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ABSTRACT

Dynamics and mechanisms of the F~ + CH3Br(v = 0) - Br~ + CH3F (Sx2 via Walden inversion, front-side attack, and double inversion),
F~ + inverted-CH3Br (induced inversion), HF + CH,Br™ (proton abstraction), and FH- - -Br™ + !CH, reactions are investigated using a high-
level global ab initio potential energy surface, the quasiclassical trajectory method, as well as non-standard configuration- and mode-specific
analysis techniques. A vector-projection method is used to identify inversion and retention trajectories; then, a transition-state-attack-angle-
based approach unambiguously separates the front-side attack and the double-inversion retention pathways. The Walden-inversion Sx2
channel becomes direct rebound dominated with increasing collision energy as indicated by backward scattering, initial back-side attack
preference, and the redshifting of product internal energy peaks in accord with CF stretching populations. In the minor retention and induced-
inversion pathways, almost the entire available energy transfers into product rotation-vibration, and retention mainly proceeds with indirect,
slow double inversion following induced inversion with about 50% probability. Proton abstraction is dominated by direct stripping (evidenced
by forward scattering) with CHjs-side initial attack preference, providing mainly vibrationally ground state products with significant zero-
point energy violation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065209

. INTRODUCTION

Bimolecular nucleophilic substitution (Sx2) has a long his-
tory beginning with Walden’s discovery of a stereospecific opti-
cal inversion process in 1896." Later in the 1930s, Hughes and
co-workers>’ described the atomic-level mechanisms of the Sy2
reactions, which usually follow a back-side attack Walden-inversion
pathway via pre- and post-reaction ion-dipole complexes sepa-
rated by an often submerged central transition state. Furthermore,
a front-side attack retention pathway via a high barrier was also
discussed in the early work." In the 1970s, experiments started to
investigate SN2 reactions in the gas phase, focusing, in the first few
decades, on kinetics and thermodynamics as well as spectroscopy
of the ion-dipole complexes.” !> Following some early dynamics
experiments,'®!” in 2008, Mikosch et al.'® developed a crossed-
beam velocity-map imaging technique to investigate the collision

dynamics of ion-molecule reactions. For the first time, detailed
scattering angle and product internal energy distributions could
be measured, and the signatures of the direct rebound mecha-
nism of Sy2 reactions could be observed.'® Theoretical studies
of SN2 reactions also started in the 1970s with electronic struc-
ture computations for the stationary points,'” followed by reac-
tion dynamics simulations using direct quasiclassical dynamics and
reduced-dimensional time-independent quantum dynamics.”’** In
2013, we initiated an analytical potential energy surface (PES)-
based approach for Sx2 reactions by reporting a high-level full-
dimensional ab initio analytical PES for the F~ + CH3Cl system.”
Later, we developed global analytical PESs for several ion-molecule
reactions, such as F~ + CH3F,”” F~ + CH3Br,”! F~ + CH31,’”> OH™
+ CH3L*® F~ + NH,CL** and F~ + CH3CH,Cl*° These ana-
Iytical PESs allow the use of higher-level electronic struc-
ture theory than direct dynamics and enable efficient dynamics
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simulations using either the quasiclassical trajectory (QCT) or the
time-dependent quantum method.”** QCT computations on these
PESs revealed a novel double-inversion mechanism,*’ front-side
complex formation,*** multiple-inversion pathway for N-centered
Sn2 reactions,’* and branching ratios for substitution and elimina-
tion (E2) processes,” as well as showed unprecedented agreement
with experiments.?>*!%*

