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Abstract

In previous work, ion imaging experiments and direct chemical dynamics simulations
with DFT/B97-1 were performed to study the atomic-level dynamics of the F* + CH3I — FCH;3 +
I Sn2 nucleophilic substitution reaction at different collision energies. Overall, the simulations
are in quite good agreement with experiment at the low collision energy of 0.32 eV, however
there are differences between experiment and simulation at the high collision energy of 1.53 eV.
A recent CCSD(T) study of the potential energy surface for the F + CH3;l — FCH3 + I' S\2
reaction shows that it has both a traditional Cs, and a hydrogen-bond entrance channel. They are
represented by MP2 but not by B97-1, which has only the latter channel. On the other hand, B97-
1 gives a reaction exothermicity in excellent agreement with experiment, while MP2 is in error
by 24.3 kJ/mol. In the work presented here, direct dynamics simulations using MP2/aug-cc-
pvdz/ECP/d were performed for the F* + CHsl — FCHj3 + I reaction at a 1.53 eV collision
energy. The same direct rebound and stripping and indirect atomistic reaction mechanisms are
found in the B97-1 and MP2 simulations. Both the B97-1 and MP2 simulations agree with the
experimental fraction of the available product energy partitioned to CH;3F internal energy, i.e. fiu
= 0.59 + 0.08. However, the MP2 f;,, distribution is broader and in better agreement with
experiment than B97-1. The two simulations methods give the same product energy partitioning
for the stripping mechanism, but different partitionings for the rebound and indirect mechanisms.
Compared to experiment, the principal difference between the B97-1 and MP2 results is the
differential cross section which is nearly isotropic for B97-1. For MP2 backward scattering is
more important than forward, as found in the experiments. Though there is no overall barrier for
the reaction, B97-1 gives a reaction cross section appreciably larger than that for MP2, i.e. 8.6 +
2.2 A% versus 1.8 + 0.3 A2, For B97-1 59% of the reaction consists of indirect mechanisms, while
for MP2 the indirect mechanisms only comprise 11% of the reaction. The experimental
differential cross section is more consistent with the atomistic mechanisms for MP2 than for

B97-1.
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I. Introduction
Study of gas-phase X" + CH3Y — CH;3X + Y™ SN2 reactions is of particular interest to
many experimental and theoretical chemists, for they are paradigm reactions in physical organic

chemistry.'°

The traditional potential energy surface (PES) for this reaction has an ion-dipole X
---CH3Y pre-reaction complex, a [X--CHj3--Y] central barrier, and an ion-dipole XCH3---Y"
post-reaction complex, all of Cs, symmetry.'® Non-traditional (non-Cs, symmetry) PESs are
often important; e.g. the OH™ + CH3F SN2 reaction with a CH3;0H---F post-reaction complex in
which F~ is hydrogen-bonded to the ~OH moiety,'' and the F~ + CH;I reaction with a hydrogen-
bonded F---HCH,I pre-reaction complex.'

In previous work Zhang et al.’? investigated the PES for the F* + CH31 — FCH; + ' S\2
reaction with different electronic structure theories and basis sets. Of particular interest is that
MP2" and DFT' give different entrance-channel PESs for this reaction, as shown in Figure 1.
For the DFT/B97-1 PES there are only a hydrogen-bonded F'---HCH,I pre-reaction complex and
a hydrogen-bonded [F--HCH,--1]" transition state (TS). In contrast, the MP2 PES has these
stationary point structures as well as the traditional F---CHj3I ion-dipole complex and [F--CH;--
II" TS, both with Cs, symmetry. The DFT functionals OPBE,"”> OLYP,'® HCTH407,"" and
BhandH,'® give PESs similar to the B97-1 PES in Figure 1, and only BhandH with a triple-zeta
basis set gives traditional entrance-channel Cs, stationary points similar to those for the MP2
PES."

