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The gas-phase kinetics and mechanism of two channel hydrogen (H) abstraction reaction either hydroxyl H-atom or methyl H-atom from
methanol (CH;0H) by halogen monoxide (XO, X=Cl, Br) radical have been investigated using theoretical approach. The geometry
optimization and frequency calculations were performed at M06-2X method and cc-pVTZ basis set. Single point energy calculation of
all the species were computed at high level CCSD(T)/cc-pVTZ theory on the M06-2X/cc-pVTZ optimized structure. Weak
10 intermolecular pre-reactive and post-reactive complexes were located at the entrance and exit channel respectively on the potential
energy surfaces of all the H-abstraction reactions. The rate constants (k) and branching ratio (¢) of all possible channels were calculated
as a function of temperature for a wide range of temperature 200-2500 K. The rate constants were estimated using canonical variational
transition state theory (CVT) combined with an Eckart tunneling correction and hindered rotor approximation for low frequency torsional
modes. The rate constant calculation shows that the reaction for the H-abstraction from methyl group of CH;OH by XO radical leading
15 to hydroxymethyl (CH,OH) radical is predominant over the hydroxyl group H-abstraction reaction forming methoxy (CH;0) radical for
the temperature range of 200-2500 K. Arrhenius equation using three parameters was obtained by fitting the kinetic data for the two
channels of H-abstraction by ClO and BrO radicals. The overall rate expression with ClO radical is found to be kovz(T) =3.92 x10°

7% exp(-2062/T) and with BrO radical it is kovz(T) = 1.53 x107°7** exp(-2206/T) for the temperature range 200-2500 K.
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1. Introduction

Methanol (CH;0H) is an oxygenated volatile liquid mostly used
as common organic solvent in chemical laboratories and as fuel
directly or as a fuel additive with gasoline. It is considered as an
alternate fuel as it produces lesser air pollutants in combustion
than gasoline.'"” Methanol is the most abundant non-methane
oxygenated volatile gas in the atmosphere with the estimated
global emissions® up to 240 Tg year'. In atmosphere, the
methanol emission sources includes the plant growth, biomass
burning, biofuels, industry, vehicles, plant decay and atmospheric
reactions.>> The major sink of methanol released into the
atmosphere is oxidation by the hydroxyl (OH) radical with
atmospheric lifetime of about 10 days.’® This comparatively
longer lifetime may cause it to interact with other atmospheric
species. Due to its large emission, it is important to know the fate
of methanol in atmosphere.

The chlorinated or brominated species are important
from both atmospheric and combustion chemistry point of view.
In atmosphere halogen oxide radicals, XO (X=Cl or Br) are
formed from the reaction of halogen atom with ozone,
heterogeneous oxidation of halogen atom or atmospheric
degradation of X containing species (for example, formation of
ClO from CFCs, CH;CI1).>® Chlorine monoxide (ClO) is also
detected at the same level of OH radical concentration near the
surface of the burner in ammonium perchlorate combustion
process in a hydrogen atmosphere at 1400 K.*'° The O,-H,
flame doped with X, shows the presence of XO radicals.'"'
There is no information regarding kinetics and mechanism of
CH30H+XO reaction. The increasing use of CH;OH as direct
fuel or as a fuel additive enhances the presence of it in the
atmosphere, thereby augments the significance of this study.

The presence of two nonequivalent hydrogen (H) atoms
in CH30H leads to the formation of two structural isomers,
methoxy (CH;0) or hydroxymethyl (CH,OH), which are the
product radicals. These product radicals are produced by
competitive hydroxyl H-abstraction or methyl H-abstraction
reaction by XO radicals. In this study, the two possible H-
abstraction reaction channels from CH3;0OH by XO radical to
produce either CH;0 or CH,OH radicals have been studied. The
possible pathways are as follows:

CH;OH+CIO — CH;0+HOCI RI
CH;OH+CIO — CH,OH+HOCI R2
CH;0H+BrO — CH;0+HOBr R3
and CH;OH+BrO — CH,OH+HOBr R4

The present study focuses on comprehensive insight of two
possible H-abstraction reactions, R1 to R4 of CH;OH with ClO
and BrO radical using theoretical approach. The different
thermodynamic and kinetic parameters of the individual
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pathways are also discussed over a wide temperature range and is
required for atmospheric and combustion reaction modeling. The
relative formations of the methoxy and hydroxymethyl radicals
are emphasized by the branching ratios. The temperature
dependence of branching ratios is important to understand the
contribution of the two competitive pathways towards the overall
rate constants. Theoretical studies of kinetics and mechanism of
the reaction of CH;0H with ClO and BrO radicals is a necessary
step which will aid experimentalist over a wide range of
temperature.