On the one hand, the analytical PES-based approach is more
accurate and more efficient than direct dynamics. On the other hand,
this approach requires the development of the PES by (1) selecting
a few tens of thousands of representative nuclear configurations, (2)
performing ab initio computations, and (3) fitting the energy points
by an appropriate functional form. These steps may be repeated
iteratively until the desired accuracy is achieved. Recently, we devel-
oped a program system, called Rososurerr,”’ which automates the
above procedure, enabling efficient PES developments. Since 2020,
four of our Sx2 PESs (F~ + CH;3Br, OH™ + CHsl, F~ + NH,Cl,
and F~ + CH3CH,Cl)""**~* have been developed using Rososurrr
besides the F/Cl + C;Hg PESs***° and several ongoing work. The
F~ + CH3Br reaction was used as a test system during the initial
development of the Rososurrer program package. In our previous
publication,” we focused on the methodological details of the pro-
gram system, reported different PES versions for the F~ + CH3Br
reaction, and monitored the integral cross sections obtained on the
different PESs developed by various strategies. In the present work,
we describe a detailed QCT analysis of the F~ + CH;3Br reaction,
revealing cross sections, reaction probabilities, scattering angle, ini-
tial attack angle, and product internal energy distributions for the
Sn2 and proton-abstraction channels at different collision energies.
Besides back-side attack Walden inversion, we also determine and
characterize the front-side attack and double-inversion retention
pathways, and we consider additional minor product channels, such
as inverted CH3Br and FH- - -Br~ + CH,. Furthermore, we report
mode-specific polyatomic product vibrational distributions for the
Sn2 and proton-abstraction channels. The computational details
are described in Sec. II, and the detailed dynamics results are pre-
sented and discussed in Sec. I11. The paper ends with summary and
conclusions in Sec. I'V.

Il. COMPUTATIONAL DETAILS

We investigate the dynamics of the F~ + CH3Br(v = 0) reaction
with the analysis of QCTs at collision energies (Econ) of 7.4, 15.9,
35.3, 42.5, 50.0, and 60.0 kcal/mol. The trajectories were computed
on a full-dimensional analytical explicitly-correlated coupled-cluster
singles, doubles, and perturbative triples CCSD(T)-F12b/aug-cc-
pVTZ-PP PES developed recently by Rososurrer and denoted as PES
IIT in Ref. 31. The initial conditions of the QCT simulations were
described in detail in Ref. 31. In short, the quasiclassical ground
vibrational state (v = 0) of the reactant is prepared by standard
normal-mode sampling,*® and the impact parameter (b) varies from
0 to bmax with a step size of 0.5 bohr. There is no reactive collision if
the impact parameter is greater than bm.x. We analyze 5000 trajec-
tories at every combination of E.o and b; thus, the present study is
based on 7 x 10° trajectories.

We distinguish the configuration retention of the product from
inversion in the case of the Sx2 channel by applying a vector-
projection scheme, which was introduced in Ref. 47. In brief, we
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define a Cartesian coordinate system where the origin is the car-
bon atom, and we calculate the cross product of the position vec-
tors of one of the hydrogen atoms and the halogen ligand, which
results in a normal vector. Then, we evaluate the dot product of
this normal vector and the difference of the position vectors of the
other two hydrogen atoms. Dot-product values are calculated in
the case of the initial (CH3Br) and final (CH3F) structures of the
reactive Sx2 trajectories, and we compare the signs of the dot prod-
ucts with each other. The same and opposite signs mean retention
and inversion, respectively. As proposed in Ref. 47, for the numer-
ical identification of front-side attack (fs Sy2) or double inversion
(di Sx2), we scan backward the trajectories until we find a tran-
sition state (TS) defined by the C-Br distance becoming less than
2.3 A as the C-Br distances at the front-side attack and Walden-
inversion TSs are 2.446 and 2.201 A on the PES,” respectively.
At this TS, we separate the front-side attack TS from the Walden-
inversion TS (second TS of di Sx2) by applying a limit of 111° (based
on Ref. 47 and some test computations as discussed in Sec. III) to
the F-C-Br attack angle (y). Thus, y less than 111° corresponds
to front-side attack, whereas y greater than 111° defines double
inversion.

For the integral cross section calculations, we apply soft and
hard zero-point energy (ZPE) constraints. In the case of hard
ZPE constraints, we discard trajectories (we consider them non-
reactive) if the vibrational energy of either product is less than
the corresponding harmonic ZPE. If we have a diatomic frag-
ment, we compare the diatomic internal energy to the anharmonic
ZPE corresponding to the given rotation state. The anharmonic
rotational-vibrational levels of the HF molecule are taken from
Ref. 48. In the soft case, the above constraints are applied to the
sum of the product vibrational energies and the sum of the ZPEs;
thus, inequalities of the hard case can compensate each other. For
differential cross section-type distributions, no ZPE constraint is
applied.

