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ABSTRACT: Electronic structure and direct dynamics calculations were used to study the
potential energy surface and atomic-level dynamics for the OH™ + CHjl reactions. The
results are compared with crossed molecular beam, ion imaging experiments. The DFT/B97-
1/ECP/d level of theory gives reaction energetics in good agreement with experiment and
higher level calculations, and it was used for the direct dynamics simulations that were
performed for reactant collision energies of 2.0, 1.0, 0.5, and 0.0S eV. Five different pathways .
are observed in the simulations, forming CH;OH + I", CH,I” + H,0, CH, + I" + H,0,
IOH™ + CHs, and [CH;--I--OH] ™. The S\2 first pathway and the proton-transfer second
pathway dominate the reaction dynamics. Though the reaction energetics favor the SN2
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pathway, the proton-transfer pathway is more important except for the lowest collision

energy. The relative ion yield determined from the simulations is in overall good agreement with experiment. Both the Sy2 and
proton-transfer pathways occur via direct rebound, direct stripping, and indirect mechanisms. Except for the highest collision
energy, 70—90% of the indirect reaction for the Sy2 pathway occurs via formation of the hydrogen-bonded OH™---HCH,I
prereaction complex. For the proton-transfer pathway the indirect reaction is more complex with the roundabout mechanism and
formation of the OH™---HCH,I and CH,I"---HOH complexes contributing to the reaction. The majority of the Sy2 reaction is
direct at 2.0, 1.0, and 0.5 eV, dominated by stripping. At 0.05 eV the two direct mechanisms and the indirect mechanisms have
nearly equal contributions. The majority of the proton-transfer pathway is direct stripping at 2.0, 1.0, and 0.5 eV, but the majority
of the reaction is indirect at 0.05 eV. The product relative translational energy distributions are in good agreement with
experiment for both the Sy2 and proton-transfer pathways. For both, direct reaction preferentially transfers the product energy to
relative translation, whereas transfer to product vibration is more important for the indirect reactions. For the proton-transfer
reactions the velocity scattering angle distribution is peaked in the forward direction and in quite good agreement with
experiment. However, for the Sy2 reaction, the experimental scattering is isotropic in nature whereas forward scattering
dominates the simulation distributions. The implication is that the simulations give too much stripping, which leads to forward
scattering. The dynamics for the OH™ + CH,l Sy2 pathway are similar to those found previously for the F~ + CH,I Sy2 reaction.

I. INTRODUCTION

There is substantial interest in understanding the atomistic
dynamics of X~ + CH,Y ion—molecule reactions.'~” If X and Y
are halogens, the dominant reaction mechanism is Sy2
nucleophilic substitution,"” i.e.

X~ + CH,Y — CHX + Y~ 1)
For the highly electronegative anion reactant F~, proton
transfer forming the HF + CH,Y™ products also becomes an
important pathway.® The traditional Sy2 mechanism assumes
C;, symmetry with the reaction proceeding through long-lived
X™---CH;Y and CH3X---Y~ ion—dipole complexes with
statistical unimolecular dynamics, which are separated by a
[X--CH;—-Y]™ central barrier.'”” Detailed studies, both
experimental’"® and computational,”*">* have shown there
are substantial nonstatistical dynamics for the Sy2 mechanism.
The rate constant for the X~ + CH;Y — X™---CH,Y association
reaction is less than the ion—molecule capture rate constant as
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a result of inefficient energy transfer from X~ + CH,Y relative
translation to X ---CH,Y vibration/rotation.*"”** The unim-
olecular dynamics of the X ---CH;Y complex is nonstatistical
and non-RRKM as a result of inefficient energy transfer
between the intermolecular and intramolecular vibrational
9-12,14,16,21,23,25
modes of the complex. The presence of both
intermolecular and intramolecular complexes in the reaction
dynamics leads to important central barrier recrossings in the
. . 22,27 . .
reaction dynamics. For exothermic Sy2 reactions, for-
mation of the postreaction complex CH;X---Y~ is often
. 17-19,28
unimportant.
Formation of the X™---CH;Y prereaction complex may not
be important for the Sy2 reaction. With excess reactant
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translational energy the reaction may proceed directly from
reactants to products without complex formation,'>>*"1%2328
Direct reaction is also found with excitation of the C-Y
stretching vibration of the CH,Y reactant.”® An indirect Sy2
reaction without complex formation, named the “roundabout”
mechanism, has been identified.'” The reaction path for the
Sn2 reaction may not have C;, symmetry. For the F~ + CHjl
Sn2 reaction there is a hydrogen-bonded F~---H—CH,I
prereaction complex, which is connected to the products via
the [F--H—CH,--1]~ central barrier transition state that does
not have C;, symmetry.”’ The F~ + CH;OH reaction has a
CH;OH---F~ hydrogen-bonded postreaction complex.®® The
potential energy surface (PES) for the Sy2 reaction may often
be more complex than that depicted by the Cs, model.®

In recent work Wester and co-workers have studied the OH™
+ CH;l reaction by molecular beam, ion-imaging experi-
ments.'” In these experiments, OH™ anions were crossed with a
neutral gas jet from a supersonic expansion at well-defined
relative kinetic energies. The ions were buffer gas cooled in a
radio frequency ion trap before they were injected into the
interaction region. The ionic products from reactive collisions
were then collected using a pulsed velocity map imaging
spectrometer. The authors found multiple reaction products
and reaction pathways, whose dynamics appear to be complex
and not well described by statistical models. In a preliminary
report,”’ we presented an incomplete direct dynamics
simulation of the OH™ + CHjl reaction dynamics. In this
article a full report of a complete direct dynamics simulation is
given, which includes: a description of the PES and atomistic
pathways for the different product channels; reaction
probabilities versus impact parameter; reaction cross sections
versus reagent relative translational energy; product energy
partitioning; velocity scattering angles; and reaction rate
constants. Comparisons are also made with the reaction
dynamics for the isoelectronic F~ + CH,l reaction'® and
experiments for the OH™ + CH;I reaction.'”!

Il. COMPUTATIONAL PROCEDURE

A. Electronic Structure Calculations. The NWChem
computer program®>** was used to perform a range of different
electronic structure calculations. MP2** and DFT, the latter
with the B97-1,>® B3LYP,*” and B2PLYP>® functionals, were
employed to investigate the ability of different electronic
structure theory methods to give accurate heats of reaction for
OH™ + CH,I to form the CH;OH + I” and CH, + I” + H,0
products, and to identify a practical and accurate level of
electronic structure theory for the direct dynamics simulations.
Two basis sets aug-cc-pVTZ-pp>° and ECP/d*® were used for
both MP2 and DFT calculations. For the ECP/d basis set,
Dunning and Woon’s aug-cc-pVDZ basis set*”*! is used for the
H, C, and O atoms. For iodine, the Wadt and Hay effective core
potential (ECP)* was used for the core electrons and a 3s, 3p
basis set for the valence electrons, which was 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,
respectively. The aug-cc-pVTZ-pp basis set consists of the
Peterson aug-cc-pVDZ basis set with a pseudopotential (pp)
for iodine.*” Experimental data*~*" were used to compare
heats of reaction given by above methods with experiment.
From these comparisons, the B97-1/ECP/d method was
chosen for the direct dynamics simulations. This is the same
method used for the direct dynamics simulations of the
isoelectronic F~ + CHj;l reaction.'®
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To characterize the OH™ + CHj;l PES, the B97-1/ECP/d
method was used to search for stationary points and determine
their structures, vibrational frequencies, and energies.