2. Computational Methods

Geometry optimization of the reactants (CH;OH, XO (X=Cl,
Br)), pre- and post-reactive molecular complexes (PreM and
PostM respectively), transition states (TS), and product molecules
(CH30, CH,OH, HOX) involved in the H-abstraction reaction
from CH;0H by XO radical were carried out employing the
Minnesota hybrid meta density functional theory (DFT) level of
MO06-2X">" and Dunning’s correlation-consistent polarized
valence triple-zeta, cc-pVTZ basis set. MO06-2X functional is
found to be good performer for main group chemistry, in
predicting transition state geometry calculation and also performs
in calculating non-covalent interactions'>  and
thermochemistry and kinetic parameters.'>'*'®  Frequency
calculations of all the species were executed at the same level of
theory to judge the stationary points on the potential energy
surface as minima (NIMAG=0) or transition states (NIMAG=1).
In case of the transition states, the corresponding bond breaking
and forming is reflected by the presence of one imaginary
frequency associated with it. Intrinsic reaction coordinate
(IRC)'™'® analyses were performed at the same level of theory to
obtain the minimum energy path (MEP) of the reactions and to
ascertain whether the transition states connect different local
minima along the reaction path. Based on the M06-2X/cc-pVTZ
optimized structures, the potential energy surface of the titled
reaction was refined with single point energy calculation at high
level coupled cluster method with single and double excitations
and perturbative triples, CCSD(T)/cc-pVTZ. The zero-point
energies (ZPE) obtained at MO06-2X/cc-pVTZ was added to
CCSD(T)/cc-pVTZ energies to obtain the different ZPE corrected
energies. All reported calculations were performed employing
Gaussian 09 package of programs'® and GaussView 5.0.9
software®® was used for the visualization of molecular structures,
orbitals and vibrational motions. The spin expectation value,
<§%>, at M06-2X level for all doublet systems remained in the
range of 0.75-1.00. So, spin contamination was negligible during
the progress of the reaction via four different reaction paths R1,
R2, R3 and R4. PreMs were found at the entrance channel of the
reaction and PostMs were at the exit channel of the reaction. The
PreM and PostM complexes have all real frequencies.
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The reaction rates were evaluated using canonical
variational transition state theory (CVT)?' with the inclusion of
unsymmetrical one dimensional tunneling correction by Eckart™
over the temperature range 200-2500 K. The rate constants were
computed using KISTHELP? program. The CVT rate constant,
K"(T) is estimated by minimizing generalized transition state*
rate constant, k°7(T.s) with respect to reaction coordinate s . s
represents the distance along the MEP from the saddle point.
Thus, k“"7(T) with the Eckart tunneling correction x(7) is given
by

k"T(T) = y(T) min k97 (T, s)

= 7(T) min (GI%_T&Z;’S) e(—V#(S)/k;,T))

s h N ,4O™(T)

Here, kb is the Boltzmann’s constant, T is the temperature, h is
the Planck’s constant, N, is Avogadro’s number, 7* is potential
energy barrier including ZPE correction. ois the symmetry factor
which denotes the reaction path degeneracy. o is 1 and 3
respectively for H-abstraction from hydroxyl group (path 1) and
methyl group (path 2) of CH;OH. Q™ and Q" are total partition
function of the TS and reactants per unit volume. The total
partition function terms are consisted of translational, electronic,
rotational and vibrational partition functions.  Rigid-rotor
harmonic oscillator approximation has been used. The low
frequency torsional modes of the reactants and the transition
states have been treated using hindered rotor approximation while
calculating their contribution to the partition functions. Relaxed
potential energy scan at M06-2X/cc-pVTZ using the optimized
structures at same level have been performed for the low
frequency torsional modes to calculate corresponding rotational
barrier height of internal rotation. As in our previous study®,the
rate constant expression does not contain the energy of the
molecular complexes and the same argument is applied here.

Spin-orbit effect is important in case of halogen
atoms.?**” The spin-orbit correction of -0.92 keal/mol for CIO*®
and -2.79 kcal/mol for BrO® were taken into account. The
potential energies of ClO radical and pre-reactive molecular
complexes (PreM11, PreM12) involving CIO are associated with
the spin-orbit correction of -0.92 kcal/mol while BrO and BrO
related pre-reactive molecular complexes (PreM21, PreM22) are
having -2.79 kcal/mol spin-orbit correction value.

The bonding features of different stationary points on
potential energy surface of CH;OH+XO (X=Cl, Br) reaction were
studied in terms of electronic density at M06-2X/cc-pVTZ using
atoms in molecules (AIM) approach by Bader’**! as implemented
in AIMALL suite of program®. The wave function required for
AIM calculation was generated from Gaussian 09.

3. Results and Discusions

3.1. Geometries and vibrational frequencies of the stationary
points. The detailed cartesian coordinates of the optimized
reactants, pre-reactive (PreM) and post-reactive (PostM)
molecular complexes, transition states (TS) and product radicals
at M06-2X/cc-pVTZ level of theory are given in ESI Table 1T
and additional structural parameters in ESI Figure 1T. The
schematic representation of the two H-abstraction reaction
pathways from CH;0H by XO radical is shown in Figure 1 and
related structural parameters at M06-2X/cc-pVTZ are reported in
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Table 1. The potential energy surface of the reactions R1 to R4
with zero point energy correction at CCSD(T)/cc-pVTZ//MOG6-
2X/cc-pVTZ is shown in Figure 2 and Figure 3. Table 2 shows
calculated rotational constants and the vibrational frequencies of
different stationary points at M06-2X/cc-pVTZ. The electron
density, p at bond critical points (BCP) of the chemical bonds
(intra or inter) present in all corresponding stationary points of
CH;0H+XO (X=Cl, Br) reaction is summarized in Table 3.
CH;0H+CIO reaction (R1, R2): The equilibrium geometry of
CH;0H is C,; symmetry and it has two types of non-equivalent H-
atoms. Two transition states CH30O---H--OCl (TS11) and
CIO:--H---CH,OH (TS12) corresponds to the reaction path R1 and
R2 (Figure 2) respectively were found along the H-abstraction
reaction of CH;OH with CIO radical. These two reactions occur
by the participation of oxygen atom in CIO radical with the two
non-equivalent hydrogen atoms of CH;OH. The methyl group
orientation results in only one type of transition state TS12 for
either syn or anti H-abstraction of the methyl group with respect
to hydroxyl group orientation. From Table 2, it is observed that
the two transition states, TS11 and TS12, are characterized by
imaginary frequencies of 1946i cm™ and 1250i cm™ respectively.
These imaginary frequencies correspond to the vibration of the
molecule along its reaction pathway. The movement of
hydrogen atom between O; and O, in TS11 and between C and
0O, in TS12 leads to the product formation. Table 3 shows the
electron density, p of different chemical bonds in TS11 and
TS12. The p value for O;-H, bond breaking and Hy-O, bond
formation in TS11 are 0.176 au and 0.202 au respectively,
whereas in TS12, breaking C-H; and formation of H;-O, bonds
has electron density values of 0.196 au and 0.131 au respectively.
The bonding analysis also shows the presence of other
intermolecular bonds namely, H-bonding of CI-H; in TS11 and
halogen bonding™** of C1-O, in TS12. The L-parameter’> which
is the ratio of the increase in the bond length being broken over
the increase in the bond length being formed is helpful in finding
whether the transition state has reactant-like or product-like
characteristics. The value of L more than 1 represents a product
like TS and less than 1 represents reactant like TS. From Table 2,
it is observed that for the reaction CH;OH + ClO, the estimated L
value is more than 1 along the reaction path R1 and is less than 1
along the path R2. Thus, TS11 is product-like transition state and
TS12 is reactant-like transition state. In TS11, O;-H, bond
increases by 24 % (= 0.226 A) compared to O,-H, bond in the
isolated CH;OH and Hy-O, bond increases by 19 % (= 0.183 A)
when compared to Hy-O, bond in HOCI product molecule. On
the other hand, in TS12, the elongation of C-H, bond is about 13
% (= 0.138 A) compared to C-H; bond in the isolated CH;OH
and H,;-0, bond is stretched 38 % (= 0.364 A) when compared to
H;-O, bond in HOCI molecule. There is a slight shortening of C-
O, bond distance in both TS11 and TS12 than isolated CH;OH
molecule.  Table 1 shows that the bond angle 6(0;-Hy-O,) is
165.6° in TS11 and thus attack of ClO on hydroxyl H-atom of
CH;OH is distorted by 14.4° from collinearity. The bond angle
0(0,-H,-C) is 166.4° in TS12 which signifies that the attack of
CIO on methyl H-atom is not collinear.