The DFT/B97-1/ECP/d level of theory was chosen for the previous direct dynamics
simulations'®?® of the F~ + CH;l reaction, since it gives a heat of reaction in excellent agreement
with experiment. The simulations were performed at collision energies at 0.32 and 1.53 eV, and
overall quite good agreement was found with experiment; e.g. the experimental and simulation
average fractions of product energy partitioning are statistically the same. However, for the
higher energy 1.53 eV collisions differences were found between the experimental and
simulation dynamics.?’ The internal energy distribution of the CH5F product is narrower in the
simulations than in the experiments, and the product scattering angle distribution is nearly
isotropic in the simulations, but has an important backward scattering component in the
experiments.

Recently, Sun ef al.*' performed CCSD(T)* single point optimization calculations with

different basis sets to assess the accuracy of the MP2 and DFT PESs for the F* + CH3I — FCH;
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+ I entrance-channel stationary points. Similar to the MP2 PES, both the hydrogen-bonded and
traditional Cs, stationary points were found for the CCSD(T) PES with all basis sets considered.
The energetics for the CCSD(T)/PP/t PES are depicted in Figure 1 and the other basis sets give a
similar result; i.e. all of the basis set used for the CCSD(T) calculations are described below as
well as in references 12 and 21. These CCSD(T) calculations strongly suggest that the F~ + CHsl
entrance-channel has Cs, stationary points as found for the MP2 PES, which are absent in PESs
determined from all of the DFT calculations except one. "

In the work presented here MP2/ECP/d direct dynamics simulations were performed to
investigate the possibility that the differences in the MP2 and B97-1 PESs affect the reaction
dynamics. Interestingly, B97-1 gives reactive scattering dynamics at 0.32 eV which are in good
agreement with experiment and the differences are found at the higher collision energy of 1.53
eV." 2% Accordingly, the MP2 simulations were performed for this latter energy to compare the
results with experimental data as well as the previous simulations using B97-1/ECP/d.** Section
IT describes the computational methodology for both the ab initio calculations and direct
dynamics simulations, and the results of the simulations are presented in Section III. Differences
between the MP2 and DFT simulation results are discussed in Section IV. The article ends with a

Summary in Section V.

II. Computational Methodology
A. Ab initio calculations

The MP2/ECP/d method was used for the direct dynamics simulations. Detailed
discussions of different electronic structure calculations for the F~ + CHsI — FCH; + I PES are

discussed elsewhere'>?!

and briefly presented here. The ECP/d basis set is a combination of: the
Wadt and Hay effective core potential (ECP)* for the core electrons; Dunning and Woon’s aug-
cc-pVDZ basis set**? for the C, H, and F atoms; and for iodine a 3s, 3p basis set for the valence
electrons, augmented by a d-polarization function with a 0.262 exponent, and s, p, and d diffuse
functions with exponents of 0.034, 0.039, and 0.0873.%° The PP/t basis set consists of the aug-cc-
pVTZ basis set?* % for the C, H, and F atoms, and Peterson’s aug-cc-pVTZ basis set, with a
pseudopotential (PP) for iodine.”’

Similar to the CCSD(T)/PP/t PES shown in Figure 1, the MP2/ECP/d PES has both the

traditional Cs, and hydrogen-bonded entrance channels, with the respective [F--CH3--1]" and [F--
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HCH,--1]” TSs. Intrinsic reaction coordinate (IRC)*® calculations were performed to understand
the connectivity of the Cs, and hydrogen-bonded stationary points for the MP2 PES.'? The
hydrogen-bonded TS is connected with both the hydrogen-bonded and Cs, pre-reaction
complexes. The Cs, TS is connected with the Cs, pre- and post-reaction complexes.