B. Direct Dynamics Simulations. As described above, the
direct dynamics simulations*® for the OH™ + CH,l reaction
were performed with the B97-1/ECP/d level of theory. The
trajectories for the simulations were calculated with the VENUS
chemical dynamics computer program*”*® interfaced with the
NWChem electronic structure computer program.n’33 To
directly compare with the experiments of the Wester research
group, initial conditions for the trajectories were selected for
collision energies (ie., reagent relative translational energy) E,
0f 0.05, 0.5, 1.0, and 2.0 eV, and CH;] vibrational and rotational
temperatures of T, = 330 K and T, = 130 K. The experimental
vibrational and rotational temperatures for OH™ are 100 K.
OH"™ was prepared in the n = 0 ground vibrational state,
because this is the only state appreciably populated at 100 K.
To have a rotational energy representative of the experimental
distribution of energies, OH™ was prepared in the ] = 3
rotational state. Semiclassical quantization of the action
integral,>" for the potential [V(r) + J(J + 1)A%/(2ur*)], was
performed to select initial conditions for the OH™ energy level
with n = 0 and ] = 3. Algorithms for sampling the OH™ + CH;l
initial conditions are standard options in VENUS and have
been described previously.*>

After testing different integration algorithms, we selected a
sixth-order symplectic algorithm®*** with a 2.5 fs time step to
integrate the trajectories. The total integration time depended
on the collision energy, ie., 1.5 ps for 0.05 and 0.5 eV, and 0.5
ps for 1.0 and 2.0 eV. Reactive trajectories were identified by
viewing animations and, thus, determining their atomic-level
mechanisms.

The properties determined from the simulations are the:
reaction pathways and their atomic-level mechanisms; reaction
cross sections for the different pathways and their individual
atomistic mechanisms; distributions of the partitioning of the
available energy to product vibration, rotation, and relative
translation; and velocity scattering angle distributions. The
above properties compared with experiment are the relative
product ion yield, and the product energy and velocity
scattering distributions. With the version of VENUS/NWChem
used for the simulations, it is not possible to calculate the
individual potential energies for two or more molecular
products for a specific pathway. Thus, to calculate product
vibrational energies for the CH,I™ + H,O product pathway, the
average potential energy of the molecular product was assumed
to equal its average vibrational kinetic energy which may be
calculated.

This model is exact for an ensemble of harmonic oscillators
and found to be a good approximation for the anharmonic
C,H; — H + C,H, reaction dynamics.*® This approach for
calculating the product vibrational energy was tested by
comparing the average total product energy calculated in this
manner with the actual value for the simulations, which is the
average reactant energy plus the classical AE_,. For E_; = 2.0
eV the two energies agree within 0.1% and only disagree by 4,
3, and 8% for E, of 1.0, 0.5, and 0.05 eV, respectively, with the
energy higher for the approximate calculation. Setting the
product vibrational energy to twice the product vibrational
kinetic energy is seen to be a good approximation for
calculating the CH,I™ and H,O vibrational energies.
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lll. PROPERTIES OF THE POTENTIAL ENERGY
SURFACE

A. Comparison of Different Electronic Structure
Theories. To assess the accuracy of different electronic
structure methods for the direct dynamics simulations, reaction
enthalpies for the OH™ + CHjl reaction to form the CH;0H +
I" and CH, + I + H,O products were calculated with the
MP2, B97-1, B3LYP, and B2PLYP methods, and two basis sets,
called ECP/d and aug-cc-pVTZ-pp, which are described above.
Experimental thermal data at 0 K was used as a benchmark for
testing and comparing these methods. The results are given in
Table 1, where it is seen that the DFT methods give more

Table 1. Comparison of Reaction Energies for Two OH™ +
CH;,I Product Channels Using Different Electronic Structure
Methods

product channels®

CH,0H + I” CH, + I + H,0
MP2 —58.36 (—56.52)° 34.93 (40.84)
B97-1 —64.87 (—63.56) 28.14 (30.15)
B3LYP —64.48 (—62.92) 26.35 (28.53)
B2PLYP —62.10 (—59.46) 29.06 (31.88)
exp —66.44° 26.32°

“Calculated energies in kcal/mol include harmonic zero-point energy
(ZPE) corrections. The experimental value is the 0 K heat of reaction.
YThe ECP/d basis set value is given in normal text, the aug-cc-pVTZ-
pp value is in parentheses. “Experimental values from ref 43.

accurate energies than MP2 and the ECP/d basis is more
accurate than aug-cc-pVTZ-pp. In particular B97-1 and B3LYP,
with ECP/d, give energies in quite good agreement with
experiment, with B3LYP performing somewhat better that B97-
1. The B97-1/ECP/d method was used in the previous direct
dynamics study for the F~ + CH;l reaction'® and, to facilitate
comparisons with this earlier work, the B97-1 method was also
used for the direct dynamics simulations reported here.

B. Stationary Point Structures and Energies for
Different Reaction Paths. The B97-1/ECP/d method was
used to calculate reaction enthalpies for different possible
product channels for the OH™ + CHj;l reaction. Restricted
DFT was used for these calculations, except for the open-shell
products CH; + IOH™ for which unrestricted DFT>* was used.
The results are given in Table 2, where they are also compared
with experimental reaction energies. The agreement between
the experimental and DFT energies is quite good for all the
pathways for which experimental energies are available.
Experimental energies may only be approximated for the
CH;™ + IOH channel. As discussed below, the five product
channels observed in the simulations are CH;OH + I, [CH;--
.-OH]~, CH,I" + H,0, CH, + IOH", and CH, + I" + H,0.
Though the remaining three channels are energetically
accessible, they were not observed in the simulations.

Energies and structures were investigated in detail for the
OH™ + CH;I — CH;0H + I” S\2 pathway using the B97-1/
ECP/d method, and the results are summarized in Figure 1. As
found for the F~ + CH; reaction,'® there is a hydrogen-bonded
HO™---HCH,I prereaction complex potential minimum and a
[HO--HCH,--I]” transition state (TS) with hydrogen-bonding
characteristics. This TS is connected to the postreaction
complex CH;OH---I", which is also hydrogen-bonded and has
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Table 2. Reaction Enthalpies for Different OH™ + CHjl
Product Channels®

AH,

products 0 K® 298 K° B97-1°
CH,OH + I~ —66.44 —-66.91 + 0.26 —64.87
[CH,--I--OH]~ —26.1
I0™ + CH, -13.6
CH,I” + H,0 —3.12 + 1.827 —423
CH, + IOH™ 11.10¢
ICH, + I"(H,0) 16.04 + 0.72" 1649 + 1.89 18.18
'CH, + I + H,0 26.32 26.77 + 1.17 28.14
CH,” + IOH 43.61 + 0.70% 46.83 + 2.30% 46.98

“Energies are in kcal/mol. bExperimental energies from refs 43 and 44.
0 K energies including harmonic zero-point energies. 9For CH,I™ the
experimental enthalpy was calculated from the enthalpy of formation
AH? of CH,I® and its electron affinity.** “The unrestricted B97-1
method®® is used to calculate the energy for the CH, + IOH~
products. “The enthalpy of I"(H,0) is derived from the sum of the
heats of formation AH? for I” and H,0,*” and the binding energy
from ref 46. £The enthalpy of CH;~ were calculated from the enthalpy
of formation AH for CH,* and its electron affinity.*”

a structure similar to that of the CH;OH---F~ complex for the
OH™ + CH;F — CH;OH + F~ S,2 reaction.*

The traditional potential energy surface for a Sy2 reaction
has potential minima for the X ---CH,;Y and XCHj;---Y™ pre-
and postreaction ion—dipole complexes and a [X--CH;--Y]~
central barrier, each with C;, symmetry. This work, along with
previous work, 51830 provides evidence for nontraditional pre-
and postreaction complexes, with hydrogen-bonding. The
results of the dynamics simulations, presented below, show
that the hydrogen-bonded prereaction complex plays an
important part in indirect mechanisms for OH™ + CHjl
reaction pathways.