R1 leads to the formation of methoxy radical by the H-
abstraction from the hydroxyl group of CH;OH whereas R2 path
gives hydroxymethyl radical results from the methyl group H-
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abstraction of CH3;OH. These two reaction pathways are
associated with the formation of H-bonded pre- and post-reactive
molecular complex on the potential energy surface connected by
the transition states. These molecular complexes are
characterized by all real frequencies (NIMAG=0). Table 3
displays the different intra and intermolecular bond density
present in these molecular complexes which are favored by the
formation of intermolecular H-bonding or halogen bonding. The
pre-reactive complex CH;0H:--OCl1 (PreM11) and post-reactive
complex CH;O--HOCI (PostM11) are connected by TSI11.
PreM11 is formed by the weak interaction of O-atom of ClO
radical and hydroxyl H-atom of CH;OH. The complex PostM11
is formed between the O-atom of CH;O radical and H-atom of
HOCI molecule. In PreMl11, the electron density, p of
intermolecular Hy-O, bond is 0.016 au and in PostM11, O,-H, has
bond density of 0.033 au. The weak intermolecular Hy-O, bond
distance is 2.157 A in PreM11 and O;-H, distance is 1.845 A in
PostM11. In PostM11, there is another intermolecular H-bond,
CI-H, of density 0.006 au and of distance 2.951 A. This CI-H,
bond is also present in TS11 with density 0.011 au and distance
2.645 A. The bond angle 6(0,-Hy-O,) is 140° and 157.2° in
PreM11 and PostM11 respectively, which reflects that the atoms
involved in bond breaking and forming are not linear in the weak
complexes following R1 path. The dihedral angle ¢(C-O,-Ho-
0,) is found to be -32.0° in PreM11 and it is -51.5° in PostM11.
ClO approaches the methyl H-atom of CH;OH and forms the
weak complex ClO---HCH,OH (PreM12) while complex
CIOH:--CH,OH (PostM12) is formed after the H-abstraction
process following R2 reaction path as shown in Figure 2.
PreM12 results from the weak intermolecular interaction of
oxygen atom of CIO with the methyl H-atom of CH;OH and
PostM12 is formed from the weak interaction of H-atom of
already formed HOCI with C-atom of CH,OH radical for R2
pathway. The newly formed weak intermolecular H;-O, bond
distance is 2.593 A in PreM12 and C-H; bond distance is 2.131 A
in PostM12. In PreM12, H;-O, bond has density of 0.008 au and
in PostM 12, electron density for C-H; bond is 0.022 au. PostM12
contains another intermolecular H-bond Cl-H, with density of
0.012 au and distance of 2.607 A. The halogen bond CI-O, has
density 0.010 au in both PreM12 and TS12. The CI-O; bond
distance is 3.112 A in PreM12 and is 3.149 A in TS12. At M06-
2X/cc-pVTZ, the estimated dihedral angle ¢(C1-O,-H;-C) is 50.2°
and 12.6° in PreM12 and PostM12 respectively. For R2 reaction
pathway, the bond angle 8(0,-H;-C) is determined to be 107.9° in
PreM12 and 152.0° in PostM12.