For the MP2/ECP/d PES, the classical potential energy difference between the F---CH;l
pre-reaction complex and [F--CHj3--I]" TS for the Cs, pathway is 2.9 kJ/mol, and 13.0 kJ/mol
between the F---HCH,I pre-reaction complex and [F--HCH,--I]" TS for the hydrogen-bonded
pathway. The corresponding CCSD(T)/PP/t energies are 1.9 kJ/mol and 12.0 kJ/mol. The
respective classical potential energy release values from the F~ + CH;l separated reactants to the
F---CH3I Csy complex and to the F---HCH,I hydrogen-bonded complex are 68.2 and 79.1
kJ/mol for MP2/ECP/d, compared to 71.5 and 81.4 kJ/mol for CCSD(T)/PP/t. Stationary point
geometries are given in Table 2 of reference 21, and MP2/ECP/d gives structures very similar to
those for CCSD(T)/PP/t. As a result of these comparisons between CCSD(T) and MP2,
MP2/ECP/d was chosen as the electronic structure method for direct dynamics simulations to
investigate the effect of the "additional" Cs, entrance channel pathway compared to the previous
DFT simulations.'*%

The energies in Figure 1 are classical potential energies and, if harmonic zero-point
energy (zpe) is included, the energies (kJ/mol) for the stationary points with respect to F~ + CH;l
are: F---HCH,l, -79.5; [F--HCH,--1], -66.1; F---CH;l, -67.4; [F--CHs--1]", -64.4; FCH3---T, -
200.4; and FCH; + I', -164.8. These energies with zpe included are similar to the classical
potential energies, except for the post-reaction complex and products. For these two stationary
points, the CH;F vibrational frequencies are substantially different from those for the reactant
CH;L
B. Direct dynamics simulations

Classical trajectory simulations have been widely used to study chemical dynamics since
the early 1960’s.%’ They provide important atomic-level information such as reaction pathways,”
rate constants,”’ and intramolecular vibrational energy redistribution (IVR) rates.”* A broadly
applicable approach for performing these simulations is Born-Oppenheimer direct dynamics® ™
for which the potential energy and its gradient, needed to numerically solve the classical

equations of motion, are obtained directly from an electronic structure theory. An enhancement

in the simulation efficiency is to use the molecular orbitals (MOs) obtained from the previous
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integration step to initiate the self-consistent field*® (SCF) procedure for the current integration
step. This approach ensures the trajectory remains on the same adiabatic electronic state, since
the MOs for the previous step are expected to have the same character as those for the current
integration step. The direct dynamics simulations presented here were performed with the
VENUS/NWChem®’ software package, which has tight coupling between the classical dynamics
simulation code VENUS***” and the electronic structure code NWChem.*
C. Trajectory initial conditions and calculations

For the best accuracy and computational cost, the trajectory integrations were performed
with the velocity-Verlet'' method using a time step is 0.2 fs. The trajectories were integrated for
a maximum time of 5 ps, or until the distance between C-I or C-F exceeded 15 A, which was
considered to be formation of products or reactants, respectively. Initial conditions for the
simulations were chosen to be identical with the experiments to compare simulation and
experiment. Quasiclassical sampling*” was used to select initial conditions for CHsI with 360 K
and 75 K vibrational and rotational temperatures, respectively. The CH3I molecule was randomly
rotated about its Euler angles. The F* + CHj3l collision energy is fixed at 1.53 eV with an initial
separation of 15 A. Different impact parameters were chosen for the collision as described
below.

Before presenting the results of the simulations, it is important to assess the accuracy of
classical dynamics for the F* + CH3;l — CH3F + I' S\2 reaction. Classical dynamics do not

.43 . 4445
preserve zpe constraints,” and bimolecular™

and unimolecular® reactions can occur
classically without zpe in the modes orthogonal to the reaction coordinate as the reactive system
passes the TS. Thus, if tunneling is unimportant, the classical threshold for reaction will be less
than that for quantum dynamics. For intramolecular vibrational energy redistribution (IVR),**
classical dynamics may allow zpe to unphysically flow from a mode and enhance the rate of
[VR 4748

The neglect of zpe constraints in classical dynamics becomes important when the energy
of the reactive system is in only slight excess of its zero point energy. Fortunately, as a result of
the high collision energy of 1.53 eV and the large exothermicity in forming the pre-reaction
complex and reaction products, problems with zpe are unexpected for the F"+ CH3;Il — CH3F + T

S\2 reaction. The reactive system is expected to have zpe when crossing the TS, separating the

pre-reaction complex and products, and when forming the products. Thus, classical dynamics is
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expected to be accurate for the F+ CH3;I — CH3F + I SN2 reaction at a collision energy of 1.53
eV, and any differences between the classical dynamics simulations and experiment are expected

to result from shortcomings in the PES.