C. [CH;--I--OH]" Intermediate. For the OH™ + CH,I
direct dynamics simulations, the [CH;--1--OH]™ anion
intermediate was formed in some of the trajectories. A similar
complex with the structure [CF;--X--F]~ (X = Br, I), containing
a hypervalent halogen atom X, was suggested as an
intermediate in the association reactions of F~ with CH;Br
and CH,L*" Another similar complex [CH;--Br--Cl]~ was
assumed to be the intermediate to form the dihalide ionic
product CIBr~ from the reaction of Cl~ with CH;Br, an
assum}s)tion supported by MP2/LANLIDZ ab initio calcu-
lation.>®

In the trajectories, the [CH;--I--OH]™ anion intermediate
dissociated to either the Sy2 products CH;OH + I” or proton-
transfer products CH,I” + H,O. For the lower collision
energies of 0.5 and 0.05 eV, some of these intermediates
remained intact when the trajectories were terminated, with a
larger fraction remaining at the lower energy of 0.05 eV. These
intermediates have sufficient energy to dissociate to CH;OH +
I" or CH,I” + H,O, and this would occur if the trajectories
were run for a longer period of time.

The geometry of [CH;--I--OH] ™ was calculated with B97-1/
ECP/d theory and is depicted in Figure 1. The C--I--O entity is
linear and the I-O--H angle is 103.0°. It is of interest to
compare the C--I and I--O bond lengths with those for other
species, also calculated with B97-1/ECP/d. The C--I bond in
[CH;--1--OH] ™ is 2.285 and 0.135 A longer than the C—I bond
in CH;L. The I--O bond length is 2.383 A and longer than the
I-0 bond of 2.003 A for the IOH radical, but shorter than the

dx.doi.org/10.1021/jp4008027 | J. Phys. Chem. A 2013, 117, 7162—7178
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Figure 1. Schematic energy profile for the OH™ + CH;I — CH;0H + I reaction at the DFT/B97-1/ECP/d level of theory, and other possible
reaction channels. The energies shown are in kcal/mol and are relative to the OH™ + CH,I reactants. Zero point energies are included. Experimental
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Figure 2. Simulation probabilities of the five OH™ + CH,I reaction pathways versus impact parameter at E, of 2.0, 1.0, 0.5, and 0.05 eV: blue, total
reaction; red, CH;OH + I'; lime green, CH,I™ + H,0; green, CH, + I + H,0O; black, IOH™ + CHj; pink, [CH;--I--OH]". Comparison of the total

reaction probabilities for the different E, is given in the last graph.
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I-0 bond of 2.652 A for the IOH™ anion. The O—H bond
length of [CH;--I--OH]™ is 0.966 A and significantly shorter
than that for the OH radical (0.984 A), but nearly the same as
those for the OH™ anion (0.969 A), IOH radical (0.968 A),
IOH™ anion (0.969), and of CH;OH (0.963 A).

The harmonic vibrational frequencies for the intermediate
are 32, 147, 150, 291, 392, 652, 738, 755, 1137, 1421, 1422,
3002, 3101, 3104, and 3820 cm™'. The largest frequency is the
OH stretch, and the next six highest are the stretches and bends
for the CH; moiety.

A Mulliken population analysis***® of [CH,--I--OH]~ shows
the iodine atom carries a +0.5 charge. The remaining negative
1.5 charge is nearly evenly distributed between CH; and OH,
with —0.72 and —0.79 charges, respectively. The charge on the
carbon atom is —0.27, is —0.45 for the oxygen atom, —0.15 for
the H-atoms of CHj, and —0.34 for the hydroxyl hydrogen.

As shown in Figure 1, the [CH;--I-OH]™ intermediate is
26.1 kcal/mol lower in energy as compared to the reactants.
Dissociation of the intermediate to the Sy2 products CH;OH +
1™ is 38.8 kcal/mol exothermic, whereas its dissociation to the
proton-transfer products CH,I" + H,0 is 21.84 kcal/mol
endothermic.

IV. COMPUTATIONAL REACTION DYNAMICS AND
COMPARISON WITH EXPERIMENT

The OH™ + CHj,l reaction dynamics were studied at reactant
relative collision energies E_ of 0.05, 0.5, 1.0, and 2.0 eV, and
CHj;l vibrational and rotational temperatures of T, = 330 K and
T, = 130 K, respectively. These conditions were chosen to
match the experiments of the Wester research group. The
simulations were performed versus collision impact parameter
and then properly averaged to compare with experiment. For
the four E,, in increasing order, a total 755, 682, 798, and 1501
trajectories were calculated.

A. Reaction Probabilities versus Impact Parameter for
Different E,,. The trajectories were calculated versus fixed
impact parameter b: b of 0,2, 4, 6, 7, 8, and 9 A for E,, of 0.05
eV;0,2,4,6,65 and 7 A for E;of 0.5eV;0,1,2,3,4,5,6,
and 7 A, for E, of 1.0 €V; 0, 1,2, 3,4, 4.5, 5, and 6 A for E,, of
2.0 eV. There were no reactions out of 100 trajectories at the
largest b considered for each E,,. The following five reaction
pathways

rel”

OH™ + CH,Il — CH,0H + I" (2)
OH™ + CH,I — CH,I" + H,0 (3)
OH + CH,l - CH, + I + H,0 4)
OH™ + CH,l —» IOH™ + CH, ()
OH™ + CH,l — [CH,-I--OH]" 6)

were observed in the simulations and their reaction
probabilities, and the total reaction probability are plotted in
Figure 2 for each E,,;, versus impact parameter b, i.e., P,(b). The
energies for these pathways are compared in Figure 1 and Table
2. The results in Figure 2 show that the reaction probability
decreases with increase in E . This trend is reasonable given
the long-range attraction between the reactants. As E_ is
increased, this attraction is less efficient at pulling the reactants
together and the reaction probability decreases. With lower E
there is also a longer interaction time between the reactants,
which will assist in attaining their proper alignment for reaction.
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Reaction 2 is the Sy2 reaction, but it only dominates at the
smallest E,) of 0.05 eV. For the higher E_ of 0.5, 1.0, and 2.0
eV it has a smaller percentage than does the competing reaction
3. Reactions 2 and 3 together comprise more than 93% of all
reactive trajectories for each E,. Reaction 4 was observed for
collision energies of 2.0 and 1.0 eV. The IOH™ anion was only
formed at 2.0 eV, where it comprised only ~2% of the product
ions. The [CH;-I--OH]™ complex in reaction 6 was only
observed at the conclusion of the trajectories for E,, of 1.0 eV
and lower. It is an intermediate which has sufficient energy to
dissociate if the trajectories were run for a longer period of
time. Here we also include it as a reaction pathway.

B. Atomic-Level Mechanisms. Reactions 2 and 3 are the
most important pathways, and there is an interest in
determining their atomic-level mechanisms. This was done by
animating each trajectory for these reactions and identifying if
the reaction was direct or indirect. Example animations of the
trajectories are on the Web site monte.chem.ttu.edu.

Reaction 2 has both direct and indirect mechanisms, with
three different direct mechanisms called direct rebound, direct
stripping, and front side attack. For the rebound mechanism,
OH™ attacks the backside of CH;l, directly replaces I7, and
reverses its direction with CHj attached. Stripping occurs when
OH™ approaches CH;l on its side and directly strips away the
CHj; group. These two mechanisms were observed in previous
simulations of the F~ + CH,I'"® and CI™ + CH,Y (Y = CL*
Br,”® I'7) S\2 reactions. As shown in Table 3, the direct
rebound mechanism occurs for small impact parameters,
whereas the stripping mechanism is a larger impact parameter
event. For front side attack, OH™ attacks the C—I bond from
the side and directly substitutes I". The stereochemistry of CH,
is preserved for this mechanism.

For the HO™ + CH,I S\2 reaction there are several different
indirect mechanisms, including roundabout, formation of the
HO™---HCH,I hydrogen-bonded prereaction complex, central
barrier recrossing, proton exchange, and couplings of these
events. For the roundabout mechanism, OH™ strikes the side of
CHj;, causing CHj to rotate around the massive I atom one or
two times. Then OH™ attacks the back side of the C atom and
directly substitutes I”. This mechanism was first reported for
the CI~ + CH,l — CICH; + I™ reaction'” and was also
observed for the F~ + CH,l reaction.'® For two of the
trajectories reaction occurred by the roundabout mechanism,
but with retention of the CHj; stereochemistry, a quite
interesting finding. As CHj rotates about the massive I atom,
instead of attacking the back side of the C atom, OH™ attacks
the front side of C atom, without inversion of the CHj;-group to
form the CH;OH product.

