especially for the low-
energy modes. Figure 14 also shows the quantum number
distributions for the F~+ CHD,Cl(vcy = 1) reaction. The
distributions are similar as described above for the v =0
reaction, but important subtle differences can be observed.
For the CHD,F product of the SN2 channel, the probability of
one-quantum excitation of the CH stretching mode increases
from 6% to 32% and the ground state of the CH stretching
drops from 93% to 65% upon vcy =1 excitation of the
reactant. This finding shows that in some cases, the CH
stretching excitation energy of reactant is conserved in the
product, but the CH stretching is not always a spectator mode
in the SN2 reaction. In the case of the proton-abstraction

channel, the vibrational quantum number distributions do
not change significantly if we excite the CH stretching of
the reactant, supporting our previous finding (Fig. 10) that
the CH stretching excitation energy mainly transfers into
product translation. For the deuteron-abstraction channel, the
probability of one-quantum excitation on the CH stretching
mode of CHDCI™ increases from 6% to 22% upon vcy = 1
excitation of the reactant, but this mode is still not a pure
spectator as we already concluded based on Fig. 13.

3. HF and DF rotational-vibrational distributions

Correlated HF and DF rotational-vibrational distributions
for the ground-state and CH/CD stretching-excited F~
+ CHD,CI reactions are shown in Figure 15. In all cases,
even for the vcy =1 and vcp = 1 reactions, the HF and
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DF product molecules are rotationally and vibrationally
cold favoring the ground vibrational state. At E.o = 50
kcal/mol, the populations of HF(v = 0), HF(v = 1), and
HF(v =2) are about 83%, 15%, and 2%, respectively,
with small variations depending on the initial state of
the reactant. The DF products are slightly more excited,
the fractions of DF(v = 0), DF(v = 1), and DF(v = 2) are
about 75%, 19%, and 4%, respectively, again with little
initial-state dependence. For the HF channel, the rotational
distributions peak at J = 1 and the most populated rotational
states are J = 0-3 having a total of about 80% probability
without any significant initial and/or final vibrational state
dependence. This cold HF rotational distribution agrees almost

quantitatively with the HF(J) population of the F~ + CH3l
reaction at E.,; = 35 kcal/mol.>* In the case of the DF products
of the F~ + CHD,Cl reaction, the distributions slightly shift
toward larger J values, as expected based on the smaller
rotational constant of DF relative to that of the HF molecule.
For DF, the J = 14 states have the highest populations
(~65% altogether) peaking at J = 2. Similar to the HF case,
the DF rotational distributions do not show significant initial-
state dependence and/or correlation to the product vibrational
state. On the basis of the above findings, we can conclude
that the initial vibrational and relative translational energy
does not transfer significantly to the HF/DF vibration and
rotation.
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FIG. 15. Normalized rotational-vibrational distributions for HF(v, J) and DF(v, J) at collision energy of 50 kcal/mol for the ground-state (v = 0), CH-stretching
(vcn(a’) = 1), and CD-stretching (vep(a’) = 1 and vep(a”) = 1) excited F~+ CHD,Cl — CD,Cl™ + HF and F~+ CHD,Cl — CHDCI™ + DF abstraction reactions

considering all trajectories without ZPE constraint.

IV. SUMMARY AND CONCLUSIONS

We have studied the mode-specific dynamics of the
ground-state and CH/CD stretching-excited F~ + CHD,Cl
reactions focusing on the SN2, proton-, and deuteron-
abstraction channels leading to C1~ + CHD,F, HF + CD,CI",
and DF + CHDCI", respectively. The efficient computation
of more than 6 x 10° trajectories has been made possible
by using our recently developed full-dimensional ab initio
global analytical PES.* The extremely large number of
trajectories allows computing correlated differential cross
sections and mode-specific product state and rotational-
vibrational distributions with reasonable statistical accuracy.
These new detailed QCT results provide deep insights into the
multi-channel dynamics and various mechanisms of the title
reaction as well as the energy transfer in the reactive system.
The main conclusions of the present study can be summarized
as follows:

(a) The CH stretching excitation energy of the reactant
CHD,Cl is well maintained prior to collision; whereas
the energy leak from the CD stretching modes is more
significant. Nevertheless, QCT can be used to study the
mode-specific dynamics of the F~ + CHD,Cl reaction.

(b) For the SN2 channel, slight vibrational inhibition is found
at low and high collision energies, whereas enhancement
is seen around the middle of the 1-60 kcal/mol collision
energy range.

(c) Double-inversion pathways are found for the title reaction
and substantially enhanced upon CH/CD stretching
excitations. Double inversion via proton and deuteron
abstraction occurs with almost statistical probability for
the v = Oreaction, whereas initial CH stretching excitation
favors the proton-abstraction induced pathway.

(d) The abstraction reactions produce HF and DF products
with non-statistical ratio favoring the HF channel. CH
and CD stretching excitations significantly enhance the
corresponding abstraction channels, especially in the CH
case. These findings are qualitatively the same with and
without ZPE constraint.

(e) Correlated scattering and attack angle distributions reveal
back-side rebound, back-side stripping, and front-side
stripping mechanisms for the abstraction channels.

(f) 1GB approach based on exactly computed classical
vibrational energies is shown to solve both the rounding
and normal-mode analysis issues, therefore advocated for
mode-specific polyatomic product analysis.

(g) For the abstraction channels, most of the initial transla-
tional and vibrational energy transfers into translation of
the products, since the ground vibrational states of both
the diatomic and polyatomic products have the highest
probability. Neither CH nor CD stretching is found to be
a pure spectator mode.

(h) The HF and DF products are rotationally cold favoring
the J = 0-3 and J = 14 states, respectively, without any
significant initial and/or final vibrational state specificity.

We hope that the present detailed QCT study will guide
and motivate future experimental and quantum dynamical
investigations of mode specificity and isotope effects in Sn2
and proton/deuteron abstraction reactions.
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