II1. MP2 Simulation Results
A. Microscopic reaction mechanisms, reaction probabilities, and cross sections

The reaction dynamics were studied by calculating ensembles of trajectories at fixed
values of impact parameter b. To identify the largest impact parameter at which reaction occurs,
Bmax, 200 trajectories were calculated for each b of 4.75, 5.00, 5.25, 5.50, 5.75, 6.00 A. For this
range of b, reaction was observed at only b of 4.75A and not at the higher b. Therefore, 4.75 A
was identified as b, and subsequent trajectories were sampled with b less than this b,,,,, and
500 trajectories were calculated for each of b of 0, 1, 2, 3, 4, and 4.75 A. Two reaction pathways
were observed, i.e. SN2 nucleophilic substitution F* + CHs;I — FCH; + I' and proton transfer F~ +
CHsl — HF + CH,I'. The research discussed here focuses on the Sy2 reaction and the dynamics
of proton transfer will be considered in the future.

The Sn2 reaction probability versus impact parameter is shown in Figure 2. Even though
the reaction has no overall barrier, the simulations still predict a very low reaction probability,
1.e. less than 12% for each impact parameter, which decreases as the impact parameter increases.

Similar to what has been observed for other Sy2 reactions,'***

the reaction occurs by two
direct atomic-level mechanisms, i.e. rebound and stripping, and different types of indirect
mechanisms. For the direct rebound mechanism F° directly attacks the backside of CHjsl,
rebounds backward off the massive I-atom, and forms a highly excited C-F bond in CH3F
molecule. The stripping direct reaction mechanism occurs when F~ approaches the side of the
methyl iodide molecule and strips the methyl group away from the I-atom, with CHsF scattering
in the forward direction. This reaction mechanism gives the newly formed CH3F molecule an
increased amount of rotational energy. Depictions of the rebound and stripping mechanisms are
given in a previous article describing F~ + CH;3I SN2 dynamics.19

The indirect reaction is more complicated and occurs by multiple mechanisms including
formation of the pre-reaction complex (A) or post-reaction complex (B), the roundabout

51,52

mechanism (Ra),”” barrier recrossing (br), and combinations of these processes. For complex

formation, one or both of the pre-reaction complexes F---CHsl and F---HCH,I and/or post-
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reaction complex FCHj3---I' have multiple vibrations between the anion and the molecular
moiety, resulting in a lifetime that is observable in the atomic animations. Barrier recrossing was
first observed for Sn\2 reactions in CI + CH;Cl central barrier dynamics.51 For the roundabout
mechanism, F first strikes the CH; group on its side, causing it to rotate one or more times
around the massive I atom. Then, after one or more CHj revolutions, F attacks the C atom
backside and directly displaces I . This reaction mechanism has been discussed in detail
previously.”® Percentages for the different indirect mechanisms are complex formation (42%),
barrier recrossing (32%), roundabout (16%), and barrier recrossing + complex formation (10%).

As reported for other Sy2 reactions' 2%

and shown in Figure 2, the probabilities of the
atomistic mechanisms are heavily dependent on b. Direct rebound is the most likely mechanism
at small b, for which the incoming fluoride ion attacks carbon backside. Direct stripping replaces
direct rebound as the most probable mechanism at larger 5. The probability of the indirect
mechanism decreases near linearly as b increases. The reaction cross section g, is obtained by
integrating the reaction probability versus b, P.(b), over b; i.e. 6, = 2 JP.(b)bdb. The total
reaction cross section is 1.8 + 0.3 A? and those for the direct rebound, direct stripping, and
indirect mechanisms are 0.8 + 0.3 A% 0.8 + 0.2 A%, 0.2 + 0.06 A?, respectively. The rebound,
stripping, and indirect percentages of the reaction are 46, 43, and 11 %, respectively.
B. Product energy partitioning

The average I' + CHsF product energy partitioning for the current MP2/ECP/d
simulations are given in Table 1. The overall fraction partitioned to CH3F rotation + vibration is
0.66 = 0.01 from MP2/ECP/d, statistically the same as the experimental result of 0.59 + 0.08.