As discussed below, except at E, of 2.0 eV, the dominant
indirect mechanism involves formation of hydrogen-bonded
complex HO™---HCH,], for which HO™ interacts attractively
with one or more of the H atoms and the system becomes
temporarily trapped in the prereaction potential energy well.
Then, HO™ attacks the C atom backside and displaces I". The
lifetime of the HO™---HCH,I complex ranges from 125 to 650
fs, which is quite short compared to the F~---HCH,I complex
lifetime of 150 fs to 3 ps for the F~ + CH,l reaction.'® Barrier
recrossing was observed previously in the dynamics for CI™ +
CH,CL,>**” CI”~ + CD;CL° and CI” + CH,L"

For the proton exchange mechanism, OH™ attracts a H atom
from CHj; to become a H,O molecule and forming CH,I™. In
some trajectories, the H,O molecule does not have sufficient
translational energy to overcome the CH,I™ attraction, so it first
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Table 3. Percentages of Different Atomic-Level Mechanisms
versus Impact Parameter for the OH™ + CH;I — CH;0H +
I” S\2 Reaction

direct®
b* DR DS indirect
E=20eV
0 56 0 44
1 56 0 44
2b 80 0 0
3 100 0 0
4 0 100 0
4.5 0 100 0
S 0 100 0
E,=10eV
0 64 0 36
1 43 0 57
2 70 10 20
3 44 33 23
4 0 78 22
S 0 82 18
6 0 100 0
E=05¢eV
0 61 0 39
2 45 0 5SS
4 33 42 25
6 0 38 62
6.5 0 87 13
E,q = 0.05 eV
0 S3 0 47
2 64 0 36
4 59 12 29
6 0 69 31
7 0 46 54
8 0 62 38

“The impact parameter b is in units of A. “20% of the direct
mechanisms is front side attack. “DR and DS are direct rebound and
direct stripping, respectively.

remains attracted to CH,I™ forming a CH,I"---H,0O complex.
There are two types of intermolecular motions for this
complex: for one H,O vibrates extensively with respect to
CH,I", and for the other H,O rotates about its center of mass
and/or around the I atom. Ultimately, H,O gives back a H
atom to CH,I™ forming the OH™---HCH,I complex, followed
by OH™ attack of the C atom backside, displacing I". The lost
and gain of a proton by OH™ occurs one or several times
between the same or different H’s. This proton exchange
mechanism for forming CH;OH + I” is always coupled with
the prereaction complex mechanism.

For a small number of the trajectories the structure of the
[CH;-1--OH]™ intermediate participates in the Sy2 and
proton-transfer pathways by coupling with the roundabout
mechanism. For this mechanism OH™ initially strikes either the
I-atom or the side of the CHj-group, resulting in CHj rotation
about the massive I-atom. If OH strikes the I-atom first, there
are events in which a transient [CH;--I--OH]~ intermediate is
formed before CH; begins its rotation about the I-atom. After
one or two CHj rotations, OH™ reacts with CH;I producing
either CH;OH + I or CH,I™ + H,0.

An important finding from the trajectories is that although
the hydrogen-bonded postreaction complex CH;OH---I" is a
potential minimum on the Sy2 reaction pathway, this complex
was not formed in any of the 3736 trajectories calculated here
for E_ of 0.05—2.0 eV. The trajectories either pass throughzo or
pass by’ this minimum without forming a complex.

C. Reaction Cross Sections versus E,. The total reaction
cross section o, was obtained by integrating the total reaction
probability P.(b) over the impact parameter according to
f P(b)2zbdb. The resulting cross section increases with
decrease in the collision energy and is 4.3 + 1.0, 10.9 + 3.1,
16.5 + 4.3, and 75.5 + 9.6 A* for E, of 2.0, 1.0, 0.5, and 0.05
eV, respectively. The individual cross sections for the five
reaction pathways, observed in simulations, are listed in Table
4.

1. CH;0H + I~ Product Pathway. Cross sections were
calculated for the different atomic-level mechanisms for the Sy2
pathway forming the CH3;0H + I” products. The respective
cross sections for the direct rebound, direct stripping, and
indirect mechanisms are 1.3 + 0.6, 2.8 + 0.7, and 0.2 + 0.1; 2.0
+0.9,68+22,and 2.1 + 1.5; 39 + 1.9, 5.8 + 2.1, and 6.9 +
2.3; and 252 + 3.6, 21.3 + 4.3, and 29.5 + 5.2 A? for E,; of 2.0,
1.0, 0.5, and 0.05 eV, respectively. Fractions of the different
reaction mechanisms are summarized in Figure 3 for the four
collision energies from 0.05 to 2.0 eV. Included are the
individual indirect mechanisms: i.e., HO™---HCH,] prereaction
complex (A); roundabout mechanism (Ra); barrier recrossing
(br); proton exchange (PE); proton exchange with H,O
rotation (PER); and couplings between these mechanisms. For
each E, the direct mechanisms dominate with a faction of 0.58
to 0.97, with direct stripping most important except for the
lowest E,. Overall, the fraction of the indirect mechanism
increases with lower E,, i.e., 3%, 19%, 42%, and 39% at E,; of
2.0, 1.0, 0.5, and 0.05 eV, respectively.

A feature that emerges with smaller E, is the increase in the
types of indirect mechanisms. At E of 2.0 eV, only the
roundabout mechanism occurs. Three more indirect mecha-
nisms, i.e., unmixed hydrogen-bonded complex HO™---HCH,I
formation, coupling of this complex formation with barrier
recrossing, and proton exchange, emerge with a decrease in E

Table 4. Cross Sections versus E,,, for the Different Reaction Pathways”

E.q

pathway 2.0 1.0 0.5 0.05
CH;0H + I” 43 + 1.0 109 + 3.1 16.5 + 4.3 76.0 +£ 9.7
CH,I” + H,0O 88 + 1.6 18.1 £ 3.2 37.8 £ 4.7 476 £ 7.3
CH, + I" + H,0 0.8 + 0.5 0.16 + 0.16 0 0
IOH™ + CH; 0.11 + 0.07 0 0 0
[CH;--I--OH]~ 0 0.08 + 0.08 0.07 £+ 0.07 89 + 24
Total 140 £ 1.9 292 £ 42 543 £ 5.4 132.5 + 10.3

“E, is in eV and the cross section is in A%
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Figure 3. Fractions of the individual atomistic reaction mechanisms, for the OH™ + CH;OH — CH;OH + I” S\2 reaction, at the different E,: DR,
direct rebound; DS, direct stripping; Ra, roundabout; A, HO™---HCH,]; br, barrier recrossing; PE, proton exchange; PER, proton exchange rotation.
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Figure 4. Simulation probabilities, versus impact parameter, of the three atomic-level mechanisms and total reaction for the OH™ + CH,;I — CH,I™
+ H,0 reaction: lime green, P, direct rebound; red, @, direct stripping; pink, B, indirect; blue, ®, total reaction.

to 1.0 eV. It is notable that each of these mechanisms involve
formation of the HO™---HCH,I complex. At the lower E  of
0.5 eV, proton exchange with rotation (see above) and coupling
of HO™---HCH,I complex formation with the roundabout
mechanism become contributing pathways. At the lowest E_ of
0.05 eV there are six different indirect mechanisms! This
multitude of indirect mechanisms illustrates the diverse and
complex overall reaction mechanism for the gas phase OH™ +
CH;l S\2 reaction.

