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ABSTRACT: Direct dynamics simulations were used to study dissociation of the 0 : &
[CH;--1--OH]~ complex ion, which was observed in a previous study of the OH™ + '
CH,l gas phase reaction (J. Phys. Chem. A 2013, 117, 7162). Restricted B97-1
simulations were performed to study dissociation at 65, 75, and 100 kcal/mol and the |
[CH,-1--OH] "~ ion dissociated exponentially, in accord with RRKM theory. For these | p=@—<
energies the major dissociation products are CH,I + OH™, CH,I" + H,0, and |icn,1-onp ——
CH;0H + I'. Unrestricted B97-1 and restricted and unrestricted CAM-B3LYP
simulations were also performed at 100 kcal/mol to compare with the restricted B97-
1 results. The {CH,l + OH }:{CH,I" + H,0}:{CH;0H + I"} product ratio is
0.72:0.15:0.13, 0.81:0.05:0.14, 0.71:0.19:0.10, and 0.83:0.13:0.04 for the restricted

B97-1, unrestricted B97-1, restricced CAM-B3LYP, and unrestricted CAM-B3LYP T “1'"-‘"""
simulations, respectively. Other product channels found are CH, + I” + H,O, CH, + q - @
I"(H,0), CH, + I07, CH;™ + IOH, and CH; + IOH™. The CH;~ + IOH singlet
products are only given by the restricted B97-1 simulation and the lower energy CH;
+ IOH™ doublet products are only formed by the unrestricted B97-1 simulation. Also studied were the direct and indirect atomic-
level mechanisms for forming CH,I + OH™, CH,I” + H,0O, and CH;OH + I". The majority of CH;I + OH™ were formed
through a direct mechanism. For both CH,I™ + H,0O and CH;0H + I, the direct mechanism is overall more important than the
indirect mechanisms, with the roundabout like mechanism the most important indirect mechanism at high excitation energies.
Mechanism comparisons between the B97-1 and CAM-B3LYP simulations showed that formation of the CH;OH---I" complex is
favored for the B97-1 simulations, whereas formation of the HO™---HCH,I complex is favored for the CAM-B3LYP simulations.
The unrestricted simulations give a higher percentage of indirect mechanisms than the restricted simulations. The possible role of
the self-interaction error in the simulations is also discussed. The work presented here gives a detailed picture of the [CH;--1--
OH]~ dissociation dynamics and is very important for unraveling the role of [CH;--I--OH]™ in the dynamics of the
OH™(H,0),-,, + CH,I reactions.
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. INTRODUCTION As shown in Figures 1 and 2, [CH;-I--OH]™ has an
interesting potential energy curve. It may isomerize to the

In previous work the dynamics of the OH™ + CH,l ion—
hydrogen-bonded complex HO™---HCH,], from which it can

molecule reaction was studied by both experiments"” and ~
simulations.>™ The reaction has multiple products, with the form the Sy2 products CH;OH + I” or the proton-transfer
dominant products those for the Sy2 and proton-transfer complex H,O---CH,I". The latter can dissociate to H,O +
pathways, CH;OH + I” and CH,I™ + H,O, respectively. Less CH,I". The [CH,-I--OH]™ complex may also dissociate to
important products are IOH™ + CH; and CH, + I” + H,0. A CH; + IOH, CH, + I'(H,0), and CH, + I" + H,0. With
both interesting and important reaction intermediate observed harmonic zero point energies (ZPEs) included, the respective
in the simulations is [CH;--I--OH]™. Similar intermediates barriers for forming the products CH;OH + I”, H,0 + CH,I,
[CF;--X--F]~ (X = Br, I) and [CH;--Br--Cl]~ were proposed by CH; + IOH, I"(H,0) + CH,, and CH, + I" + H,0 are 24.0,
Viggiano and co-workers in their studies®™® of ion—molecule 24.0, 37.2, 44.3, and 54.2 kcal/mol. The dissociation barrier,

reactions. with ZPE included, for returning to the OH™ + CH,I reactants

[CH;--1--OH]", formed by CH,I + OH™ association, has is 26.1 kcal/mol. The barriers for forming CH;OH + I, CH,I™
sufficient energy to dissociate and is not observed in low + H,0, and CH;I + OH™ are the lowest and are similar, and
pressure experiments, where collisional stabilization is unim-
portant. However, this complex is observed in microsolvation Received: November 29, 2014
experiments for OH™(H,0),., , + CHsl, where [CH;--I--OH]~ Revised:  January 8, 2015
is stabilized by the transfer of energy to the H,O molecule(s). Published: January 9, 2015
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Figure 1. Potential energy profile for the dissociation of the [CH;--1--
OH]"~ complex to different products. Energies (kcal/mol) are given by
the B97-1/ECP/d method. The values without zero point energy are
in normal text, and the zero point energy corrected energies are in
parentheses. The products in red were not observed in the simulations.
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Figure 2. Schematic potential profiles for [CH;--I-OH]~ dissociation
to CH;OH + I" and CH,I” + OH™ on the Sy2 and proton-transfer
pathways. Energies (kcal/mol) are given by the B97-1/ECP/d
method. The values without zero point energy are in normal text,
and the zero point energy corrected energies are in parentheses.

the reaction pathways for forming these species are coupled as
shown in Figure 2.