Figure 3 presents the distribution of the CH3F internal energy, obtained from the MP2
simulations, which is compared with the experimental distribution. The two distributions are
similar, in that both have the same upper bound of ~3.4 eV.** Both distributions have the same
most probable internal energy of 2.4 eV and also similar shapes in the vicinity of the
distributions’ peaks. The experimental data contains a more diffuse lower bound in the
distribution, due to the finite energy resolution,”® which is not present in the MP2 simulations.
Overall the MP2/ECP/d internal energy distribution for CH;F is in agreement with experiment.
C. Center-of-mass velocity scattering angle

The scattering angle 0, between the reactant and product ion relative velocity vectors,”

was calculated for each reactive trajectory. The resulting distribution of this angle includes all
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values within the 2m solid angle, whose area is proportional to sinf, and a comparison may be
made with experiment.”™”® The experiments only determine the relative intensity of the

0, and the experimental and simulation relative scattering intensities are

scattering versus
compared here.
Figure 4 presents the histogram of the cosine of the scattering angle 0 for the total SN2
reaction and Figure 5 presents the histograms for the rebound, stripping, and indirect atomistic
mechanisms. The direct rebound mechanism leads to a backward scattering with cos6 negative,
as the CH;3F product fluorine bounces off the much more massive iodine atom. Though the direct
stripping mechanism leads to forward scattering with cos6 positive, a large faction of the direct
stripping trajectories have scattering with the cosine value close to zero (see previous discussion
in references 19 and 20). Isotropic scattering is observed for the combined indirect mechanisms,

. : . 192049
as found in previous studies. "

For the total reaction, there is good agreement between the
experimental scattering angle distribution®® and the scattering distribution determined from the
MP2 simulations, particularly for the forward and backward regions. However, the simulations
predict a large portion of the scattering with cos® close to zero, which is absent in the
experiments.”’ It is of interest that almost all of the “sideways” scattered trajectories, with cosf
close to zero, are from the ensemble with an impact parameter b of 3 A, with very few coming
from the ensembles with 5 of 1 and 2 A. Thus, it is possible that this sideways scattering would
not be as pronounced if b was sampled continuously between 0 and b,,,, for the simulations.*

Nevertheless, the MP2 scattering angle distribution is dominated by backward scattering and in

overall agreement with experiment.

IV. Comparison of MP2 and DFT/B97-1 Direct Dynamics

In the following, the MP2 simulation results reported above are compared with the
previous B97-1 results.'*°
A. Reaction probabilities and cross sections

The MP2 and B97-1 total SN2 reaction probabilities versus impact parameter, P(b), are
compared in Figure 2. The B97-1 P,(b) are approximately a factor of two larger than the MP2
values and, in addition, P.(b) extends to ~6 A for B97-1 but only to ~5 A for MP2. As a result,
the B97-1 SN2 reaction cross section is appreciably higher than the MP2 value and is 8.6 + 2.2

A?, as compared to 1.8 + 0.3 A? for MP2. This difference in the MP2 and B97-1 reactive cross
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sections probably arises from multiple factors. One is the broader range of impact parameters
leading to reaction for the B97-1 dynamics. Another is that for MP2 the TS connecting the pre-
reaction complex to the products is ~ 10 kJ/mol higher in energy (see Figure 1).