Except at E,, of 2.0 eV, where the HO™---HCH,I complex is
not formed, formation of this complex is the most important
indirect pathway. Including its couplings with other mecha-
nisms, it contributes a fraction of 0.14, 0.38, and 0.36 to the
overall S\2 reaction at 1.0, 0.5, and 0.05 eV, respectively.
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2. CH,I~ + H,0 Product Pathway. Formation of the H,O +
CH,I™ products, reaction 3, occurs at all collision energies. As
for the Sy2 pathway, this proton transfer also occurs via the
direct rebound, direct stripping, and indirect mechanisms. The
probabilities for these mechanisms are plotted versus impact
parameter in Figure 4, where it is seen that stripping is the most
important mechanism at E, of 2.0, 1.0, and 0.5 eV, and the
indirect mechanisms become most important at E, = 0.05 eV.
The respective cross sections for the direct rebound, direct
stripping, and indirect mechanisms are 1.1 & 0.1, 7.7 + 1.4, and
0.01 +0.01; 1.8 + 0.5, 14.0 + 2.5, and 2.3 + 0.8; 4.5 + 1.2, 19.7
+3.1,and 12.6 £ 3.4;and 5.1 £ 1.2, 14.2 + 4.3, and 244 + 6.3
A? for E, of 2.0, 1.0, 0.5, and 0.05 eV, respectively. Direct
stripping contributes 87%, 78%, and 54% of the reaction for E,
of 2.0, 1.0, and 0.5 eV, respectively. The contribution of the

dx.doi.org/10.1021/jp4008027 | J. Phys. Chem. A 2013, 117, 7162—7178
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indirect mechanisms is negligible at 2.0 eV, ie, ~1%, but
dominant at the much lower collision energy of 0.05 eV, where
they contribute 56%. The contribution of the rebound
mechanism is never larger than 12%, the percentage at 2.0,
1.0, and 0.05 eV.

The two direct mechanisms for the proton-transfer reaction
are quite similar to those for the Sy2 reaction. There are
multiple indirect mechanisms, i.e., the roundabout, formation of
the HO™---HCH,I complex, formation of the CH,I"---HOH
complex, and their combinations. The fractions of the different
indirect mechanisms are displayed in Figure 5. For the

1.00
m2.0eV
m1.0eV
0.5 eV
= m0.05 eV
=
-4
=
[=]
|
R 0.24
S 0.01
ra C A A+C  rat+C ratA

Figure S. Fraction of the indirect mechanisms for the CH,I” + H,O
product pathway at the different E.: ra, roundabout; A, HO™---
HCH,]; C, CH,I"--HOH.

mechanism where both the HO™---HCH,I and CH,I"---HOH
complexes are involved, proton exchange between the C and O
atoms occurred for some of the trajectories. The roundabout
mechanism is the most important indirect mechanism at E  of
2.0 and 1.0 eV, where its fractional contribution is 1.00 and
0.76, respectively. The fraction of trajectories for which the
HO™---HCH,I complex is involved is 0.17, 0.58, and 0.57 for
E. of 1.0, 0.5, and 0.05 eV, respectively. The fraction of
trajectories for which the CH,I"---HOH complex is involved is
0.07, 0.28, and 0.66, for these respective E .

3. Comparison with Experiment. Three of the product
anions formed in the trajectories, i.e, I, CH,I", and IOH",
were detected in the experiments. The fourth species observed
at the end of the simulations, [CH;--I--OH]", is an
intermediate and would dissociate if the trajectories were
calculated for a longer time. It is not observed experimentally.
As shown in Table 3, if statistical uncertainties are considered,
the experiments and simulations give similar product anion

ratios at E, of 2.0 and 1.0 eV. Overall, the simulations form
fewer I” and more CH,I™ ions than found in the experiments.
This difference is most apparent at E,; of 0.5 eV where the
dominant ion experimentally is I, in contrast to the CH,I™ ion
for the simulations.

D. Reaction Rate Constant. The overall reaction rate
constant for the simulation is given by k(E.,T,T,) =
V(E,)6,(Erey Ty Tor ), where v(E,,) is the OH™ + CHj,l relative
velocity, T, is the vibrational temperature 330 K, T, is the
rotational temperature 130 K, and o, is the total reaction cross
section from simulation. The resulting rate constant from the
simulation is 7.3 + 1.0, 11.1 + 1.6, 154 + 1.5, and 20.3 + 1.6
(1071 em?® mol™ s7!) for E, at 2.0, 1.0, 0.5, and 0.05 eV,
respectively. The rate constant at 0.05 eV is in good agreement
with the experimental rate constant®® of (15.8 + 2.1) x 1071°
cm® s mol™" at this collision energy.

E. Product Energy Partitioning and Comparison with
Experiment. 1. OH™ + CH;/ — CH;OH + I". Average fractions
of energy partitioned to product relative translation, rotation,
and vibration for the OH™ + CH;3Il — CH;OH + I” reaction are
summarized in Table 6. The rotation and vibration fractions are
also combined to denote the CH;OH internal energy. The
fractions are given for the direct rebound, direct stripping, and
composite indirect mechanisms, and for the total reaction. The
majority of the product energy is partitioned to CH;0OH
internal energy, with the fraction increasing from 0.68 =+ 0.02 to
0.80 + 0.01 with decrease in E, from 2.0 to 0.05 eV, a result
consistent with more indirect reaction with decrease in E,,;.

As shown in Table 6, the product energy partitioning differs
for the different atomic-level mechanisms. For each E,, the
indirect mechanisms partition more energy to CH;OH internal
energy than do the direct mechanisms. As described above in
section IV.B, there are more interactions and energy exchange
for the indirect mechanisms and this is expected to enhance
partitioning to the multiple CH;OH internal degrees of
freedom. For the indirect mechanisms there is a small variation
in f,,/ between 0.79 and 0.86 for the four E,’s. This
partitioning to f,," by the indirect mechanisms is primarily to
vibration, with the largest fraction to rotation of 0.13 # 0.03 at
E,, = 1.0 eV. Within statistical uncertainties, the ratio of f.3," to
frot 18 independent of E  for the indirect mechanisms.

There are interesting relationships between the energy
partitioning for the direct mechanisms. The CH;OH internal
energy partitioning for the direct stripping mechanism is
similar, i.e., ~0.70, for the different E,, except for a somewhat
higher value at E_; of 1.0 eV. In contrast, for the direct rebound
mechanism the internal energy fraction increases as the initial
collision energy decreases, from 0.60 at 2.0 eV to 0.79 at 0.05
eV. This striking difference between the two direct mechanisms

Table S. Comparison of Product Anion Ratios for the CH;I + OH™ Reaction from Experiment and Simulation®

E (eV) I

2.00 simulation 0.36 + 0.09
experiment 0.46

1.00 simulation 0.38 + 0.10
experiment 0.40

0.50 simulation 0.31 + 0.08
experiment 0.56

0.05 simulation 0.53 + 0.07

CH,I™ IOH™ [CH;-1--OH]~
0.63 + 0.11 0.01 0.00
0.52 0.02 0.00
0.62 + 0.11 0.00 <0.001
0.60 0.00 0.00
0.69 + 0.09 0.00 <0.001
0.44 0.00 0.00
0.39 + 0.06 0.00 0.08 + 0.02