CH;0OH+BrO reaction (R3, R4): The optimized geometric
parameters of all the species in the potential energy surface of the
CH;0H+BrO reaction are given in Table 1. The attack of BrO
radical on the hydroxyl H-abstraction (R3) corresponds to
transition state, CH;O---H---OBr (TS21) and attack on the methyl
H-abstraction (R4) corresponds to the transition state,
BrO--H---CH,OH (TS22). The respective potential energy
surface for R3 and R4 pathways are shown in Figure 3
respectively and corresponding bond breaking and bond forming
densities are reported in Table 3. From the listed value in Table
3, it is observed that in TS21, electron density, p at BCP of O;-H,
bond breaking is lesser (=0.176 au) than the corresponding
p (=0.372 au) in isolated CH;0H molecule and for the formation
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Hy-O, bonds p is lesser (=0.196 au) than corresponding bond in

& the product HOBr molecule (=0.366 au). In TS22, C-H, density

of bond breaking is 0.201 au and density of H;-O, bond
formation is 0.126 au. The second intermolecular H-bond Br-H,
in TS21 has density of 0.015 au and distance of 2.630 A. As
reported in Table 2, imaginary frequency associated with the
O,---Hy--0, vibration in TS21 is 1918i cm™ and with C---H;---O,
vibration, it is 1124i cm™ in TS22. In case of both C10 and BrO
radicals, the magnitude of the imaginary frequency for the
transition state involving methyl H-abstraction is less than the
hydroxyl H-abstraction path. The L value for TS21 is more than
1 and for TS22, it is less than 1. These L values indicate that
TS21 is product like whereas TS22 geometry is reactant like.
The characteristics of TS21 and TS22 are similar to the transition
states TS11 and TS12 for the H-abstraction reaction from CH;OH
by ClO radical. At MO06-2X/cc-pVTZ, the O;-H, bond is
extended by 0.229 A (= 24 %) in TS21 when compared to O;-H,
bond in isolated CH3;0H molecule and the bond length Hy-O, is
greater by 0.192 A (= 20 %) from the HOCI molecule. The C-H,
and H;-O, bonds in TS22 at M06-2X/cc-pVTZ are 1.224 A and
1.341 A respectively. Thus in TS22, the increase in C-H; bond is
0.130 A (= 12 %) than C-H, bond in the isolated CH;OH
molecule and elongation in forming H;-O, bond is by 0.377 A (=
39 %) comparative to H;-O, bond in HOCI molecule. The extent
of C-0O, bond shortening in TS21 and TS22 is similar as in TS11
and TS12. The bond angle 6(0;-Hy-0,) is 164.7° in TS21 and
0(0,-H;-C) is 168.3° in TS22 were obtained at MO06-2X/cc-
pVTZ. These bond angles reflect that the attack of BrO on
hydroxyl H-atom or on methyl H-atom of CH;OH is not
collinear.

From the potential energy surface of CH;OH+BrO
reaction, it is noticed that the TS is connected to the loosely
bound PreM in the backward direction and PostM in the forward
direction. It can be observed from the bonding density in Table
3, that the molecular complexes associated with CH;OH+BrO
reaction are driven by the formation of intermolecular H-bonding
and halogen bonding. TS21 is the saddle point with pre-reactive
complex CH;0H--OBr (PreM21) and post-reactive complex
CH;30---HOBr (PostM21) for R3 reaction pathway while TS22 is
connected to BrO--HCH,OH (PreM22) and BrOH:--CH,OH
(PostM12) for R4 pathway. Geometric parameters of the PreMs
are close to CH;0H and BrO and parameters for PostMs are
related to isolated HOCI and CH;O radical (PostM21) or CH,OH
radical (PostM22). At the entrance channel, the intermolecular
distance Hy-O, is 2.115 A in PreM21 and H,-O, distance is 2.569
A in PreM22 as obtained at M06-2X/cc-pVTZ. On the other
hand, at the exit channel, the intermolecular O,-H, bond distance
is 1.862 A in PostM21 and C-H, bond distance is 2.150 A in
PostM22. The Hy-O, bond density is 0.018 au in PreM21 and H;-
O, density is 0.008 au in PreM22. The second intermolecular Br-
0, bond distance is 3.217 A in PreM22 and is 3.253 A in TS22
and both stationary points have density of 0.010 au. O;-H, bond
density is again found to be 0.032 au in PostM21 and C-H, bond
density is 0.021 au in PostM22. In PostM22, second H-bond, Br-
H, is present with distance 2.751 A and density 0.011 au. At
MO06-2X/cc-pVTZ, level of theory the calculated bond angle

115 0(0,-Hy-0,) for PreM21 and PostM21 are 143.8° and 156.6°

respectively, and 0(0,-H;-C) for PreM22 is 107.9° and for
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PostM22 is 153.5°. The dihedral angle ¢(Br-O,-Hy-O,) for the
molecular complexes following R3 path are 30.6° in PreM21
complex and is 54.3° in PostM21 complex. For the reaction
CH;0H+BrO following R4 path, the dihedral angle ¢(Br-O,-H;-
C) is 52.1° for the pre-reactive molecular complex PreM22 and
15.2° for the post-reactive molecular complex PostM22.

3.2. Energetics: The different kinetic and thermodynamic
parameters for all the species involved in CH;OH+CIO (R1, R2)
and CH;0H+BrO (R3, R4) reactions at CCSD(T)/cc-
pVTZ//M06-2X/cc-pVTZ are given in Table 4 and 5. All these
parameters are ZPE and spin-orbit corrected. Table 4 includes

the adiabatic barrier height (AEg ), enthalpy of activation (AHg
), Gibbs free energy of activation (AGg ), enthalpy of reaction (
+AH() ), reaction free energies ( .AG ), entropy ( ASj ) and total

potential energies ( .AE, ) of products relative to the reactants in

the reaction of CH;0H with XO (X=Cl, Br) radical calculated at
298.15 K. The reaction free energies of the hydroxyl H-
abstraction reaction from CH3;0H by both CIO (R1) and BrO
(R3) radicals show that these pathways are endergonic reaction
(AG > 0). In Table 4, the calculated free energies of the reactions
proceeding through R2 and R4 pathways for the methyl H-
abstraction reaction from CH;0H by ClO and BrO radicals are -
0.47 kcal/mol and -1.60 kcal/mol and thus these are exergonic
reaction (AG < 0). At 298.15 K, reactions following R1, R2
pathways with ClO radical are endothermic along with the R3
reaction pathway with BrO radical (AH > 0). The reaction
enthalpy for the methyl H-abstraction by BrO radical (R4)
calculated at  CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ s
exothermic by a slight negative value of 0.47 kcal/mol. The