As shown in Figure 2, the MP2 and B97-1 dynamics have the same direct rebound, direct
stripping, and indirect atomistic mechanisms. The overall characteristics of the MP2 and B97-1
P,(b) are similar for the rebound and stripping mechanisms, with the proviso that the rebound
P.(b) are larger for the B97-1 calculations. The striking difference between the MP2 and B97-1
dynamics is for the indirect mechanism, whose B97-1 probability peaks at large impact
parameters. For the b = 0-3 A range, the P,(b) for MP2 and B97-1 are similar, but for the larger b
B97-1 has a much higher probability for the indirect mechanism. The B97-1 cross sections for
the rebound, stripping, and indirect mechanisms are 2.5 + 0.7, 1.0 £ 0.3, and 5.1 + 1.7 A%
respectively, which give respective probabilities of 29, 12, and 59 %, respectively. The MP2
cross sections for the rebound, stripping, and indirect mechanisms are 0.8 + 0.3 AZ, 0.8+0.2 AZ,
and 0.2 + 0.06 A?, respectively, resulting in respective percentages of 46, 43, and 11 %. Thus,
the indirect mechanism is dominant (59%) for the B97-1 dynamics, but a minor contributor (11%)
for MP2. The B97-1 cross section for the rebound mechanism is four times larger than the MP2
value, while the B97-1 and MP2 cross sections are the same for the stripping mechanism.

B. Product energy partitioning

The average product energy partitioning fractions for the DFT/B97-1 and MP2
simulations are summarized in Table 1. The overall DFT/97-1 and MP2 fractions partitioned to
CH5F internal excitation, f;,;, are 0.63 £ 0.04 and 0.66 + 0.01, respectively, and statistically the
same as the experimental result of 0.59 £ 0.08. In addition, the partitionings to f,., fuis, and f.; are
also the same for B97-1 and MP2.

Differences in the energy partitioning are apparent for the atomic-level rebound and
indirect mechanisms. The B97-1 and MP2 energy partitionings are similar for the stripping
mechanism. For the rebound mechanism, B97-1 preferentially transfers energy to product
relative translation (0.54), while the majority of the transfer is to CHsF vibration (0.56) with
MP2. Correspondingly, fi,; is 0.46 for B97-1 and 0.63 for MP2. For the indirect reaction, f,.; for
MP2 is one-half that for B97-1. As a result, f;,, is 0.85 and 0.69 for MP2 and B97-1, respectively.

The CHsF internal energy distributions, from the B97-1 and MP2 simulations, are
compared in Figure 3. Both B97-1 and MP2 have the same high energy cut-off, but overestimate

10
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the distribution in the region of approximately 1.5-2.5 eV. Both B97-1 and MP2 do not capture
the low energy region of the distribution as compared to experiment.”’ However, there is some
experimental uncertainty for this region due to diffuseness in the data and, resulting, finite
energy resolution.”’ The most probable energy of 2.4 eV from the MP2 simulations is similar but
slightly larger than the B97-1 value of 2.2 eV. Overall, the MP2 internal energy distribution is
broader and in better agreement with experiment than B97-1.

C. Center-of- mass velocity scattering angle

The MP2 and B97-1 center-of-mass velocity scattering angle distributions are given in
Figure 4, where they are compared with experiment. Experiment is dominated by backward
scattering, but B97-1 predicts almost isotropic scattering. The MP2 scattering angle distribution
agrees well with experiment, except for a surprisingly large probability of sideways scattering,
that is discussed in Section III.C. Overall, the MP2 simulations reproduce the backward
scattering observed in the experiments. This is a result of less indirect reaction in MP2 as
compared to the B97-1 simulations and the, resulting, more important rebound mechanism for
the MP2 simulations.

The MP2 velocity scattering angle distributions for the rebound, stripping, and indirect
mechanisms are compared in Figure 5, and their characteristics are similar to what was found for
the previous B97-1 simulations. Rebound is backward scattering, stripping forward, and indirect
overall isotropic. What is different between the MP2 and B97-1 scattering is the sideways
component in the MP2 stripping, which is not present for B97-1.