“The experimental results at 2.0 eV were reported previously in ref 31. The [CH;--I-OH]"~ intermediate observed in the simulations would

dissociate if the trajectories were calculated for a longer time.
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Table 6. Average Fractions of OH™ + CH;I - CH;0H + I
Product Energy Partitioning”

fed frot' fin' find
E =20¢eV
DR 0.40 + 0.05 0.14 + 0.03 0.46 + 0.04 0.60 + 0.05
DS 0.29 + 0.01 0.18 + 0.03 0.53 + 0.03 0.71 £ 0.03
ind 0.21 = 0.10 0.06 + 0.0 0.73 + 0.08 0.79 + 0.08
total 0.32 + 0.02 0.18 + 0.02 0.50 + 0.02 0.68 + 0.02
exp 0.71 + 0.03
E.=15¢eV
exp 0.67 + 0.03
E.=10eV
DR 0.40 + 0.04 0.09 + 0.01 0.51 + 0.04 0.60 + 0.04
DS 0.23 + 0.02 0.14 + 0.03 0.63 + 0.04 0.77 + 0.04
ind 0.15 + 0.02 0.13 + 0.03 0.72 + 0.03 0.85 + 0.03
total 0.24 + 0.02 0.13 £ 0.01 0.63 + 0.02 0.76 + 0.02
exp 0.71 £ 0.04
E=05¢eV
DR 0.27 + 0.03 0.19 + 0.02 0.54 + 0.03 0.73 + 0.03
DS 0.31 + 0.03 0.04 + 0.01 0.65 + 0.03 0.69 + 0.03
ind 0.18 + 0.02 0.11 + 0.02 0.71 £+ 0.03 0.82 + 0.03
total 0.25 + 0.02 0.09 + 0.01 0.66 + 0.02 0.75 + 0.02
exp 0.66 + 0.04
E. =005 eV
DR 0.21 £+ 0.01 0.16 + 0.01 0.63 £+ 0.01 0.79 + 0.01
DS 0.27 + 0.01 0.07 £ 0.01 0.66 + 0.01 0.73 + 0.01
ind 0.14 + 0.01 0.09 + 0.01 0.77 £ 0.01 0.86 + 0.01
total 0.20 + 0.01 0.10 + 0.01 0.70 £+ 0.01 0.80 = 0.01

“The f’s are fractions of energy partitioned to product relative
translational, rotational, and vibrational energy. DR, DS, and ind
denote energy partitioning for the direct rebound, direct stripping, and
indirect mechanisms, respectively. “Total” is the combined energy
partitioning for these mechanisms. The B97-1/ECP/d harmonic ZPE
was removed from the vibrational energy of the simulation results. f,’
+ fine’ = 1 for both the simulations and experiments.

results in a “flipping” in the relative importance of partitioning
to their internal energies. At E, of 2.0 and 1.0 eV direct
stripping has a larger internal energy fraction than does direct
rebound. For E,; of 0.5 and 0.05 eV this is reversed with the
fraction partitioned to internal energy larger for direct rebound.
This flipping primarily results from the much larger f,.,," for the
rebound mechanism at E of 0.5 and 0.0S eV. For direct
rebound f;," is the same for the E,, except at 0.05 eV, where it
is larger. In contrast, for direct stripping f.y," is larger at E of
2.0 eV and the same for the remaining E,.

The most extensive total partitioning of energy to CH;OH
rotation is for E, = 2.0 eV, where f,, is 0.18. For direct
stripping the largest f,.," is 0.18 at E, of 2.0 eV, whereas for
direct rebound the largest f.,/ is 0.19 at E, of 0.5 eV. The
value of f,,,’ for the indirect mechanisms is less than 0.13 for
each of the E, .

The agreement between the simulation and experimental f;
is quite good except for E  of 0.5 eV, where the experimental
fraction is slightly lower. The simulation and experimental
relative translational energy distributions for the CH;OH + I”
products are compared in Figure 6 and it is seen that they are in
overall quite good agreement.

2. OH™ + CH3;l - CH,I™ + H,0. The average energy
partitioning to the product rotational, vibrational, and relative
translational degrees of freedom is given in Table 7 for the total
OH™ + CH;I — CH,I" + H,O reaction. The partitioning to
relative translation is large at E; = 2.0 eV with f.,' = 0.71 +
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0.03 but then decreases to 0.38 + 0.03 at E,; = 0.05 eV. Except
for the 2.0 eV collisions, a substantially larger fraction of energy
is transferred to CH,I™ than H,0, which is primarily a result of
the large rotational energies transferred to CH,I™. For H,O £,
and f,,," are independent of E,. For the CH,I" product f;’
increases with decrease in E,.

The agreement between the simulation and experimental f '
is quite good except for E,, of 2.0 eV, where the experimental
fraction is slightly lower. The simulation and experimental
relative translational energy distributions for the CH,I” + H,0
products are compared in Figure 7 and it is seen that they are in
overall quite good agreement.

F. Velocity Scattering Angle Distribution and Com-
parison with Experiment. 7. OH™ + CH;/ — CH;0H + I".
The velocity scattering angle 6 is defined so that for € = 0° the
velocity vector of the CH;OH product is pointing in the same
direction as that for the OH™ reactant. For 6 = 180° these
vectors are pointing in opposite directions. The distributions of
the velocity scattering angle, ie, the scattering probability
versus cos(6), obtained from the simulations are given in Figure
8 for the three atomic-level mechanisms. The distribution for
the total scattering is given in Figure 9. The scattering for the
direct stripping (DS) mechanism is in the forward direction
with cos(6) in the range 0.0—1.0. The scattering for the direct
rebound (DR) mechanism is primarily in the backward
direction with cos(f)) between —1.0 and +0.20, with cos(0)
larger than 0.0 for a few trajectories. The indirect scattering
covers the complete range of cos(@). The velocity scattering
angles are concentrated in the forward directions for the three
highest collision energies. For E, of 2.0 eV, the value of cos(6)
is most populated within the range of 0.6—0.9. This range
extends to 0.5—1.0 for E, of 1.0 eV, and extends to 0.0—1.0 for
E.10f 0.5 eV. At E,; of 0.05 eV, due to the increased fraction of
the indirect mechanisms, the scattering is quite isotropic.

These velocity scattering angle distributions can be
anticipated from the probabilities of the different mechanisms
versus impact parameter b, as discussed in section IV.B and as
displayed in Figure 3, which show the preference of DS for
large b and the preference for DR for lower b. On the other
hand, the indirect mechanisms, which may involve roundabout
or formation of the prereaction complex, lead to more random
distributions in comparison to the direct mechanism. Hence,
the forms of the velocity scattering angle distributions follow
the expected trends.

The total velocity scattering angle distributions for the CH;l
+ OH™ — CH;0H + I" reaction are compared with those
measured experimentally in Figure 9. In the simulations
forward scattering, i.e.,, cos(f) close to 1, dominates for the
three largest E . Though the experimental distributions for
these E,, have increased scattering for cos(6) ~ 1, overall the
distributions curves are quite flat and close to isotropic. The
best agreement with simulation and experiment is for E; = 0.5
eV. The simulation distribution is approximately isotropic at
E, of 0.05 eV as a result of the importance of the indirect
scattering.

2. OH™ + CH;l = CH,I™ + H,0. Similarly to the above Sy2
pathway, the velocity scattering angle 8 is defined so that for 0
= 0° the velocity vector of the H,O product is pointing in the
same direction as that for the OH™ reactant. For 8 = 180° these
vectors are pointing in opposite directions. The simulation
distributions of the velocity scattering angle for this proton-
transfer pathway are given in Figure 10 for the three atomic-
level mechanisms. The scattering for CH,I™ + H,O is backward
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Figure 6. Comparison of simulation (left panel) and experimental (right panel) product relative translational energy distributions for the CH;OH +
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the ion images reported in refs 19

and 31.

and forward, respectively, for the direct rebound and direct
stripping mechanism, and nearly isotropic for the indirect
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mechanisms. The total velocity scattering angle distribution is
given in Figure 11 and for E, of 2.0, 1.0, and 0.5 eV the
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Table 7. Average Fractions of OH™ + CH;I — CH,I™ + H,O Product Energy Partitioning®

CH,I” H,0
Jea! Jrot Jav' ol Ja'
Eg=20eV
total 0.71 £ 0.03 0.14 £ 0.01 0.05 = 0.01 0.06 + 0.01 0.04 = 0.02
exp 0.60 + 0.04
E, =1S5eV
exp 0.56 + 0.05
E. =10¢eV
total 0.54 + 0.02 0.28 + 0.01 0.11 + 0.01 0.06 + 0.01 0.01 + 0.01
exp 0.47 + 0.09
E,=0S5eV
total 0.49 + 0.04 025 + 0.02 0.15 + 0.01 0.07 £ 0.01 0.04 + 0.01
exp 0.52 + 0.14
E.q =005 eV
total 0.38 + 0.03 0.20 = 0.02 0.21 + 0.02 0.14 + 0.01 0.07 + 0.01

“The f’s are fractions of energy partitioning for relative translational, rotational, and vibrational energy. Total is the combined energy partitioning for
all the atomic-level mechanisms. The B97-1/ECP/d harmonic ZPE was removed from the vibrational energy of the simulation results. f,, plus the

total internal energy of CH,I™ and H,O equals unity.

scattering is strongly directed in the forward direction, as a
result of the dominance of the direct stripping mechanism. At
E. of 0.05 eV the overall scattering is approximately isotropic.
The simulation and experimental velocity scattering angle
distributions are compared in Figure 11. They are in excellent
agreement for E, of 2.0 and 1.0 eV, but at 0.5 eV the
simulation distribution is more strongly peaked at for 8 = 0°
than found in the experiments.