;0 adiabatic barrier height, AEg calculated at CCSD(T)/cc-

pVTZ//M06-2X/cc-pVTZ for all the pathways R1, R2, R3 and R4
including spin-orbit and ZPE correction are reported in Table 4.
This barrier height is found to be positive for both the possible H-
abstraction pathways with ClO and BrO radicals. In Table 4,
CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ computed barrier height
relative to reactants are 13.31 kcal/mol, 8.81 kcal/mol, 12.52
kcal/mol and 8.35 kcal/mol for R1, R2, R3 and R4 respectively.
From these barrier heights it may be gleaned that the reactions for
hydroxyl H-abstraction (R1, R3) have higher barrier height than
the methyl H-abstraction pathways (R2, R4). Table 5 reports the
kinetic and thermodynamic parameters for the pre-reactive
molecular complexes (PreM11, PreM12, PreM21, PreM22) and
post-reactive  molecular complexes (PostM11, PostM12,
PostM21, PostM22) computed at CCSD(T)/cc-pVTZ//MO6-
2X/cc-pVTZ and 298.15 K. The XO (X=Cl, Br) radical
approaches CH;O0H for either hydroxyl or methyl H-abstraction
and form weak bonded intermolecular PreM complexes which are
more stabilized than the reactants by an amount of 2.06 kcal/mol
(PreM11), 1.11 kcal/mol (PreM12), 3.16 kcal/mol (PreM21) and
1.59 kcal/mol (PreM22). Post-reactive molecular complexes for
R1 (PostM11) and R3 (PostM21) reactions show less stability
when compared to reactants and for R3 (PostM12) and R4
(PostM22) are more stable than the reactants. At CCSD(T)/cc-
pVTZ//M06-2X/cc-pVTZ all the post-reactive complexes on each
potential energy surfaces are more stable than the products. From
Figure 2 and 3, it is observed that the TSs are above the pre-
reactive and post-reactive molecular complexes on the potential
energy surface for all pathways.

3.3. CH30H+XO (X=Cl, Br) reaction kinetics: Table 6 reports
o the fitted rate constant data at CCSD(T)/cc-pVTZ//M06-2X/cc-
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pVTZ for CH;OH+CIO (k . k. ) and CH;OH+BrO (k , k. )
RI1 R2 R3 R4

reactions computed at different temperature within the range 200-
2500 K. From Table 6, it can be observed that the rate constants,
kR2 and kR4 for methyl H-abstraction from CH;0H leading to

hydroxymethyl (CH,OH) radical formation shows larger rate
constant than rate constants, km and kR3 for hydroxyl H-

abstraction forming methoxy (CH30) radical for the studied
temperature for both CIO and BrO radicals. At lower
temperatures ( < 1000 K) formation of CH30 radical from
CH;0H is negligible for both CIO and BrO radicals which is
more pronounced in case of ClO radical. Due to the presence of
upward curvature, the calculated CVT rate constants were fitted
to the modified three parameter Arrhenius equation of the type
K(T) = AT'exp(-E,/RT) rather than two parameter Arrhenius
equation and the plots are shown in Figure 4 and in Table 7, the
fitted Arrhenius parameters 4, n and E, for all four reactions: R1,
R2, R3, R4 are given. The fitted Arrhenius equations in units of
cm’molecule’’s™ for CH;OH+XO (X=Cl, Br) reactions are

ki, (T) = 4.55 x102°7" exp(-4091/T)
k(1) =137 x107°T"%*exp(-2097/T)
k(1) =139 x102 1% exp(-2093/T)
ko (D) =1.74 x102°72¥exp(-2217/T)
k (1)=3.92 X107 % exp(-2062/7)
k (T)=153 x102°7>* exp(-2206/7)

In CH;0H, the C-H bond strength (= 94 kcal/mol) is lower than
the O-H bond strength (= 104 kcal/mol).*® For the temperature
range under investigation, the H-abstraction from methyl group is
dominated over the H-abstraction from hydroxyl group of
CH;0H by CIO and BrO radicals. The overall rate constant £,,,
= kR1+ kRZ) and k,,, (= kR3+ kR4) are also reported in Table 6. At

higher temperatures ( > 1000 K), hydroxyl H-abstraction reaction
has some contribution towards the overall rate constants. The
branching ratio (¢), which is defined as the ratio for a particular
pathway rate constant divided by the sum of rate constants for all
parallel reaction pathways are also included in Table 6 and the
plots are shown in Figure 5. These branching ratios are used to
emphasize the importance of one pathway over the other one. It
is necessary to know the branching ratio which is the indicator of
preference of a pathway at different temperatures. At low
temperature, the branching ratio for the reaction formation of
CH,OH product radical is 100% with ClO radical. As the
temperature increases, the reaction pathway contribution from
CH;0 product-radical formation reaction also increases. With
the BrO radical, the branching ratio value for CH,OH product
radical formation is found to be more than 90% at all
temperatures for the entire temperature range studied. We have
compared our results of studied reaction with the H-abstraction
reaction from CH3;0H by OH, Cl and Br radicals available in
literature.  For the H-abstraction reaction from CH;OH by
hydroxyl (OH) radical, the rate constant following methyl H-
abstraction was found to be dominant at low temperature over the
hydroxyl H-abstraction reaction.’’*® As temperature rises, the
hydroxyl H-abstraction rate constant also becomes important.
This is also consistent with the H-abstraction reaction of
CH;0H+CI but for the reaction CH;OH+Br, the rate constant for
methoxy radical formation pathway is found to be inactive even
at higher temperature.***  Our results for H-abstraction with
ClO and BrO radicals are also similar to the reaction with OH, CI,
Br radical where hydroxymethyl radical forms predominantly. A
comparision plot for the reactivity of OH, Cl, Br, ClO and BrO