V. Summary

In the work presented here MP2/ECP/d direct dynamics for the F"+ CH3l — CHsF + T’
SN2 reaction, at a collision energy of 1.53 eV, are compared with those presented previously
using the B97-1/ECP/d method.'”* There are differences between the B97-1 and experimental
results for this collision energy. Comparisons are often made between different electronic
structure methods in calculating stationary point properties such as structures, vibrational
frequencies, and energies, and it is important to understand how the reaction dynamics depend on
the level of electronic structure theory used in direct dynamics simulations. The work presented

here addresses this subject.

11
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There are differences in the entrance channel for the MP2 and B97-1 PESs.'? As shown
in Figure 1, for B97-1 there is only the hydrogen-bonded pathway, while for MP2 there is this
pathway and the traditional Cs, pathway. The MP2 PES agrees with higher level CCSD(T)
calculations,”’ which is expected to be accurate. The effect of such an inaccuracy in the reaction
pathways for the B97-1 PES might be expected to be most pronounced at low energy. However,
interestingly, B97-1 gives overall dynamics which agree with experiment at the low collision

energy of 0.32 eV.'*%

It is at the higher collision energy of 1.53 eV where there are differences
between the B97-1 dynamics and experiment. This is the energy considered here.

MP2 and B97-1 give the same atomistic direct rebound, direct stripping, and indirect
atomistic mechanisms for the F" + CHsI — CHsF + I' S\2 reaction, but these theories differ in
the relative importance of these mechanisms and in the total reaction cross section. The major
difference for the atomistic mechanisms is that B97-1 predicts that 59% of the reaction is
indirect, while only 11% for MP2. In addition, the rebound mechanism is more important for the
MP2 dynamics. A property which conceivably could be determined by experiment is the Sy2
reaction cross section, for which the B97-1 and MP2 values are 8.6 + 2.2 and 1.8 + 0.3 A%,
respectively. Experiment could identify which is more accurate, which may provide insight to
whether MP2 or B97-1 more accurately describes the atomic-level mechanisms. It is noteworthy
that the experimental scattering is characterized by nearly equal isotropic and backward scattered
components, indicating an appreciable indirect component in the scattering dynamics.*’

Both B97-1 and MP2 give an average energy partitioning to CH3F internal energy which
is in agreement with experiment. However, the MP2 distribution for this energy is in somewhat
better agreement with experiment than found from the B97-1 simulations, but there is some
uncertainty in the exact form of the experimental distribution.”® The stripping mechanism gives
similar energy partitioning for the MP2 and B97-1 simulations, but the energy partitioning is
different for the rebound and indirect mechanisms. For MP2 the majority of the rebound energy
partitioning is to CHsF vibration, but for B97-1 it is to relative translation. For the indirect
mechanism, MP2 partitions 0.85 of the available energy to CH3F internal energy and, in contrast,
this fraction is 0.69 for B97-1. These are interesting differences in the atomistic product energy
partitioning, which are difficult to determine experimentally. For example, the rebound
mechanism has backward scattering, but this scattering is convoluted with that for the indirect

mechanism which also has a backward component.

12
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The MP2 differential cross section is in much better agreement with experiment than
found from the B97-1 simulations. There is a large backward (i.e. rebound) component in the
experimental scattering and B97-1 does not give this. Instead, these simulations give a near
isotropic scattering distribution.