In the work reported here chemical dynamics simulations are
performed to study the unimolecular dissociation of [CH;--1--
OH]". The complex is excited with a microcanonical ensemble
of states at fixed total energies. The unimolecular rate constant
and the branching between the product channels are calculated
versus energy. The goal of this study is to determine the role of
the [CH;--I--OH] " intermediate in the OH™ + CH,] reaction,
and understand its unimolecular dynamics to assist in
interpreting chemical dynamics simulations of the
OH™(H,0),.,, + CH;l reactions.'”

Il. COMPUTATIONAL METHODS

The NWChem® computer program was used to perform the
electronic structure calculations. The direct dynamics simu-
lations were performed with the VENUS/NWChem software
package,"® for which the VENUS chemical dynamics computer
program'"'"* is interfaced with the NWChem’ electronic
structure computer program.

A. Electronic Structure Calculations. In previous work,
DFT" with the B97-1'*" functional was used to characterize
the potential energy surface (PES) for the OH™ + CHjlI
reaction. Stationary points were identified and their structures,
vibrational frequencies, and energies were determined. The
basis set used for the calculations is called ECP/d,'® for which
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.”® In previous studies, the restricted B97-1/ECP/d
method was found to give overall reaction energetics’ * and
dynamics®* in good agreement with experiment for the OH™ +
CH,I reaction. Hence, this method was also used for the
majority of the direct dynamics simulations reported here for
[CH;--1--OH]~ dissociation.

It was necessary to supplement the restricted B97-1/ECP/d
direct dynamics with additional simulations. In careful analyses
of the B97-1/ECP/d simulations it was found, for the [ CH;--I--
OH]" dissociation pathway to form CH,l + OH™, that OH™
was formed with a charge of approximately —0.8 instead of the
correct value of —1.0. Interestingly, such a problem was not
present for the dissociation pathways CH;OH + I7, CH,I™ +
H,0, CH, + I"(H,0), and CH, + I" + H,O identified in
Figure 1. Nor was it present in our previous simulations of the
OH™ + CH,], for which some of the trajectories scattered back
to the reactants OH™ + CH,l. Apparently, the previous
trajectories formed OH™ + CH;l appropriately because they did
not form the [CH;--1--OH]" intermediate near its equilibrium

Table 1. Experimental and DFT“ Reaction Enthalpies Relative to CH;I + OH™

experiment DFT

AH 0K 298 K B97-1 CAM-B3LYP
CH,0H + I~ —66.44 —6691 + 0.26 —64.87 (—68.80) —66.71 (=70.60)
CH,I™ + H,0 —3.12 + 1.82 —423 (-2.88) —1.39 (—0.07)
CH, + I(H,0)~ 16.04 + 0.72 1649 + 1.89 18.20 (21.54) 17.32 (20.71)
CH; + IOH"™ 11.10 (14.85) 5.98 (8.91)
CH, + I + H,0 26.32 2677 + 1.17 28.14 (32.44) 26.75 (31.25)
[CH,--I--OH]~ —26.08 (—26.82) —22.44 (—23.39)

“Energies are in kcal/mol. For the DFT calculations, the energies in normal text are with zero point energy corrections, and values in parentheses are
without zero point energy corrections. The experimental values may be found in ref 3.
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geometry. Attempts were made to resolve the incorrect
dissociation to OH™ + CH,J, for the current study, by refining
the simulations with a finer grid and tighter tolerance for the
electronic density. However, this did not solve the problem and
our understandin§ is that this could be from the self-interaction
error in DFT,*' ™ an issue we plan to pursue in future studies.

Range-separated functionals like CAM-B3LYP** include an
increasing fraction of Hartree—Fock exchange with increasing
interelectronic separation, thus limiting the self-interaction
error at large distances. This functional with parameters o =
0.19, f = 046, and y = 0.33 was used to ensure proper
dynamics for [CH;--I--OH]™ — CH,l + OH™ dissociation.
Each B97-1 trajectory, which dissociated along the CH,I +
OH™ pathway, was recalculated using the CAM-B3LYP
functional. The trajectory was restarted at the longest CH;I---
OH" separation before dissociation where B97-1 was correct,
ie, an I-O distance of 3.0 A, and then propagated with CAM-
B3LYP. Each of these trajectories dissociated to CH;I + OH™
as found for the B97-1 simulations and it was, thus, assumed
that B97-1 gave the correct dissociation dynamics for the
[CH,-I--OH]~ — CH,l + OH"™ pathway. CAM-B3LYP was
also used to study the unimolecular dynamics of the [CH;--I--
OH]~ complex to compare with the B97-1 results. The CAM-
B3LYP functional gives overall similar energies as compared
with experimental values, and the CAM-B3LYP energies
relative to CH;I + OH™ are listed in Table 1, along with the
B97-1 values.

The DFT calculations described above used a restricted
closed-shell model, as used in our previous simulations for Sy2
reactions.”>~>* However, for the current study, [CH;--I--OH]~
can dissociate on its singlet PES to the CH; + IOH™ and CH,I™
+ OH doublet + doublet products; see Figure 1 (only the
former was observed in the simulations). These dissociations
were not described correctly by the restricted closed-shell DFT
simulations, where the much higher energy CH;~ + IOH
singlet + singlet products were formed. In an attempt to get the
proper branching to these doublet + doublet pathways, the
dissociation of [CH;--I--OH]™ was also simulated with open-
shell B97-1 (only CH; + IOH™ was observed in these
simulations and the much higher energy CH,;I™ + OH products
were not formed) and open-shell CAM-B3LYP.