We perform mode-specific vibrational energy computations for
the polyatomic products (CH3F and CH,Br™) following the proce-
dure described in detail in Ref. 49. The zeroth step of this method
is to carry out normal-mode analysis for the optimized products to
obtain the harmonic vibrational frequencies (wy) and normal-mode
eigenvectors. In the 1st step, we remove the angular momentum of
the products by modifying velocities. Then, we use an Eckart trans-
formation,* " also considering H-atom permutations, to find the
best overlap®’ between the optimized/reference and the actual/final
structure. In the next step, we transform the mass-scaled Cartesian
displacement coordinates and velocities by using the eigenvectors
obtained in the zeroth step to determine the normal coordinates
(Qx) and momenta (Py). Finally, we calculate the mode-specific har-
monic vibrational energies (Ex) and the integer vibrational quantum
numbers (#;), in atomic units, as

Ex = P22+ (0,Q)’ /2, (1)

i = | Ex/wi), (2)

where the floor sign | | denotes rounding down to an integer value
andk=1,...,3N - 6, where N is 5 and 4 for CH3F and CH,Br",
respectively. For the diatomic HF product, rotational and vibrational
quantum numbers are assigned as detailed in Refs. 48 and 45.
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I1l. RESULTS AND DISCUSSION

The different reaction pathways and their energetics for the
F~ + CH3Br reaction are shown in Fig. 1. The Sx2 channel
leading to Br~ + CH3F is highly exothermic, AHy = —39.2 kcal/mol,
whereas the proton abstraction forming the HF + CH,Br~ products
is endothermic, AHy = 20.7 kcal/mol. The Sx2 reaction can proceed
with back-side attack Walden inversion via submerged hydrogen-
bonded and ion-dipole minima (HMIN and PREMIN) connected
by a hydrogen-bonded TS (HTS), followed by a Walden-inversion
TS (WALDENTSY) and a deep post-reaction ion-dipole minimum
(POSTMIN), as shown in Fig. 1. Besides the traditional Walden
inversion, the SN2 reaction can also occur with retention of the initial
configuration through a front-side attack TS (FSTS) or a double-
inversion TS (DITS) having adiabatic barrier heights of 24.3 or
11.8 kcal/mol, respectively. The first step of double inversion is a
proton-abstraction induced inversion, which may be followed by a
second inversion via the WALDENTS. If this second substitution
event does not occur, the first inversion (induced inversion) results
in an inverted CH3Br molecule. HF + CH,Br~ formation proceeds
via several minima and transition states, whose energy levels are
below the product asymptote, as shown in Fig. 1.

The inversion and retention trajectories are identified using
the vector-projection method, and the numerical separation of the
front-side attack and double-inversion retention pathways is done
based on the TS attack angles, as described in Sec. II. The TS attack
angle distributions for the retention pathways are given in Fig. 2.
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FIG. 2. Transition state aftack angle distributions for the Sy2 retention F~
+ CH3Br trajectories at different collision energies. The dashed vertical line indi-
cates an attack angle of 111° separating the front-side attack (left side) and
double-inversion (right side) pathways.

Atlow collision energies, the y distributions peak around 150°-180°
corresponding to double inversion, and as E.,y increases, a second
peak emerges around 80° as a fingerprint of front-side attack (the
F-C-Br angle at FSTS is 80.3°). As shown in Fig. 2, a dividing limit
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FIG. 1. Schematic potential energy surface for the F~ + CH3Br Sy2 and proton-abstraction reactions showing the classical (ZPE-corrected adiabatic) relative energies in
kcal/mol for the stationary points along the different reaction pathways corresponding to PES Il of Ref. 31.
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of 111° separates the front-side attack and double-inversion parts of
the y distributions with negligible uncertainties, similar to the case
of the F~ + CH3Cl/CH3lI reactions investigated in Ref. 47. We have
tested that varying the dividing limit between 90° and 120° results in
only around +0.001 bohr? cross section uncertainties, which in most
cases, especially for double inversion, correspond to relative errors
less than 10%. Figure 3 shows the propagation time distributions
of the front-side attack and double-inversion trajectories. As shown
in the figure, front-side attack is more direct than double inversion
as all the front-side attack trajectories finish within 6 ps, whereas
the double-inversion time distributions are broad with a long tail
beyond 10 ps. In our previous studies,”****” we found that in the
case of F~ + CH;3Cl, one can distinguish between front-side attack
(direct) and double inversion (indirect) based on integration time,
whereas this time-based assignment is ambiguous for F~ + CH3l.
In the present F~ + CH3Br case, integration time is also not a good
indicator, like in F~ + CH3l, because the overlap between the front-
side attack and double-inversion time distributions is significant in
the 2-6 ps range, as shown in Fig. 3. Animations of selected reten-
tion trajectories reveal that, besides the proton-abstraction induced
inversion followed by the Walden inversion mechanism, double
inversion can also occur via a methyl-tumbling-rotation pathway,
where the internally hot CH3F fragment produced by Walden inver-
sion becomes inverted again in the exit channel by the turn of the
CH3 group.