G. Comparison with the F~ + CH;l Simulations. Because
the OH™ and F~ ions are isoelectronic, it is of interest to
compare their reactions with CH;I. In previous work electronic
structure calculations were performed to study the potential
energy surface for the F~ + CHjl reaction,” and direct
dynamics were used to simulate the F~ + CH;I reaction
dynamics and compare with experiment.'®®" The direct
dynamics were performed with the DFT/B97-1/ECP/d
method, the same approach used here for the OH™ + CH;,l
direct dynamics. An important difference between these two
systems, is the more complex reaction dynamics for OH™ +
CH,l. For F~ + CH;l there are only two pathways, i.e., the Sy2
products CH;F + I and the proton-transfer products CH,I™ +
HF. However, OH™ + CHj;lI has three additional pathways,
reactions 4—6. Both the F~ + CH;I — CH3F + I” and OH™ +
CH;l — CH;OH + I7 Sy2 reactions are highly exothermic,
with B97-1/ECP/d classical potential energy release values of
—46.7 and —68.8 kcal/mol, respectively. They have similar
F™---HCH,I and OH ---HCH,I hydrogen-bonded prereaction
complexes with respective classical potential energies of —20.2
and —20.1. The energy barriers between these C prereaction
complexes and their S\2 transition states are very low, 2.4 kcal/
mol for the F~ reaction and 1.3 kcal/mol for the OH™ reaction.
Their postreaction complex is quite different. It is a C;, FCH;---
I" complex for the F~ + CH;I reaction, but a C; I"---HOCH,
hydrogen-bonded complex for the OH™ + CH,I reaction.

Direct dynamics simulations were performed at 0.32 and 1.53
eV for the F~ + CH; reaction,'®®' and these simulation results
may be compared with the current results for the OH™ + CH;l
reaction at E, of 0.5, 1.0, and 2.0 eV. For the Sy2 pathway, the
F~ + CH,I reaction has a cross section of 109 and 9 A% at E,; of
0.32 and 1.53 eV, respectively. For the OH™ + CHjl reaction at
E. 0f 0.5, 1.0, and 2.0 eV, the respective Sy2 cross sections are
17, 11, and 4 A% The F~ and OH™ reactions have similar Sy2
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cross sections at high E,, but for lower E, the F~ reaction has
a larger cross section (as given in Table 4, for the quite low E,
of 0.05 eV the OH™ Sy2 cross section is only 76 A%). For the F~
+ CHj;l reaction, proton transfer to form CH,I™ + HF only
occurred at 1.53 eV with a cross section of 2.1 A% In contrast,
for the OH™ + CHjl reaction, proton transfer occurs at each
E, with cross sections of 38, 18, and 9 A? for E, of 0.5, 1.0,
and 2.0 eV, respectively.

Both the OH™ + CHj;l and F~ + CH;l Sy2 reactions have
direct and indirect mechanisms, with the same direct stripping
and direct rebound mechanisms. For the OH™ + CH;I Sy2
reaction, the respective percentages for the direct rebound,
direct stripping, and indirect mechanisms are 30%, 65%, and
5%; 18%, 63% and 19%; 23%, 35%, and 42%; and 33%, 28%,
and 39% for E 4 of 2.0, 1.0, 0.5, and 0.05 eV, respectively. For
the F~ + CH,I S\2 reaction these respective percentages are
29%, 12%, and 59%; and 15%, 25%, and 60% for E,, of 1.53
and 0.32 eV, respectively. In comparing the atomic-level
mechanisms for these two Sy2 reactions, the indirect reactions
are most important for the F~ + CHj;l reaction, whereas the
direct stripping reaction is most important for the OH™ + CH,l
reaction at high collision energy with the indirect reactions
becoming most important at lower collision energies.

The two Sy\2 reactions share several atomic-level indirect
mechanisms, which are formation of the hydrogen-bonded
prereaction complex (F~---HCH,I or HO™---HCH,]), recross-
ing of the central barrier ([F--HCH,--I]~ or [HO--HCH,--1]7),
the roundabout mechanism, and combinations of them.
Though formation of the prereaction complex is the most
important indirect mechanism for both Sy2 reactions, it is more
important for F~ + CH;I — CHF + I", for which 58%
involved formation of the prereaction complex for E, of both
0.32 and 1.53 eV. For OH™ + CH;l — CH;0H + I', this
percentage is 36% (0.05 V), 38% (0.5 eV), and 14% (1.0 V).
For the F~ + CH3I — CH;F + I” reaction a small percentage of
the indirect mechanisms involved forming the C;, FCH;---17
postreaction complex, ie., 4% and 1% at E; of 0.32 and 1.53
eV, respectively. On the contrary, formation of the C, I"---
HOCH; postreaction complex was not observed in the OH™ +
CH,I simulations. Two new indirect mechanisms, called proton
exchange and proton exchange rotation, were identified for the
OH™ + CH;3l - CH;0H + I reaction.
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Figure 7. Comparison of simulation (left panel) and experimental (right panel) product relative translational energy distributions for the CH,I™ +
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There are both similarities and differences in the product majority of the energy is partitioned to product internal degrees
energy partitioning for the two Sy2 reactions. For both the of freedom, with similar f; " for the two reactions. The fraction
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Figure 8. Distribution of the velocity scattering angle for different
atomistic mechanisms for the CH;OH + I” product pathway at the
different E,. Distributions are given for the direct rebound (green),
direct stripping (blue), and indirect (pink) atomic-level mechanisms.

fint' equals 0.69 + 0.02 for F~ + CH;l at E,; = 0.32 ¢V and 0.75
+ 0.02 for OH™ + CH;l at E; = 0.5 eV. At the higher collision
energies f;..” equals 0.63 & 0.04 for F~ + CH3l at E ; = 1.53 eV,
and 0.76 + 0.02 and 0.68 + 0.02 for OH™ + CH;l at E, of 1.0
and 2.0 eV, respectively. The product energy partitionings for
the two reactions are similar for both the indirect reactions and
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Figure 9. Comparison of velocity scattering angles distributions for the
CH,;OH + I™ pathway between simulations (left panel) and
experiments (right panel). The experimental distributions were
determined from the ion images reported in refs 19 and 31.

the direct stripping reaction. However, the energy partitioning
is decidedly different for the direct rebound mechanism, with
fra  smaller for OH™ + CH;I as a result more energy transfer to
CH;OH vibration for this reaction.

Each atomic-level Sy2 reaction mechanism has a similar
velocity scattering angle distribution for F~ + CH;I — CH;F +
I" and OH™ + CH;3I — CH;O0H + I". The scattering for the
direct rebound and direct stripping mechanisms is primarily in
the backward and forward directions, respectively. On the other
hand, the scattering for the indirect mechanisms is approx-
imately isotropic.

V. SUMMARY

Direct dynamics simulations at the B97-1/ECP/d level of
theory were performed to study the atomic-level dynamics for
the OH™ + CH,l reaction and compare with experiment. This
electronic structure method gives reaction energetics in good
agreement with high-level calculations and experiment. The
simulations were performed for collision energies of 2.0, 1.0,
0.5, and 0.05 eV. The following are the important findings from
the simulations.