As for the restricted closed-shell B97-1 simulations, there
were numerical problems with the open-shell B97-1 simu-
lations. [CH,;--I--OH] ™~ dissociated to CH; + IOH™, instead of
CH;~ + IOH, as found with closed-shell B97-1, but the
dissociation was discontinuous with abrupt changes in the total
energy and the negative charge on IOH; i.e,, the latter “jumped”
from ~—0.6 to —1.0. A second problem was the improper
dissociation of [CH;--I--OH]™ to CH; + I°~ + OH’", with a
discontinuous jump in energy and fractional negative changes
on I and OH. Initially, the dissociation involves OH departure
with an ~—0.8 change on OH, as found for the closed-shell
simulations, but then there were discontinuous jumps in the
energy and the charge, with OH and I acquiring charges of
—0.36 and —0.64, respectively. In characterizing the open-shell
simulation results, the discontinuous dissociations to the CH; +
IOH™ products were counted as events for this pathway.
However, the discontinuous dissociations to CH; + I + OH,
forming I and OH with fractional negative charges, were
counted as CH,I + OH™ dissociation events, because the initial
part of the dissociation to these products was numerically
correct. Representative plots of distance, energy, and charge
versus time are given in the Supporting Information for the
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open-shell discontinuous [CH;--I--OH]~ dissociations to the
CH; + IOH", CH;I + OH™, and CH; + I°” + OH’".

B. Direct Dynamics Simulations. To probe the
unimolecular dynamics of the [CH;--1--OH] ™ complex, it was
excited by quantum microcanonical sampling at total energies
of 50, 65, 75, and 100 kcal/mol, and then its decomposition
was simulated by restricted B97-1/ECP/d direct dynamics.
Quantum microcanonical sampling of the initial conditions for
the trajectories has the potential of giving a microcanonical rate
constant closer to the quantum microcanonical value than using
classical microcanonical sampling.30’31 Also, as discussed above,
these B97-1 calculations were supplemented with CAM-B3LYP
simulations. The above energies for B97-1 include the [CH;--1--
OH]~ ZPE of 28.8 kcal/mol, and the respective energies in
excess of the ZPE are 21.2, 36.2, 46.2, and 71.2 kcal/mol. A
randomly excited ensemble of [CH;--1--OH]~ complexes was
also simulated at a total energy of 100 kcal/mol using restricted
CAM-B3LYP/ECP/d; i.e., the ZPE is 29.4 kcal/mol and the
excess energy is 70.6 kcal/mol. In addition, open-shell
simulations were performed at 100 kcal/mol excitation using
both B97-1 and CAM-B3LYP.

The restricted closed-shell B97-1 trajectories were integrated
for 10 ps at 50 and 75 kcal/mol, 12.5 ps at 65 kcal/mol, and 5.0
ps at 100 kcal/mol, using a sixth-order symplectic algorithm®>**
with a 2.5 fs time step. Trajectories were also integrated with a
velocity-Verlet algorithm™* with a 0.25 fs time step to compare
with the sixth-order symplectic algorithm trajectories. Both
gave statistically the same dynamics, which were combined for
the simulation results. These velocity-Verlet trajectories were
integrated for 12.5 ps at 65 kcal/mol, 10 ps at 75 kcal/mol, and
5.0 ps at 100 kcal/mol. Average energy conservation for the six-
order symplectic trajectories varied from 0.6% at 100 kcal/mol
to 1.0% at 65 kcal/mol, with the conservation poorer for the
latter as a result of the longer integration time. Energy
conservation was poorer for the velocity-Verlet trajectories,
with the average varying from 0.9% at 100 kcal/mol to 3.5% at
65 kcal/mol. The other 100 kcal/mol trajectories, with B97-1/
open-shell, CAM-B3LYP/closed-shell, and CAM-B3LYP/open-
shell, were integrated for 5.0 ps, using the velocity-Verlet
algorithm with a 0.25 fs time step. Average energy conservation
for the ensembles of B97-1/open-shell and CAM-B3LYP
closed-shell and open-shell trajectories at 100 kcal/mol, was
3.9, 2.4, and 4.0%, respectively.

The total number of trajectories calculated depended on the
theory, energy, and integration algorithm. For the six-order
symplectic restricted B97-1 simulations, 161, 206, and 144
trajectories were calculated at 100, 75, and 65 kcal/mol,
respectively. For these simulations with velocity-Verlet, the
respective numbers are all 200. For the B97-1/closed-shell,
CAM-B3LYP/open-shell, and CAM-B3LYP/open-shell simu-
lations, at 100 kcal/mol, 100, 170, and 96 trajectories were
calculated, respectively.

lll. SIMULATION RESULTS

A. Dissociation Probability and Rate Constant. As
discussed above, the six-order symplectic and velocity Verlet
B97-1/closed-shell trajectories gave statistically the same
dynamics and, thus, the results of these integrations were
combined to study [CH;--I--OH]" dissociation.

1. B97-1 Closed-Shell and Open-Shell Trajectories. For the
50 kcal/mol simulations, [CH;--1--OH] ™ has an energy of 21.2
kcal/mol in excess of its zero point energy, which is less than
the lowest energy barrier of 24.1 kcal/mol with zero point
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energies included. Thus, quantum mechanically, and neglecting
tunneling for [CH;-1--OH]™ — HO™---HCH,! isomerization,
no dissociations should occur at this energy. However, classical
dynamics does not constrain and properly represent zero point
energy effects, and dissociation is expected to occur for these
classical simulations.>® Nevertheless, for the S0 kcal/mol
trajectories there were no [CH;--I--OH]~ dissociations within
10 ps.