Excitation functions (integral cross sections as a function of
E.on) and opacity functions (reaction probabilities as a function of
b) for the different reaction channels and pathways are shown in
Figs. 4 and 5, respectively. The back-side attack Walden-inversion
SN2 cross sections decrease with increasing E.,jj, as expected in the
case of an exothermic, barrier-less reaction. This is in accord with
the opacity functions because the reaction probabilities and bmax val-
ues decrease with increasing Ej, as shown in the upper panel of
Fig. 5. The large bmax value at low E, e.g., 15 bohr at Eo = 7.4
kcal/mol, is due to the long-range attractive ion-dipole interactions
in the entrance channel, which are counteracted by fast translational
motion as E.o increases. Front-side attack reactivity is zero at the
lowest two collision energies (7.4 and 15.9 kcal/mol) and is open at
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Econ = 35.3 kcal/mol, as expected based on the barrier height of 24.3
kcal/mol. The front-side attack cross sections increase with increas-
ing Econ, and a sharp rise is seen between 50 and 60 kcal/mol, but the
cross section is still only 0.01 bohr? at E.q = 60 kcal/mol (Fig. 4). For
comparison, the back-side attack Sx2 cross section is 4.98 bohr* at
the same Eo. This small front-side attack reactivity corresponds to
less than 0.1% reaction probability and a low bmax value (bmax is usu-
ally less than 4 bohr), as shown in Fig. 5. Double inversion opens
well below front-side attack (barrier height of the former is only
11.8 kcal/mol), and the double inversion cross section is already 0.04
bohr? at E.on = 15.9 kcal/mol, becomes 0.07 bohr? at 35.3 kcal/mol,
and then decreases with increasing E.oji. A similar double-inversion
excitation function shape was found in our previous studies on the
F~ + CH3Cl/CH3I reactions,””"’ which may be explained by the
fact that first, the collision energy is needed to activate the induced
inversion over a positive barrier, but as E.,y increases, the extra
translational energy counteracts the indirect double inversion pro-
cess. The maxima of double-inversion cross sections are around 0.06
bohr? (Ref. 47), 0.07 bohr? (Fig. 4), and 0.30 bohr? (Ref. 47) for
the F~ + CH3Y reactions with Y = CI, Br, and I, respectively, in
accord with the decreasing barrier heights from Y = Cl to I. The
F~ + CH3Br double-inversion reaction probabilities are small but
may go up to 0.6%, as shown in Fig. 5. The shape and magnitude
of the induced-inversion and double-inversion excitation and opac-
ity functions are very similar within the statistical uncertainty of
these low-probability channels. This finding shows that a reactive
substitution event via the WALDENTS occurs after induced inver-
sion with a surprisingly high, about 50%, probability. In the case
of the above discussed Sn2 and induced-inversion channels, basi-
cally no product violates ZPE as the ZPE-constrained cross sections
are virtually identical with the non-constrained ones, as shown in
Fig. 4. This is expected in the case of the highly exothermic Sn2
pathways but somewhat surprising in the case of the thermo-neutral
induced-inversion channel. This latter finding indicates that induced
inversion causes significant internal energy excitation of the reactant
by transferring the translational energy into vibrational and rota-
tional degrees of freedom, as will be discussed in more detail later. In
the case of the endothermic HF + CH,Br™ channel, ZPE violation is
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FIG. 3. Integration time distributions for the front-side attack (fs) and double-inversion (di) Sy2 pathways of the F~ + CH3Br reaction at different collision energies.