This journal is © The Royal Society of Chemistry [year]
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for the H-abstraction from CH;OH is shown in Figure 6. Among
these radicals in Figure 6, it is observed that Cl radical shows the
highest rate constant for the methyl H-abstraction from CH;OH
and thus the overall rate constant. The hydroxyl H-abstraction
rate constant is found to be more for OH than other radicals but
the overall rate constant for OH is lower than Cl radical. It is
because of higher contribution from methyl H-abstraction to the
overall by Cl than OH. Cl forms barrierless transition state** for
methyl H-abstraction and thus contributes more to the overall rate
constant than OH. Kinetically, H-abstraction from CH;OH by Cl
or Br radicals are more favourable than XO (X=Cl, Br) radicals
where H-abstraction involved O-atom of XO radicals.
Substitution of H-atom of OH radical by halogen atoms makes it
less reactive than either OH or X radicals. Where CI shows
larger rate of H-abstraction reaction than Br radical, ClO has
lower rate constant value than BrO over the studied temperature
range. For methyl H-abstraction reaction and overall rate of the
reaction, CH30H+Cl shows a noticeable difference from
CH;0H+Br reaction. At lower temperature this difference is
higher and as temperature increases the difference becomes
smaller. From Figure 6, it is observed that the methyl H-
abstraction and overall rate of the reaction shows smaller
difference at lower temperatures in case of reaction of CIO and
BrO when compared to the reaction of Cl and Br. Temperature
has less effect on methyl H-abstraction by Cl radical due to the
barrierless transition state but has more effect on the reaction of
OH, Br, CIO and BrO radicals. Indeed, as temperature increases
there is an increase in rate also. Experimental study on
CH;0H+XO (X=Cl, Br) is not known, there is available
experimental data for the H-abstraction reaction from CH;OH by
OH or halogen radicals using different experimental techniques
like fast flow or laser photolysis-resonance fluorescence.’’ !
The experimental study of CH;0H+XO (X=Cl, Br) reaction can
be attempted using these techniques and the present study will be
helpful for analyzing the branching ratio of methoxy or
hydroxymethyl radical formation at different temperature.

5. Conclusion

The kinetic and mechanism study of the two channel H-
abstraction reaction of CH;OH+XO (X=Cl, Br) was performed
with the use of M06-2X and CCSD(T) level of theory combined
with cc-pVTZ basis set. Pre-reactive and post-reactive molecular
complexes were located at entrance and exit channel, respectively
for CH;0H+CIO  (CH;0+HOCI (R1), CH;0H+CIO
(CH,OH+HOCI (R2), CH;0H+BrO — CH;0+HOBr (R3) and
CH;0H+BrO — CH,OH+HOBr (R4) reactions. The potential
energy surface of R1, R2, R3 and R4 reactions were obtained at
CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ. The rate constants for
all the reactions were calculated using canonical variational
transition state theory with unsymmetrical Eckart tunneling
correction. The calculated rate constants were fitted to modified
three parameters Arrhenius equation for all the reaction
pathways. At CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ, the rate
constant associated with the hydroxymethyl radical formation
was found to be higher than the methoxy radical formation
reaction for both ClO and BrO radicals for the entire temperature
range of 200-2500 K. The importance of formation of one
product over the other was analyzed by calculating the branching
ratio.
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Table 1. Structural parameters (rl, r2 are in A and al, 8, @ are in degrees) of the molecular complexes and transition states for
the two different pathways for the reaction of CH;OH with XO (X=CI or Br) radical computed at M06-2X/cc-pVTZ.

Parameters CH;0H+CIO CH;0H+BrO
PreM11 TS11 PostM11 |PreM12 TS12 PostM12 | PreM21 TS21 PostM21|PreM22 TS22 PostM22
r(C1-0,) 1.567 1.632 1.677 1.567 1.637 1.675
r(Br-0,) 1.709 1761 1.811 | 1.708 1.770  1.809
r(C-0y) 1.410 1.379 1.372 1.415 1.371 1.352 1410 1372 1372 | 1416 1374 1.353
r(C-Hy) 1.095 1.102 1.093 1.093 1.232 2.131 1.095 1.110 1.093 | 1.093 1.224  2.150
r(C-Hy) 1.094 1.092 1.103 1.093 1.092 1.083 1.093  1.094 1.103 | 1.093 1.092 1.083
r(C-H;) 1.088 1.098 1.093 1.088 1.086 1.079 1.088  1.094 1.093 | 1.088 1.086 1.079
r(O1-Hy) 0.961 1.185 1.845 0.959  0.962 0.964 0.961 1.188 1.862 | 0.959 0.962  0.964
r(Ho-O,) 2.157 1.147 0.976 2.115  1.156 0.975
r(H;-0,) 2.593 1.328 0.977 2.569 1.341 0.976
r(Cl-Hyp) 2.607
r(Br-Hy) 2.751
r(Cl-H,) 2.645 2.951
r(Br-H;) 2.630
r(Cl-0y) 3.112 3.149
r(Br-Oy) 3.217 3.253
0(C-0:-Hy) 107.8 112.4 104.1 108.6 109.9 109.7 107.7 111.8 103.7 108.6 109.9  109.7
0(0,-C-H,) 112.1 110.7 112.9 112.1 108.9 92.5 112.1 109.5 1129 112.1 109.3 92.9
0(0,-C-H,) 112.2 113.2 105.0 111.9 115.0 118.5 1122 109.7 105.0 111.8 114.8 1185
0(0;-C-H3) 107.4 107.3 111.5 107.0 109.9 113.6 107.5 113.2 1115 107.1 109.6  113.6
6(0,-Hy-0,) 141.0 165.6 157.2 143.8 164.7 156.6
0(H,-0,-Cl) 97.7 107.6 102.5
0(Hy-0,-Br) 99.1 110.1 102.7
0(0,-H;-C) 107.9 1664 152.0 107.9 1683 1535
0(C1-0,-H,) 99.4  104.6 103.4
0(Br-0O,-H;) 103.0 105.6  103.8
0(Ho-0,-C-H)) 58.7 38.1 19.1 -59.9 -70.2 -63.6 -57.6 393 -19.0 | -59.5 -71.3  -65.6
0(Ho-0,-C-Hy) -63.7 -86.3 -98.3 63.0 45.2 27.6 64.7 154.6 98.3 63.5 449 27.2
0(Ho-0;-C-H3) 177.4 152.2 146.8 -178.2  174.6 177.4 -176.3 -804 -146.7 | -177.7 173.6 177.1
#(0,-Hp-0,-C) -64.3 2.9 -28.0 66.1  -73.5 30.0
0(Cl-0,-Hy-0y) -32.0 -57.3 -51.5
O(Br-0,-Hy-0y) 30.6 68.6 543
#(0,-H;-C-0)) -75.7 37.0 53.8 -76.4 322 533
0(Cl-0,-H,;-C) 50.2 -15.8 12.6
¢(Br-O,-H;-C) 52.1  -15.5 15.2
L 1.2 0.4 1.2 0.3
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Table 2. Calculated Rotational Constants (MHz) and Unscaled Vibrational Frequencies (cm™) at MO06-2X/cc-pVTZ level for the
Reactants, Transition States, Molecular Complexes and Products.