For the 65, 75, and 100 kcal/mol simulations dissociation of
[CH;--I--OH]~ occurred and the dissociation probability is
presented by plotting, versus time, the logarithm of the relative
number of [CH;-I--OH]™ ions remaining at time f, ie,
In[N(t)/N(0)]. As shown in Figure 3, the plots are
approximately linear and the unimolecular rate constants
obtained from the slopes are 0.019, 0.068, and 0.177 ps~" for
65, 75, and 100 kcal/mol, respectively.
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Figure 3. Plots of In[N(t)/N(0)] versus time for [CH;-I--OH]™
dissociation, resulting from direct dynamics simulations of initial
quantum microcanonical ensembles, at excitation energies of 65, 75,
and 100 kcal/mol for the B97-1 and CAM-B3LYP functionals. The
simulations are restricted, except for the two identified as open-shell.

The plot of In[N(#)/N(0)] versus t is shown in Figure 3d for
the open-shell B97-1 trajectories at 100 kcal/mol. The
unimolecular rate constant obtained from the approximately
linear plot is 0.142 ps™" and similar to the value of 0.177 ps™
given above for the closed-shell simulations.

2. CAM-B3LYP Closed-Shell and Open-Shell Trajectories.
Both closed-shell and open-shell CAM-B3LYP simulations
were performed at 100 kcal/mol. Their plots of In[N(t)/N(0)]
are shown in Figure 3e/f, respectively. Both plots are less linear
than the B97-1 plots. Nevertheless, the rate constants obtained
from the slopes of the plots are 0.196 and 0.160 ps™" for the
closed-shell and open-shell simulation, respectively, which are
similar to those for the B97-1 simulations.

B. Product Branching Ratios. The product branching
ratios for the different simulations are given in Table 2. In the
following the results for the B97-1 closed-shell and open-shell
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simulations are first discussed, followed by a discussion of the
CAM-B3LYP simulations.

1. B97-1 Closed-Shell and Open-Shell Trajectories. For the
B97-1/closed-shell simulations at 65 kcal/mol, 21% of the
trajectories dissociated at the termination point of 12.5 ps, and
three product channels were observed. The ratio for forming
the products {CH;I + OH™}:{CH,I” + H,0}:{CH;OH + I"}
is 0.87:0.09:0.04. At 75 kcal/mol, 36% of the [CH;---1---OH]~
ions dissociated and the products CH;I + OH™, CH,I™ + H,O,
CH;O0H + I, and CH, + I” + H,O were formed. The last is an
additional channel as compared to the 65 kcal/mol simulations.
The product ratio is {CH;I + OH™}:{CH,I™ + H,0}:{CH;0H
+ I'}:{CH, + I + H,0} = 0.71:0.17:0.11:0.01. The
dissociation probability is even higher for the closed-shell 100
kcal/mol simulation, where 56% of the [CH;--I--OH]~ ions
dissociated. As compared to the 75 kcal/mol simulation, there
are two additional product channels, i.e, CH;~ + IOH and CH,
+ I"(H,0), where the latter is similar to the CH, + I" + H,0O
product channel except 1™ is hydrated to form I"(H,O). The
ratio for these products is {CH;I + OH™}:{CH,I” + H,0}:
{CH,O0H + I'}:{CH,~ + IOH}:{CH, + I" + H,0}:{CH, +
I"(H,0)} = 0.63:0.13:0.11:0.12:<0.01:<0.01. Because the yield
of both the CH, + I” + H,0 and CH, + I"(H,0O) product
channels are smaller than 0.01, the sum of their yields are
presented together in Table 2 as 0.01.

The closed-shell B97-1 trajectories do not properly dissociate
to doublet radical products; e.g., these trajectories dissociate to
the singlet products CH;™ + IOH, instead of the lower energy
CH; + IOH™ doublets (ie. see energies in Figure 1). Such
dissociations become important for the high energy 100 kcal/
mol simulations, and open-shell B97-1 trajectories were
calculated to compare with the above closed-shell B97-1
results. As discussed in section ILA, though open-shell B97-1
dissociated discontinuously to CH; + IOH", these dissociations
were counted as reactive events. [CH;--I--OH]™ also
dissociated discontinuously to CH; + I°~ + OH’, with
fractional charges on I and OH. However, the initial stage of
this dissociation was numerically correct, with I---OH bond
elongation, and in the analyses these dissociations were
characterized as forming the CH;I + OH™ products.

Though the closed-shell and open-shell B97-1 simulations
give a similar rate constant for [CH;--1--OH] ™~ dissociation (see
above), as shown in Table 2 there are differences in their
product branching ratios. As expected, open-shell B97-1
dissociates to CH; + IOH", instead of CH;~ + IOH. The
other major difference is the improper dissociation with the
open-shell model to form the products CH; + I°~ + OH’", with
fractional charges.