Concerning the reaction pathways and their atomistic
mechanisms:

(1) Five different pathways are observed in the simulations,
forming CH;OH + I, CH,I™ + H,0, CH, + I" + H,0,
IOH™ + CH; and [CH;--I-OH]". The first two
pathways, ie, Sy2 and proton transfer, dominate the
reaction dynamics. Though the Sy2 reaction is barrierless
with a large exothermicity of —64.9 kcal/mol, the cross
section for proton transfer which has a reaction
exothermicity of —4.2 kcal/mol has the larger cross
section except for the smallest collision energy of 0.05
eV.

The Sy\2 and proton-transfer pathways have direct
rebound, direct stripping, and indirect reaction mecha-

)
nisms. Direct rebound and stripping have velocity
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scattering angles in the backward and forward directions,
respectively, whereas the scattering is approximately
isotropic for the indirect reactions. For the Sy2 pathway,
direct reaction dominates at all collision energies, with
stripping more important than rebound except for the
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(3) Indirect reaction for the Sy2 pathway occurs by several
different atomistic mechanisms. At 2.0 eV the only
indirect process is the roundabout mechanism. At the
other collision energies, 70—90% of the indirect reaction
for the S\2 pathway occurs by forming the OH™---
HCH,I hydrogen-bonded prereaction complex. There
are three important indirect mechanisms for the proton-
transfer pathway, ie., the roundabout, formation of the
hydrogen-bonded prereaction complex, formation of the
CH,I"---HOH complex, and couplings between these
mechanisms. At 2.0 eV all of the indirect reaction occurs
by the roundabout mechanism and at 1.0 eV the
roundabout’s contribution is 75%. At 0.5 eV the majority
of the indirect reaction occurs via the hydrogen-bonded
prereaction complex. At 0.05 eV, mechanisms with the
hydrogen-bonded prereaction complex and the CH,I™---
HOH complex contribute 96% of the indirect reaction,
with the latter the most important. There is considerable
richness in the detail of the indirect mechanisms for the
OH™ + CHal reaction.

Though the hydrogen-bonded postreaction complex
CH;OH---I" is a potential minimum on the S\2 reaction
pathway, this complex was not formed in the simulations
for E,; of 0.05 to 2.0 eV. Accessing this complex is
barrierless in the exit-channel and the trajectories either

4)
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pass through®® or pass by®° this minimum. The latter was
observed in both experiments®* and simulations® of the
F~ + CH;O0H reaction. In a simulation study® of the
OH™ + CH;F reaction ~20% of the trajectories formed
the CH3;OH---F~ postreaction complex. Because the
CH;0H---F~ and CH;0H---I" complexes are similar, it
is interesting that the latter is not formed in the current
study for which there are several reasons. The potential
energy minimum is deeper for CH3;OH---F~ than
CH;0H---I", which should enhance the formation of
the former complex. In addition, for the OH™ + CH;F
simulation study the trajectories were initialized at the
Sx2 central barrier with 300 K rotational and vibrational
energies. The energy at the Sy2 barrier is higher for the
current study because the trajectories are initialized at the
OH™ + CHj;l reactants, which has a higher potential
energy than that at the central barrier (Figure 1). Also,
the angular momentum of the reactive system is higher
for the current simulation. Both the higher energy and
angular momentum may promote direction reaction
from the Sy2 barrier to the CH;OH + I" products,
without forming the postreaction complex.

Concerning product energy partitioning:

(5)

(6)

The energy of the CH;OH + I™ Sy2 products is
preferentially partitioned to CH;OH internal energy with
fint' ~0.70 for the higher three E,, but larger and 0.80 for
E,q = 0.05 eV. The latter results from the increased
importance of indirect reaction at 0.05 eV, which
enhances energy transfer to CH;OH vibration. Energy
transfer to vibration increases with decrease in E,, for
both the direct rebound and stripping pathways, but their
largest f.5," is 0.66 and f.y," is always larger for the indirect
reactions. At each E, g, stripping transfers more energy to
CH;OH vibration than does rebound. For the higher two
E.., stripping transfers more energy to CH;OH rotation
than does rebound, but the opposite is the case for the
lower two E, ;. The OH™ + CH3l — CH;0H + I total
product energy partitioning and that for the individual
reaction mechanisms are similar to those for the
isoelectronic F~ + CH3l — CH,F + ™ reaction.'®®!
The energy of the CH,I” + H,O proton-transfer
products is preferentially partitioned to relative trans-
lation at E,; = 2.0 €V with f,, = 0.71, but to product
internal energies at E = 0.05 eV with f, ;" much smaller
and equal to 0.38. At E,; = 0.5 eV the transfer to product
relative translation and internal energies are equal. The
internal energy of CH,I™ is much larger than that for
H,O, with the rotational energy of CH,I™ two to three
times larger than its vibrational energy.

Concerning comparison with experiment:

)

There is overall quite good agreement between the
simulations and experiments. The same product ions are
observed for both, i.e., I", CH,I", and IOH", with I and
CH,I™ comprising 98% or more of the product ions. The
simulation and experimental ratios of the product ions
are in excellent agreement at E of 2.0 and 1.0 eV.
However, at 0.5 eV they are different with an I":CH,I~
ratio of 0.31:0.69 in the simulations and 0.56:0.44 in the
experiments. The simulation and experimental product
energy partitioning, including the relative translational
energy distribution, are in good agreement for the OH™
+ CHj;l Sy2 pathway. The same is found for the proton-
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transfer pathway, except for E, = 2.0 eV where the
simulation finds more energy transfer to product relative
translation than for the experiments, ie., f = 0.71 +
0.03 for the simulations in comparison to 0.60 for the
experiments. There is good agreement between the
simulation and experimental relative velocity scattering
angle distributions for the proton-transfer pathway, but
not for the Sy2 pathway. For the latter the experimental
distributions for the different E, are isotropic in nature,
whereas those for the simulations are peaked in the
forward direction as a result larger fraction of direct
stripping versus direct rebound.

The [CH;--I--OH]™ intermediate is observed in the
simulations and at the lowest collision energies some of them
remain when the trajectories are terminated. They would
dissociate if the trajectories were calculated for a longer time.
This intermediate is not observed experimentally.

Concerning accuracy of the direct dynamics simulations:

(8) The accuracy of the direct dynamics simulations depends
upon the accuracy of the quasiclassical trajectory method
and the electronic structure theory used for the
simulations. A detailed discussion of the accuracy of
the quasiclassical trajectory method for simulating the
dynamics of X~ + CH,Y reactions was considered in
recent reviews.* For direct reactions, without trapping
in long-lived intermediates, the trajectories are expected
to give accurate results. For long-lived intermediates, the
unphysical flow of zero-point energy (ZPE) may lead to
inaccurate reaction dynamics.”> For the OH™ + CH,l
reaction this is expected to be most important at low
collision energies where indirect reactions and inter-
mediates participate more predominately, an effect that
may be particularly important for endothermic and
thermoneutral reactions. Such an incorrect treatment of
ZPE may explain the smaller I":CH,I™ ratio in the
simulations as compared to experiment for the 0.5 eV
collisions. Indirect reaction, with formation of the
OH™---HCH,] prereaction complex, is important at this
collision energy and the incorrect treatment of ZPE may
enhance the formation of the nearly thermoneutral
CH,I" + H,O proton-transfer products. The two
remaining differences between simulation and experi-
ment suggest inaccuracies in the B97-1/ECP/d elec-
tronic structure theory used the represent the PES for
the simulations. The principal difference between the
product energy partitioning for the simulations and
experiments is for the proton-transfer pathway and E, =
2.0 eV, where the reaction is primarily direct and the
possible problem with ZPE should not be important.
Also, the simulation and experimental relative velocity
scattering angle distributions for the Sy2 pathway are
different at all collision energies, suggestive of
inaccuracies in the B97-1/ECP/d PES. The implication
from this comparison is that the B97-1 PES leads to
more reaction by stripping as compared to experiment.
Though the B97-1 PES gives quite accurate energetics
for the OH™ + CH,l reaction and accurately represents
many of the reaction dynamics, in future work it will be
important to consider additional electronic structure
theory methods in direct dynamics simulations of the
reaction dynamics.
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