J. Chem. Phys. 155, 124301 (2021); doi: 10.1063/5.0065209
Published under an exclusive license by AIP Publishing

155, 124301-4


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

bs Sn2
S ZPE
N ~— none
-- soft
o1 .
O hard
S
fs Sn2
o
Ny
§
Ny
&
e
Q
Q
Sy
o
Q
SO i - . . . i
N
N )
N di S\2
o
QO
.
Q.Q
oA
Q
o Q*
_c T T T T T T
o)
Qo ind. inv.
=
o) QQ). =
S /
Q , /
N
Q /
Q /
//
oA
o° /
Q T T T T
Q
© HF + CH,Br

S 10 20 30 40 50 60
Collision energy / kcal mol’

FIG. 4. Cross sections as a function of collision energy for the Walden-inversion
(bs), front-side attack (fs), double-inversion (di), induced-inversion (ind. inv.), HF +
CH,Br~, and FH-. - -Br~ + CH, pathways or channels of the F~ + CH3Br reaction
obtained with soft and hard ZPE constraints or without (none) ZPE constraints.

ARTICLE

scitation.org/journalljcp

bs Sy2

S di SN2

Reaction probability
o

ind. inv.
7 I\l"
Q7
QQ J '\l
it
NI
Q -
Q- HF + CH.Br

© FH--Br + CH,

Eson/ kcal mol™

— 74
-~ 159
-- 35.3
- 425
- 50.0
- 60.0

4 B 12 16
Impact parameter / bohr

FIG. 5. Reaction probabilities as a function of impact parameter for the Walden-
inversion (bs), front-side attack (fs), double-inversion (di), induced-inversion (ind.
inv.), HF + CHyBr—, and FH---Br~ + CH, pathways or channels of the
F~ + CH3Br reaction at different collision energies without ZPE constraints.

J. Chem. Phys. 155, 124301 (2021); doi: 10.1063/5.0065209
Published under an exclusive license by AIP Publishing

155, 124301-5


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

ARTICLE scitation.org/journalljcp

bs S2 HF + CH,Br
O] @] Ecor/ keal mol”
7.4 :
T -- N
&l o\ LA of 159 g
o =X 3 Q 35.3 ;
5 | % . o __./
o1 . 1 - 500 :
[} . . %) B
s © N A 60.0 i
B N\, /
o & S T N N Ifl
“~—§\\\3' ,(;’
g BNl B o
Q T T T T Q T T T 1
N -0.6 -0.2 0.2 0.6 1.0 ©71.0 -0.6 0.2 0.2 0.6 1.0
cosh

FIG. 6. Normalized scattering angle distributions for the Walden-inversion (bs Sy2) and the proton-abstraction (HF + CH,Br~) channels of the F~ + CH3Br reaction at

different collision energies.

more signiﬁcant. Without ZPE constraints, non-zero cross sections
and reaction probabilities are obtained at E.oy = 15.9 kcal/mol, below
the AH, value of 20.7 kcal/mol. With soft and hard ZPE constraints,
the non-physical reactivity vanishes, as shown in Fig. 4. The non-
constrained proton-abstraction cross sections increase with increas-
ing collision energy, reaching a maximum around 40 kcal/mol,
and then decrease. A similar excitation-function shape and signif-
icantly less reactivity are seen with the soft constraint. Using the
hard constraint, the reactivity further decreases, and a nearly con-
stant reactivity is seen at high E.,y instead of the decaying behavior.
At high collision energies, proton abstraction becomes competi-
tive with the Sx2 channel, for example, at E.,; = 60 kcal/mol, the
proton-abstraction cross section [3.54, 1.90(soft), 0.83(hard) bohr?]
is similar to the Sxy2 cross section (~5 bohr?). Furthermore, besides
the HF + CH,Br™ products, at Eo = 35.3 kcal/mol, a new product
channel forming FH- - -Br™ + ICH, is found in accord with its AHg
value of 33.4 kcal/mol. The cross sections of the FH---Br~ + CH,
channel increase rapidly with increasing E., as also shown in Fig. 4.