For the B97-1/open-shell simulation at 100 kcal/mol, $1% of
trajectories dissociated, which is similar to the value of 56% for
the closed-shell simulation. The ratio for the five product
channels is {CH;I + OH }:{CH,I" + H,0}:{CH,;OH + I"}:
{CH, + IOH }:{CH, + 107} = 0.69:0.04:0.12:0.14:0.02.
Neither the CH, + I + H,O nor the CH, + I"(H,0) product
channels were formed for the open-shell simulation. A new
product channel CH, + IO~ emerges, though with very low
yield. As shown in Figure 1, the reaction energy for [CH;---I---
OH]" dissociation to CH, + IO~ is 12.8 kcal/mol, which is the
second lowest among the possible product channels. A high
energy barrier may hinder the reactant [CH;--I---OH]™ to
follow this product channel, which may explain why CH, + 10~
is only formed at the high energy excitation of 100 kcal/mol.
For the closed-shell simulation at 100 kcal/mol the product
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Table 2. Product Branching Ratios for the Dissociation of [CH;--I--OH] ™ at Different Excitation Energies

B97-1

CAM-B3LYP

closed shell

open shell® closed shell open shell

65 kcal/mol 75 keal/mol
dissociated 21% 36%
CH,I + OH™ 0.87 + 0.10 0.71 + 0.06
CH,I” + H,0 0.09 + 0.03 0.17 + 0.03
CH;O0H + I” 0.04 + 0.02 0.11 + 0.03
CH, + IOH
CH, + IOH™
CH, + I + H,0° 0.01 + 0.01
CH, + 10~

100 kcal/mol

100 kcal/mol 100 kcal/mol 100 kcal/mol

56% 51% 57% 52%
0.63 + 0.05 0.69 + 0.09 0.70 + 0.06 0.80 + 0.14
0.13 + 0.02 0.04 + 0.03 0.19 + 0.04 0.12 + 0.07
0.11 £ 0.02 0.12 £+ 0.05 0.09 + 0.03 0.04 £ 0.04
0.12 + 0.02
0.14 + 0.05
0.01 + 0.01 0.02 + 0.01 0.04 + 0.04
0.02 + 0.02

“For the B97-1/open-shell 100 kcal/mol trajectories, the pathway CH; + I°~ + OH®" is counted as the CH,I + OH™ pathway, as discussed in
sections ILA and IILB. “The CH, + I"(H,0) trajectories are counted together with the CH, + I” + H,O trajectories for B97-1/closed-shell

simulation at 100 kcal/mol.

Table 3. Distributions of Atomistic Mechanisms for the Three Product Pathways CH;1 + OH™, CH,I" + H,0, and CH;OH + I"

B97-1 CAM-B3LYP
closed shell open shell closed shell open shell
65 kcal/mol 75 keal/mol 100 keal/mol 100 keal/mol 100 kcal/mol 100 kcal/mol

CH,I + OH~

direct 97% 97% 99% 95% 93% 95%

indirect 3% 3% 1% 5% 7% 5%

HO™---HCH,I complex 3% 3% 1% 5% 7% 5%
CH,I” + H,0

direct 43% 72% 88% 50% 72% 67%

indirect 57% 28% 12% 50% 28% 33%

CH,I™---H,0 complex 43% 4%

HO™-HCH,I & CH,I"—-H,0 14%

HO™---HCH,I 8% 11% 17%

proton exchange 4%

PE & CH,I"-H,0 16% 11%

CH;O0H---I" complex 4%

roundabout-like 4% 50% 6% 17%
CH,OH + I

direct 67% 76% 76% 67% 78% 50%

indirect 33% 24% 24% 33% 22% 50%

proton exchange 33%

HO™---HCH,I & CH;0H---I" 12%

Barrier-recrossing 6%

CH;0H---I" complex 6% 10% 17%

HO™---HCH,I complex 5% 11%

roundabout-like 10% 17% 11% 50%

ratio for the four dominant pathways is, as given above, {CH,I
+ OH }:{CH,I” + H,0}:{CH,0H + I }:{CH;” + IOH} =
0.64:0.13:0.11:0.12. In contrast for the open-shell system, with
CH; + IOH™ replacing CH;~ + IOH, the ratio is
0.70:0.04:0.12:0.14. The only significant difference in these
ratios is for the CH,I™ + H,O product channel.

As the energy is lowered there are only three dominant B97-
1/closed-shell product channels, which are CH3;I + OH7,
CH,I" + H,0, and CH;0H + I". The primary dissociation
channel is to the reactants CH5I + OH™. Its relative fraction,
with respect to the three dominant channels, varies from 0.72—
0.87 for the 65—100 kcal/mol energy range. The relative yield
for CH;OH + I" decreased from 0.15 to 0.04 as the excitation
energy decreased from 100 to 65 kcal/mol. With statistical
uncertainties included, there is only a small decrease in the
relative yield for CH,I™ + H,0O with a decrease in energy. If
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only the CH;I + OH™, CH,I” + H,0, and CH;OH + I”
product channels are considered, the 100 kcal/mol B97-1/
open-shell simulation gives their ratio as 0.81:0.05:0.14, with
the relative yield for the CH3I + OH™ product channel similar
to the closed-shell result. The only difference is that the open-
shell simulation has a higher yield for the CH;OH + I" product
channel than for CH,I” + H,O.

2. CAM-B3LYP Closed-Shell and Open-Shell Trajectories.
For the CAM-B3LYP trajectories calculated at 100 kcal/mol,
four product channels were found as shown in Table 2. Their
ratio is {CH,;I + OH }:{CH,I" + H,0}:{CH;OH + I }:{CH,
+ I” + H,0} = 0.70:0.19:0.09:0.02 for the closed-shell
simulation, and the respective ratio for the open-shell
simulation is 0.80:0.12:0.04:0.04. Interestingly, the CH;™ +
IOH products found with closed-shell B97-1, are not formed,
and CH; + IOH™ is not formed for either the closed-shell or
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open-shell CAM-B3LYP simulation. The B97-1/closed-shell
ratio for {CH,l + OH™}:{CH,I~ + H,0}:{CH;OH + I} is
0.73:0.15:0.12 and similar to the CAM-B3LYP/closed-shell
result of 0.71:0.19:0.10. The statistical uncertainties in these
ratios may be found from the branching fractions in Table 2.
The ratio {CH,I + OH }:{CH,I" + H,0}:{CH,OH + I'"} is
0.81:0.14:0.05 for the B97-1/open-shell simulation and
0.83:0.04:0.13 for CAM-B3LYP/open-shell simulation. The
relative fraction of the CH,;I + OH™ product channel is similar
for the two open-shell simulations, but the CAM-B3LYP/open-
shell gave a much higher weight for the CH;OH + I" product
channel.