Species IRotational Constants \Vibrational Frequencies (in em™)
(in MHz)

CH;0OH 129091, 24995, 24126 255,1071, 1119, 1183, 1374, 1489, 1509, 1520, 3024, 3078, 3145, 3910

OCl 18671 900

OBr 12939 784

PreM11 11809, 2222, 2123 61, 75, 82, 163, 170, 534, 924, 1096, 1125, 1185, 1417, 1491, 1513, 1525, 3020, 3071, 3138,
3886

PreM12 10608, 2573, 2125 40, 48, 79, 103, 141, 306, 914, 1070, 1110, 1184, 1373, 1490, 1503, 1522, 3034, 3090, 3145,
3900

PreM21 10147, 1672, 1577 44, 66, 73, 111, 176, 484, 785, 1084, 1121, 1185, 1392, 1489, 1507, 1522, 3023, 3073, 3138,
3863

PreM22 8909, 1954, 1635 45, 48, 91, 98, 133, 323, 784, 1071, 1109, 1183, 1374, 1491, 1502, 1518, 3035, 3092, 3146,
3899

TSI11 12369, 2850, 2459 19461, 60, 118, 157, 272, 532, 784, 865, 1063, 1110, 1191, 1356, 1404, 1449, 1496, 2957, 3023,
3098

TS12 10914, 2935, 2375 12501, 35, 133, 276, 348, 499, 634, 882, 1092, 1178, 1232, 1323, 1390, 1450, 1504, 3061, 3170,
3860

TS21 10560, 2117, 1785 1918i, 64, 88, 160, 307, 510, 737, 894, 1057, 1124, 1171, 1386, 1423, 1473, 1504, 2870, 3032,
3091

TS22 9531, 2115, 1762 11244, 88, 118, 275, 335, 497, 630, 830, 1085, 1179, 1239, 1328, 1386, 1442, 1505, 3064, 3177,
3865

postM11  |11376, 2376, 2181 29, 68, 96, 123, 229, 603, 806, 927, 1018, 1131, 1372, 1385, 1408, 1519, 2956, 3049, 3105,
3610

PostM12 (10350, 2571, 2287 64, 124, 134, 182, 245, 408, 565, 757, 804, 1084, 1257, 1360, 1380, 1497, 3139, 3279, 3564,
3840

PostM21 9900, 1740, 1609 41, 70, 96, 125, 224, 593, 701, 926, 1017, 1131, 1323, 1377, 1405, 1518, 2958, 3049, 3103,
3635

PostM22 8735, 1911, 1705 57, 104, 126, 178, 238, 403, 557, 700, 754, 1081, 1255, 1294, 1374, 1496, 3140, 3280, 3592,
3836

CH;0 158442, 28006, 27835 237,972, 1137, 1384, 1389, 1526, 2966, 3036, 3077

CH,0OH 194266, 30120, 26338 412, 596, 1066, 1240, 1365, 1496, 3143, 3280, 3906

HOCI1 619444, 15350, 14979 822, 1284, 3856

HOBr 620433, 10758, 10574 692, 1212, 3860

This journal is © The Royal Society of Chemistry [year]
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Table 3. The AIM calculated electron density (p, in au) of Bond Critical Points (BCP) of the stationary points of CH;0H+XO

(X=Cl, Br) reaction computed at the level of M06-2X/cc-pVTZ.

CH;O0H+CIO reaction
Parameters Reactants Products R1 R2
CH;0H ClO CH;0 CH,0H HOCI | PreM11 TS11  PostM11 | PreM12 TS12 PostM12

p (Cl-Oy) 0.278 0.218 0.280 0.243 0.220 0.280 0.240 0.222
p (0,-H) 0.367

p (C-0y) 0.260 0.290  0.282 0.262 0.277 0.283 0.257 0.279 0.289
p (C-Hy) 0.289 0.287 0.287 0.280 0.291 0.289 0.196 0.022
p (C-Hy) 0.289 0.287 0.294 0.289 0.292 0.273 0.290 0.290 0.293
p (C-Hj) 0.293 0.274  0.298 0.293 0.281 0.288 0.293 0.295 0.298
p (0;-Hyp) 0.372 0.371 0.369 0.176 0.033 0.372 0.367 0.364
p (Ho-O,) 0.016 0.202 0.350