Trajectory animations show that FH- - -Br~ formation begins with
a proton abstraction, followed by a Br~ abstraction by the forward
moving HF fragment. Note that on the singlet PES, the CH, prod-
uct is formed in the electronically excited singlet state, whereas the
ground state of CHy is a triplet. However, triplet CH, formation
would require a non-adiabatic transition between two electronic
states (two PESs). We also note that similar complex formation was
recently observed experimentally in the case of the F~ + CH3I reac-
tion.”” Another high-energy minor product channel is FBr~ + CH3,
but FBr~ formation is not found in our simulations; however,
this may be due to the uncertainty of the analytical PES in this
region.

Scattering angle (6) and initial attack angle () distributions
for the Sx2 and proton-abstraction channels are shown in Figs. 6
and 7, respectively. « is defined at the beginning of each trajec-
tory as the angle between the C-Br vector and the center of the
mass velocity vector of CH3Br. Thus, a = 0° corresponds to front-
side attack, whereas a = 180° means back-side attack. For the Sn2
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FIG. 7. Normalized initial attack angle distributions for the Walden-inversion (bs Sy2) and the proton-abstraction (HF + CH,Br~) channels of the F~ + CH3Br reaction at

different collision energies.
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ZPE violation, in accord with Fig. 4. In the case of the Walden-
inversion bs Sx2 channel, at low Ey, the CH3F internal energy
distributions peak close to the highest available energies, whereas
as E.oq increases, the distributions become broader and their peaks
shift toward smaller internal energies, indicating a transition from
indirect (high internal excitation) to direct (low internal excitation)
mechanisms as E., increases. The product internal energy distri-
butions for front-side attack and double-inversion Sy2 retention
pathways and for induced inversion are statistically less converged
due to their low reaction probability. Nevertheless, the qualitative
trends are clearly visible in Fig. 8. Both front-side attack and dou-
ble inversion produce highly excited CH3F products with internal
energies close to the maximal available energy at a given Ey. This
is consistent with our previous findings that double inversion is an
indirect process.”’ In the case of front-side attack, the hot CH3F
products may also be attributed to the fact that the FSTS struc-
ture is highly distorted relative to the product geometry, which may
cause high product vibrational excitations. We should also empha-
size that the front-side attack and double-inversion product internal
energy distributions are much hotter than those of the correspond-
ing Walden-inversion Sx2 channel. Induced inversion also provides

channel, the scattering angle distributions are backward-forward
symmetric at low E.y and shift toward backward scattering
(6 = 180°) as E. increases. At Ecop = 35.3-60.0 kcal/mol, back-
ward scattering clearly dominates. This indicates that at low Ecop,
direct rebound (backward scattering, small b), direct stripping (for-
ward scattering, large b), and indirect (isotropic scattering) pathways
occur, whereas at high E..y, the direct rebound becomes the pri-
mary mechanism. This is consistent with the a distributions because
at low E.o, a significant fraction of the reactive Sx2 trajectories
begins with front-side (Br side) attack, which finally leads to Walden
inversion via an indirect pathway. At higher E.,y, the initial back-
side attack, which results in direct rebound, clearly dominates. This
finding is similar to the dynamics of the F~ + CH3Cl Sn2 reac-
tion.””*! The proton-abstraction channel shows forward scattering,
indicating the dominance of the direct stripping mechanism. The
initial attack angle distributions show that it is most likely that pro-
ton abstraction occurs when F~ approaches the CHj side of the
reactant.

Mechanism-specific product internal energy distributions are
shown for the Sx2 and induced-inversion channels in Fig. 8. In all
cases, the product molecules are vibrationally hot, with basically no
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FIG. 8. Normalized product internal energy distributions for the Walden-inversion (bs Sy2), front-side attack (fs Sy2), double-inversion (di Sy2), and induced-inversion (ind.
inv.) pathways of the F~ + CH3Br reaction at different collision energies. Dashed vertical lines indicate the ZPEs of the CH3F (bs, fs, di Sy2) and CH3Br (ind. inv.) products.