C. Atomistic Mechanisms for [CH;--I--OH]~ Dissocia-
tion. A study of the trajectories, for the chemical dynamics
simulations, shows that [CH;--I--OH] ™ may dissociate directly
to form the three dominant products CH;I + OH™, CH,I™ +
H,O, and CH;0H + I". There are also indirect paths to form
these products, as shown in Figure 2. [CH;--1--OH]™ may
isomerize to CH3;0H---I" or HO™---HCH,], with the latter
possibly interconverting as HO™---HCH,I < HOH---CH,I".
The isomerization may also be directly to the higher energy
complex CH,I"---H,O; see Figure 2. There is also a
roundabout-like mechanism® in which the I---OH distance
first extends, followed by CHj rotating around the I atom for
one or two full circles. The OH™ group then attacks the CH,
moiety directly forming either the CH,I” + H,O or the HO™---
HCH,I complex. The latter may dissociate to CH;OH + I". A
barrier-recrossing mechanism>*® is also observed for the
CH;0H + I" channel. Of interest is the relative importance
of these mechanisms for the B97-1/closed-shell simulations
with the 100, 75, and 65 kcal/mol excitation energies. The
atomistic mechanisms were also studied at 100 kcal/mol with
B97-1/open-shell, CAM-B3LYP/closed shell, and CAM-
B3LYP/open-shell. The probabilities of the different atomistic
mechanism are given in Table 3 and the mechanisms for the
three most important pathways, i.e, CH;I + OH™, CH,I™ +
H,0, and CH;0H + I, are discussed in the following.

1. CHs3l + OH™ Pathway. The CH,I + OH™ pathway is the
most important for dissociation of [CH;--I--OH]™ at all
excitation energies, as discussed in section IILB and shown in
Table 2. Among the CH;l + OH™ trajectories, the majority
were formed through a direct mechanism, which involved I-O
bond stretching and OH™ departure from CH;I. The
percentages of the direct mechanism are around 95% for all
the simulations; see Table 3. The remaining small percentage
occurred indirectly via formation of the HO™---HCH,I
complex, where the O—I-C angle bent so that OH can
interact with CHj to form this complex for a short period of
time. It should be noted that for the B97-1/open-shell
simulations at 100 kcal/mol, although the CH; + I°~ + OH’~
trajectories were counted as the CH;I + OH™ pathway (Table
2), the mechanism analyses here excludes these trajectories.

2. CH,I™ + H,0 Pathway. The CH,I™ + H,O pathway is the
second most important, with its percentage varying from 4% to
17% under different simulation conditions. Both direct and
indirect mechanisms occurred for this product channel. For the
B97-1/closed-shell simulations, the portion of indirect
mechanisms increased from 12% to 57% as the excitation
energy decreased from 100 to 65 kcal/mol.

The direct mechanism involved O—I—C bending, allowing
the OH moiety to abstract one H atom upon interacting with
CH;. Then H,0O and CH,I” separated immediately. The
formation and separation of the CH,I” + H,O products was
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too fast to allow formation of any possible complexes. This
mechanism is very similar to the direct rebound mechanism in
the previous study>® of the CH;I + OH™ — CH,I™ + H,0
reaction. The indirect mechanisms consist of the roundabout-
like mechanism and formation of the complexes HO™---HCH,],
CH;0H---1", HOH---CH,I", and CH,I"---H,O (Figure 2).

For the B97-1/closed-shell trajectories, at 65 kcal/mol, 43%
of the dissociation is direct. Among the remaining 57% indirect
mechanisms, 43% proceeded via formation of only the CH,I™---
H,0 complex, and 14% involved formation of both HO™---
HCH,I and CH,I---H,O. Reaction at 75 kcal/mol is 72% direct
and 28% indirect, where among the latter 8% occurred by
forming the HO™---HCH,I complex and 4% occurred through
the proton-exchange mechanism HO™---HCH,I < HOH---
CH,I", before dissociation to CH,I” + H,O. The remaining
16% indirect trajectories not only experienced this proton
exchange but also formed CH,I™---H,O, which then dissociated
to CH,I™ + H,O. At 100 kcal/mol, the percentage of the direct
mechanisms increased to 88%, with the remainder indirect. For
the latter, 4% occurred by [CH;--I--OH]™ — CH,I---H,O
isomerization, and 4% occurred by [CH;--I--OH]™ —
CH,OH---I" isomerization, followed by dissociation to CH,I~
+ H,0. The remaining 4% occurred by the roundabout-like
mechanism, with CHj rotating about the I atom and then
reacting with OH™ to form CH,I” + H,O during its second
rotation.

The roundabout-like mechanism is a high-energy mecha-
nism. It occurred for all the 100 kcal/mol simulations but did
not occur at the lower excitation energies of 75 and 65 kcal/
mol. The same trend is present for the CH;OH + I” pathway,
discussed below.