The above comparisons between experiment and the MP2 and B97-1 simulations, at a
collision energy of 1.53 eV, suggest the former may be more accurate. However, more
experimental information is needed, e.g. the SN2 reaction cross section. For the 12-dimensional
6-atom F"+ CH3I — CHj3F + T reaction, it is difficult to quantify which differences in the MP2
and B97-1 PESs affect the 1.53 eV reaction dynamics. The B97-1 PES has a classical heat of
reaction of -195.4 kJ/mol which is in excellent agreement with the experimental value of -196.7
kJ/mol, while that for MP2 is -172.4 kJ/mol and in error by 24.3 kJ/mol.*' In addition, direct
dynamics simulations for the OH™ + CHsl reaction, with B97-1, give rate constants in excellent
agreement with experiment.”® On the other hand, CCSD(T) calculations’' indicate that MP2
more accurately describes the entrance channel reaction paths for the Sn2 reaction. The MP2
barrier, for the TS connecting the pre-reaction complex with products, is ~ 10 kJ/mol higher than
the B97-1 barrier. However, the reaction exothermicity, entrance channel reaction paths, and TS
barrier for pre-reaction complex to products are just signatures of the PES, and may only make
minor contributions to the dynamics for the high energy 1.53 eV reaction. In inspecting the
trajectories, it is found that 55 % of the reaction follows an indirect mechanism with B97-1, but
only 11 % with MP2. Such differences, as well as the ~ 4 times larger reaction cross section with
B97-1, most likely result from high energy features of the PES. More work needs to be done to
determine which electronic structure theories, and their PES properties, give accurate dynamics
for the F"+ CH3I — CH3F + I' SN2 reaction at both low and high energies. Overall, this work has
illustrated the utility of direct dynamics simulations for assessing the accuracy of electronic

structure theories and their PESs. Additional studies like the one presented here are important.
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Table 1. Average Fractions of F* + CH3I — CH;3F + I' Product Energy Partitioning

Page 18 of 24

ﬁut ](vib f}"el ﬁnt
DFT/B97-1°
direct rebound 0.19£0.03 0.27+0.04 0.54+0.03 0.46=0.03
direct stripping 0.27+0.03 045+0.04 0.28=+0.02 0.72+0.02
indirect 0.07+0.03 0.62+0.04 0.31+0.02 0.69+0.02
total 0.12+0.03 0.51+0.06 0.37+0.04 0.63+0.04
MP2
direct rebound 0.07+0.01 0.56+0.02 0.37+0.02 0.63+0.02
direct stripping 0.21+0.02 0.45+0.01 0.34=£0.01 0.66+0.02
indirect 0.14+0.05 0.71+0.07 0.15+0.03 0.85+0.07
total 0.13+0.01 0.53+0.01 0.34+0.01 0.66=0.01
Experiment
total 0.59 +£0.08

a. The f’s are fractions of energy partitioned to rotational, vibrational, relative translational, and
internal (rotation + vibration) energy. Total is the combined partitioning for the mechanisms.

b. Data obtained from Table 2 of reference 20.
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Figure Captions

Figure 1. Critical points on the potential energy surface for the F* + CH3;l — FCH; + I' Sx2
reaction: (a) CCSD(T)/PP/t (black), MP2/ECP/d (red), and experiment (blue); (b) DFT/B97-1
(black) and experiment (blue). The potential energies (kJ/mol) are classical energies without zero

point energy. The DFT/B97-1 results were presented previously.'*

Figure 2. Reaction probabilities, P,(b), for the F* + CH3l SN2 reaction versus impact parameter:
MP2 dynamics top graph and DFT/B97-1 dynamics bottom graph. The lines are for the total Sy2
(blue solid line with circle), direct rebound (black dash line with upper triangle), direct stripping
(red dash line with down triangle), and indirect (green dash line with square) reactions. The

DFT/B97-1 results were presented previously.'**

Figure 3. Normalized histogram distributions of the CH;F internal (rotation + vibration) energy
for the MP2 and B97-1 simulations. The black solid curve is the experimental result and the blue

dash curve is from simulation. The DFT/B97-1 results were presented previously.'*°

Figure 4. Normalized histogram distributions of the velocity scattering angle distribution for the
F" + CH3;l — FCH; + I’ S\2 reaction. The results for both the MP2 and B97-1 simulations are
presented in the blue dash curves. The black solid curve is the experimental result. Negative and
positive cos(0) correspond to backward and forward scattering, respectively. The DFT/B97-1

- 19,20
results were presented previously.

Figure 5. Velocity scattering angle distributions from MP2(blue dash) and B97-1(red solid) for
the rebound, stripping, and indirect mechanisms. The sum of the individual distributions is
normalized to unity. The area of each distribution is proportional to its contribution to the

atomistic dynamics. The DFT/B97-1 results were presented previously.'*
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Figure 4
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