J. Chem. Phys. 155, 124301 (2021); doi: 10.1063/5.0065209
Published under an exclusive license by AIP Publishing

185, 124301-7


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

Probability

ARTICLE scitation.orgljournalljcp

HF CH,Br
o
o Eoon/ keal mol™
— 159
-- 35.3
-- 425
R - 50.0
o -~ 60.0
o
Q'Q CEn_--TRS ~o
BREE EAND
R E N Y
T S ' SN
15 20 25 N 20 30 40 50

Internal energy / kcal mol’

FIG. 9. Normalized product internal energy distributions for the proton-abstraction channel of the F~ + CH3Br reaction at different collision energies. Dashed vertical lines

indicate the ZPEs of the HF and CH,Br~ products.

highly excited inverted CH3Br molecules. As shown in Fig. 8, virtu-
ally all of the collision energy transfers into internal excitation of the
CH3Br fragment. Furthermore, one can also observe that the inter-
nal energy distributions of double and induced inversions are quite
similar; just the double-inversion peaks are blueshifted by the excess

reaction energy (~40 kcal/mol).
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FIG. 10. Normalized mode-specific vibrational distributions for the CH3F product of the F~ + CH3Br Sy2 reaction at different collision energies.

For the HF and CH,Br~ products of the proton-abstraction
channel, the internal energy distributions are shown in Fig. 9. Unlike
in the case of the Sx2 channel, the proton-abstraction products are
internally cold, with significant ZPE violation. This is especially true
for the HF product molecules whose internal energy distributions
peak at zero. At the lowest E.o of 15.9 kcal/mol, both the HF and
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CH,Br™ products mainly have classical internal energies below the At higher E,j1, ZPE violation is still significant for HF whereas small

corresponding ZPE values, as clearly shown in Fig. 9. The CH,Br~ in CH,Br™.
products are more excited than HF, and the CH,Br™ distributions Mode-specific vibrational distributions for the CH3F Sx2 prod-

are significantly broader than those of the diatomic co-product. uct are shown in Fig. 10. The bending/torsional and CH stretching
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FIG. 13. Normalized mode-specific vibrational distributions for the CH,Br~ product of the F~ + CH3Br proton-abstraction reaction at different collision energies.
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modes are usually in vibrational ground state with about 60% and
80% probability, respectively, without any significant Ec,y depen-
dence. Bending/torsional excitations with 1 (20%), 2 (10%), 3 (5%),
and 4 (1%-2%) quantum/quanta and CH stretching excitations with
1 quantum (15%) and 2 quanta (5%) are possible with decreasing
probability as shown in parentheses, again without significant E.oj
dependence. In the case of the low-frequency CF stretching mode,
substantial populations are seen in the 0-10 quantum number inter-
val, and small probabilities are obtained up to 20-40 quanta exci-
tations. The significant CF stretching excitation is expected in the
product because CF is the new bond formed in the Sy2 reaction,
and at the WALDENTS, the CF distance is substantially stretched
relative to the same bond in the product molecule. Unlike the other
product modes, the CF stretching excitation shows E.o dependence;
at low E,j;, the larger quantum numbers dominate, whereas at high
Econ, the lowest CF stretching states are the most populated, show-
ing that the E. dependence of the CF stretching population is
responsible for the redshifting peaks in the CH3F internal energy
distributions upon increasing Eco.

Quantum-number resolved vibrational and rotational distri-
butions for the HF product of the proton-abstraction channel are
shown in Figs. 11 and 12, respectively. In accord with the cold inter-
nal energy distributions shown in Fig. 9, 97%, 93%, 89%, and 86%
of the HF molecules are formed in the ground vibrational state at
collision energies of 35.3, 42.5, 50.0, and 60.0 kcal/mol, respectively.
Besides the ground state, at the lowest two Ey, only the v =1
state is open, and at the highest two E.;, small v = 2 populations
(1%-2%) appear, as shown in Fig. 11. The rotational distributions
are also cold, peaking at J = 1 (35%-40%) and decaying sharply as
J increases without any significant E, dependence. It is interesting
to note that these cold HF rotational distributions are reminiscent of
the HCI(J) distributions of the Cl + CH4/C,;Hg — HCI + CH3/C,Hs
reactions.*>”’