For the other three sets of 100 kcal/mol simulations, half of
the B97-1/open-shell trajectories are direct and half are indirect
with the roundabout-like mechanism. Of the CAM-B3LYP/
closed-shell trajectories 72% are direct, and among the
remaining 28% indirect trajectories, 22% occurred via formation
of either the HO™---HCH,I <> HOH---CH,I™ or CH,I"---H,0
complexes, and 6% by the roundabout-like mechanism. For the
CAM-B3LYP/open-shell trajectories, 67% trajectories are
direct, and half of the remaining indirect trajectories occurred
through formation of the HO™---HCH,I complex, with the
other half following the roundabout-like mechanism.

3. CH;0H + I~ Pathway. The mechanisms for dissociating
[CH;--1--OH]™ to CH;0H + I” are also classified as direct and
indirect, as for the CH;I + OH™ and CH,I™ + H,O pathways.
The direct mechanism is very similar to the direct mechanism
for the CH,I™ + H,O pathway, except CH;O0H is immediately
formed as OH interacts with CH; If we use the same
terminology as in the previous study” " of the CH;I + OH™ —
CH,OH + I reaction, the direct mechanism here for [CH;--I--
OH]™ — CH;OH + I is called the direct rebound mechanism,
and the indirect mechanisms may be classified as barrier-
recrossing, roundabout-like, formation of the prereaction
HO™---HCH,I and/or postreaction CH3;0H---I" complexes,
and proton-exchange HO™---HCH,I < HOH---CH,I". The
majority of the trajectories proceeded by the direct mechanism
for all the simulations.

For the B97-1/closed-shell trajectories, the percentage of the
direct mechanisms is 67%, 76%, and 75% for the excitation
energies of 65, 75, and 100 kcal/mol, respectively. For 65 kcal/
mol, all of the 33% indirect reactions occurred via the proton-
exchange mechanism HO™---HCH,I < HOH---CH,I". At 75
kcal/mol, 6% formed CH;OH + I” indirectly through barrier-
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recrossing, and the remaining 18% indirect reaction occurred
through formation of the HO™---HCH,I prereaction and/or
CH,;OH---I" postreaction complexes. At 100 kcal/mol, the
roundabout-like mechanism occurred for 10%, and the HO™---
HCH,I prereaction and/or CH;OH---I" postreaction com-
plexes attribute for the remaining 15%.

Interestingly, besides the roundabout-like mechanism with
CHj; rotating around the central I atom with the OH moiety
fixed and far away from CH;l, a new type of roundabout
mechanism appeared. The C—I bond first extends, followed by
CH, rotation about IOH. Then CHj reacts with OH to form
the CH;OH product. Although the CHj; group is able to rotate,
making it possible to form the inversed-stereogeometric
CH;0H, CH;O0H retained its stereogeometry. It is interesting
to see both of these two types of roundabout-like mechanisms
forming CH;OH + I™ for the high-energy 100 kcal/mol
excitation of [CH,--I--OH]".

For the other 100 kcal/mol simulations, the respective
percentages of the direct mechanism for B97-1/open-shell,
CAM-B3LYP/closed-shell, and CAM-B3LYP/open-shell are
67%, 78%, and 50%. For the B97-1/open-shell simulations, half
of the remaining indirect mechanisms are roundabout-like, and
the other half occurred via the CH;OH--I" postreaction
complex. Likewise, half of the indirect CAM-B3LYP/closed-
shell trajectories occurred via the roundabout-like mechanism,
with the other half occurring via the HO™---HCH,I prereaction
complex. The only indirect mechanism for the CAM-B3LYP/
open-shell simulation is the roundabout-like. It is noticeable
that for the roundabout-like mechanism, one CAM-B3LYP/
closed-shell trajectory occurred with CHj rotating around the I
atom two and one-half times, before finally reacting with OH to
form CH;OH.

IV. SUMMARY

In this work, the dissociation dynamics of the [CH;--1--OH]~
complex ion were studied by direct dynamics simulations
utilizing both the B97-1 and CAM-B3LYP functionals with the
ECP/d basis set, and with both restricted closed- and
unrestricted open-shell theories. The majority of the simu-
lations were performed with restricted B97-1 and it was found
that with this method [CH;--1--OH] ™ improperly dissociated to
CHj;I and OH™, with fractional charges on each of the products.
It is suspected that this problem may result from the DFT self-
interaction error.”'™>* Restricted CAM-B3LYP simulations
dissociated correctly to CH;I and OH™. The B97-1 trajectories
that improperly dissociated to CH;I + OH™ were repropagated
with CAM-B3LYP and CH;I and OH™ were again formed,
indicating that B97-1 dissociated to the correct products, but
with incorrect fractional charges.

At high excitation energies [CH;--I--OH]™ may dissociate to
the CH; + IOH™ doublet products. However, instead of
dissociating to these products, the restricted B97-1 simulations
dissociated to the higher energy singlet products CH;~ + IOH.
Unrestricted open-shell B97-1 and CAM-B3LYP simulations
were performed to study the proper dissociation of [CHj;--1--
OH]" to the CH; + IOH™ products.

To study the effect of the excitation energy on the [CH;--1--
OH]~ dissociation dynamics, B97-1/closed-shell simulations
were performed at excitation energies of 50, 65, 75, and 100
keal/mol. No [CH;-I--OH]™ complex ions dissociated at SO
kcal/mol for the 10 ps integrations. As the excitation increased
from 65 to 100 kcal/mol, the dissociation percentage increased
from 21% to 56%. [CH;--I--OH]~ dissociated exponentially
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with respect to time and the dissociation rate constant obtained
by a linear plot of In[N(¢)/N(0)] versus t, where N(t) is the
number of the [CH;--I--OH]~ complexes remaining at time £, is
0.019, 0.068, and 0.177 ps~" for the excitation energies of 65,
75, and 100 kcal/mol, respectively. At 100 kcal/mol,
unrestricted B97-1, restricced CAM-B3LYP, and unrestricted
CAM-B3LYP give respective unimolecular rate constants of
0.142, 0.196, and 0.160 ps™', in good agreement with the
restricted B97-1 value of 0.177 ps™.

For the 100 kcal/mol excitation simulations the restricted
B97-1 product ratio for the six channels is {CH;l + OH }:
{CH,I” + H,0}:{CH,0H + I }:{CH;™ + IOH}:{CH, + " +
H,0}:{CH, + I"(H,0)} = 0.63:0.13:0.11:0.12:<0.01:<0.01,
and the unrestricted B97-1 product ratio for the five channels is
{CH,I + OH }:{CH,I” + H,0}:{CH;0H + I ,}:{CH,; +
IOH }:{CH, + 107} = 0.69:0.04:0.12:0.14:0.02. Only four
product channels were found with CAM-B3LYP and for the
restricted simulation the product ratio is { CH;I + OH }:
{CH,I" + H,0}:{CH,0H + I'}:{CH, + I" + H,0} =
0.70:0.19:0.09:0.02 and for the unrestricted simulation is
0.80:0.12:0.04:0.04. With CAM-B3LYP the CH; + IOH™
products are not formed for either the restricted or unrestricted
simulation and the CH;~ + IOH products are not found with
the restricted simulation. Each of the four simulations identify
CH;l + OH, CH,I™ + H,0, and CH;OH + I" as important
products and the ratio {CH;l + OH }:{CH,I” + H,O}:
{CH;OH + I} is 0.72:0.15:0.13 for the restricted B97-1
simulation, 0.81:0.05:0.14 for the unrestricted B97-1 simu-
lation, 0.71:0.19:0.10 for the restricced CAM-B3LYP simu-
lation, and 0.83:0.13:0.04 for the unrestricted CAM-B3LYP
simulation. The CH;I + OH™ product channel is identified as
most important for each of the four simulation methods, but
they differ in the relative importance of the other two channels.

Restricted B97-1 simulations were used to study [CHj--I--
OH]~ dissociation at lower energies where fewer dissociation
channels were observed. At 65 kcal/mol three product channels
were observed with the ratio {CH5I + OH™ }:{CH,I~ + H,0}:
{CH,0H + I'"} as 0.87:0.09:0.04. At 75 kcal/mol there is one
additional product and the product ratio is {CH;I + OH }:
{CH,I” + H,0}:{CH;0H + I"}:{CH, + I" + H,0} =
0.71:0.17:0.11:0.01. At 7S kcal/mol the ratio of the three
principal products is nearly the same as that at 100 kcal/mol.
However, at 65 kcal/mol the yields of the CH,I” + H,O and
CH;0H + I" products may become less important.

Also studied were the atomic-level mechanisms for the three
major product channels for [CH;-I--OH]™ dissociation, i.e.,
CH,I + OH7, CH,I” + H,0, and CH;OH + I". Their
mechanisms were classified as either direct or indirect. The
majority of CH3l + OH™ were formed through a direct
mechanism, with the remaining small percentage formed
indirectly via the HO™---HCH,I complex. For both the
CH,I" + H,0 and CH;OH + I" product channels, the direct
mechanism is overall more important than the indirect
mechanisms. Various indirect mechanisms were identified, i.e.,
roundabout-like, barrier-recrossing, and formation of the
complexes HO™---HCH,I, CH;OH---1", HOH---CH,I", and
CH,I"---H,0. Among these indirect mechanisms, the round-
about-like mechanism was only observed for the high-energy
100 kcal/mol simulations and was the most important indirect
mechanism at this excitation energy. Mechanism comparisons
between the B97-1 and CAM-B3LYP simulations at 100 kcal/
mol showed that formation of the CH;OH---I" complex is
more favored for the B97-1 simulations, whereas formation of

DOI: 10.1021/jp511898y
J. Phys. Chem. A 2015, 119, 817—825


http://dx.doi.org/10.1021/jp511898y

The Journal of Physical Chemistry A

the HO™---HCH,] prereaction complex is more favored for the
CAM-B3LYP simulations. The unrestricted simulations gave a
higher percentage of indirect mechanisms than the restricted
simulations.

The energy conservation for the restricted B97-1 simulations
reported here was similar to that for our previous OH™ + CH;I
simulations,”™* but the unrestricted B97-1 and restricted and
unrestricced CAM-B3LYP simulations were less accurate for
large separation distances. In addition, there were disconti-
nuities in the energy and Mulliken charge for the unrestricted
B97-1 simulations. Several factors could be at play in these
regions like the extent of the grids, basis functions and
molecular orbital swapping due to the close vicinity of energy
levels at large distances, but they do not affect the overall
conclusions reported. Origin(s) of these numerical inaccuracies
and instabilities will be investigated in detail in future work.

In conclusion, these simulations have given a detailed picture
of the dynamics for [CH;--I--OH]™ dissociation. They have
also illustrated how different DFT methods give somewhat
varying atomistic “pictures” of the dissociation dynamics. The
simulations results presented here are very important for
unraveling the role of the [CH;--I--OH]™ complex ion in the
dynamics of OH_(Hzo)n=1,2 + CH,l reactions.
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