Mode-specific vibrational distributions for the CH,Br™ prod-
uct ion of the proton-abstraction channel are shown in Fig. 13. The
CH stretching modes are usually not excited as their ground state
populations are always larger than 89%. The CH, twist, wag, and
scissor bending modes have similar quantum number populations,
i.e., excitation probabilities with 0, 1, and 2 quantum/quanta are
around 70%-80%, 15%-20%, and 5%-10%, respectively. The low-
frequency CBr stretching mode is also in the vibrational ground
state with the highest probability (22%-30%); however, here, higher
excitations are also significant with decreasing probabilities, such as
16%-20%, 10%-13%, 7%-10%, 5%-7%, and 3%-5% for 1, 2, 3, 4,
and 5 quantum/quanta excitations, respectively. At 10 quanta exci-
tations, the populations are 1%-2%, and at 20 quanta excitations, the
probability is less than 1%. Significant Eo; dependence is not seen in
the mode-specific CH,Br™ vibrational distributions in the 35.3-60.0
kcal/mol Eo range, and the overall picture shows that the CH,Br~
product is mainly formed in the vibrational ground state in accord
with the cold internal energy distributions shown in Fig. 9.

IV. SUMMARY AND CONCLUSIONS

We have performed a detailed QCT study on the F~ + CH3Br(v
= 0) reaction, utilizing our recently-developed full-dimensional ana-
lytical ab initio PES.”' Besides the major Sx2 and proton-abstraction
channels, cross sections and reaction probabilities are obtained for

ARTICLE scitation.org/journalljcp

the minor induced-inversion and FH- - -Br~ + CH, channels. Fur-
thermore, for the Sy2 channel, mechanism-specific results are deter-
mined for the back-side attack Walden inversion as well as the
front-side attack and double-inversion retention pathways. We show
that a TS attack angle-based approach can almost unambiguously
separate the front-side attack and double-inversion mechanisms.
Double inversion is the dominant retention pathway at low colli-
sion energies and the first induced inversion, forming an inverted
CH3Br molecule, is followed by a reactive substitution event with
about 50% probability. Double inversion is a slow, indirect process,
whereas front-side attack is more direct as we also found for the
F~ + CH3Y [Y = F, Cl, and I]*%*>% SN2 reactions. However, based
on the timescale of the two mechanisms, one cannot unambigu-
ously separate them in the case of the F~ + CH;3Br reaction like for
Y =1 and unlike for Y = F and Cl. The Walden-inversion Sy2 chan-
nel is indirect at low E.,), and as E o increases, the direct rebound
pathway becomes dominant as the backward scattering, preferential
initial back-side attack reactivity, and redshifting product internal-
energy peaks indicate. These features are similar to those of the
F~ + CH3Cl Sn2 reaction.””*! The HF + CH,Br™ channel is clearly
forward scattered showing the dominance of direct stripping with
preferential CHjz-side attack as shown by the initial attack angle
distributions. For the Walden-inversion Sy2 channel, the mode-
specific product vibrational distributions reveal that the E., depen-
dence of the CF stretching populations is responsible for the red-
shifting internal energy peaks upon increasing Eoy. For the first
time, we have also presented internal energy distributions for the
front-side attack, double-inversion, and induced-inversion channels
of an SN2 reaction. All distributions are hot and located close to
the maximum available energies. The proton-abstraction channel
provides internally cold HF and CH,Br™ products, with significant
ZPE violation and clear dominance of the HF(v = 0 and J = 1) and
CH;Br (v = 0) states.

The present study demonstrates the current capacity of first-
principles reaction dynamics for a six-atomic multi-channel reac-
tion, showing that an analytical PES allows characterizing low-
probability reaction channels and computing statistically accurate
differential cross section data including mode-specific distributions.
In the future, the present PES may be utilized in time-dependent
quantum wave packet computations, thereby correctly describing
ZPE and tunneling effects. However, the current state-of-the-art
of such quantum computations for Sx2 reactions is reduced(6)-
dimensional®® and mainly limited to reaction probabilities and
integral cross sections of the major channels. Nevertheless,
one may use the one-dimensional Gaussian binning procedure*”>*°>
to incorporate some quantum effects into the quasiclassical mode-
specific polyatomic product analysis. Theory may also motivate
future experiments on the title reaction and further studies on
mode-specificity and/or isotope effects, thereby advancing our
current knowledge on the dynamics of fundamental chemical
processes.
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