p (H;-O,) 0.008 0.131 0.349
p (Cl-Hy) 0.012
p (Cl-Oy) 0.010 0.010

p (CI-H)) 0.011 0.006

CH;0H+BrO reaction
Parameters Reactants Products R3 R4
CH;OH BrO | CH;0O CH,OH HOBr | PreM21 TS21 PostM21 | PreM22 TS22 PostM22

p (Br-0,) 0.211 0.170 0.212 0.191 0.173 0.213 0.188 0.174
p (0,-H) 0.366

p (C-0y) 0.260 0.290 0.282 0.262 0.282 0.283 0.257 0.278 0.288
p (C-H)) 0.289 0.287 0.287 0.270 0.290 0.290 0.201 0.021
p (C-Hy) 0.289 0.287 0.294 0.289 0.287 0.273 0.289 0.290 0.293
p (C-H;) 0.293 0.274 0.298 0.293 0.290 0.288 0.294 0.295 0.298
p (0;-Hyp) 0.372 0.371 0.368 0.176 0.032 0.372 0.367 0.364
p (Hy-O») 0.018 0.196 0.351

p (H;-O,) 0.008 0.126 0.350
p (Br-Hy) 0.011
p (Br-Oy) 0.010 0.010

p (Br-Hy) 0.015
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Table 4. Kinetic and thermodynamic parameters (in kcal/mol) of the transition states and the overall reaction for H-abstraction
reaction of CH;0H by XO (X=Cl,Br) radical relative to reactants at 298.15 K. All values are Spin-Orbit and ZPE corrected.

CCSD(T)/cc-pVTZ/IM06-2X/cc-pVTZ

Reaction AEy AGy AHG ,AE, ,AG, AH, AS,
CH;0H+0Cl— CH;0+HOCI (R1) 13.31 21.92 12.75 7.57 6.55 790 4.53
CH;0H+0Cl — CH,OH+HOCI (R2) 8.81 17.38 8.14 0.38 -047 0.66 3.79
CH;0H+0OBr — CH30+HOBr (R3) 12.52 21.23 11.96 6.43 541 6.76 4.53
CH;0H+0OBr — CH,OH+HOBTr (R4) 8.3517.50 7.63 -0.76 -1.60 -0.47 3.79

10 Table 5. Kinetic and thermodynamic parameters (in kcal/mol) of the pre- and post-reactive molecular complexes for H-

abstraction reaction of CH;0H with XO (X=CL,Br) radical relative to reactants at 298.15 K. All values are Spin-Orbit and ZPE

corrected.

CCSD(T)/cc-pVTZ//IM06-2X/cc-pVTZ

Species AE, AG, AH,
PreMIl  -2.06 5.43 2.06
N PreMI2  -1.11 5.54 -0.81
PreM21  -3.16 4.06 3.03
PreM22  -1.59 533 131
PostMIl  2.61 9.73 2.65
PostMI2  -3.93 4.14 391
PostM21  1.63 9.12 1.66
PostM22  -5.13 2.92 -5.04
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Table 6. CVT calculated rate constants (cm’molcule’s™) and branching ratio (¢ in %) of CH;OH+CIO (R1, R2) and
CH;0H+BrO (R3, R4) reactions for the temperature range 200-2500 K at CCSD(T)/cc-pVTZ//M06-2X/cc-pVTZ.

Rate constant, k (cm*molecule's™)

Branching ratio, ¢ (%)

Temperature (K)

RI kRZ kovl kR3 kR4 kovZ Rl R2 R3 R4
200 4.84x10%°  725x10%°  725x10%° 4.25x10%" 8.20x10%° 8.62x102° 0.00 100.00 4.93 95.07
220 3.65x10%*  2.18x10"  2.18x10"° 143x10%° 2.82x10"° 296x10" 0.00 100.00 4.82 95.18
240 1.99x10%  551x10"  551x10" 4.00x10%° 8.03x10"° 8.43x10° 0.00 100.00 4.75 95.25
260 8.47x10%  1.22x10"®  1.22x10"® 9.74x10%° 1.98x10"™® 2.07x10"® 0.01 99.99  4.69 9531
280 295x10%2  243x10"  243x10"  2.12x10"°  4.34x10"®  455x10'%  0.01 99.99  4.66 95.34
298 7.93x10%2  421x10™  421x10"® 3.95x10" 8.12x10®  851x10™® 0.02 9998  4.64 9536
320 230x10%  7.62x10"  7.62x10"  7.78x10"° 1.60x10Y7 1.68x1077 0.03 99.97 4.62 95.38
340 541x10%0 1.23x10"7  1.23x10"7  1.35x10"®  2.79x107  2.92x10"7  0.04 9996 4.62 9538
360 1.16 x10%  1.89x107  1.89x10"7 222x10"®  4.59x10"7  4.81x107 006 99.94 4.62 9538
380 232x10%  2.79x107  2.80x10"7  3.50x10"®  7.21x10"7  7.56x1077  0.08 99.92  4.62 95.38
400 433x10%  3.98x107 3.99x10"7  530x10"®  1.09x10'® 1.14x107'° 0.11 99.89  4.63 95.37
500 489x10"  1.60x107'° 1.61x10" 2.78x10"7 5.63x10'® 5.90x10'® 030 99.70 4.71 95.29
600 2.61x101  427x107'  430x10" 9.19x10"7 1.82x10° 1.91x10"° 061 9939  4.81 95.19
700 8.97x10"®  892x10" 9.01x10"® 231x10"° 445x10"° 4.68x10"° 1.00 99.00 4.93 95.07
800 233x10"7  1.59x10°  1.62x10"°  4.83x10'¢ 9.10x10"° 9.58x10° 1.44 9856  5.05 94.95
900 5.03x10"7  256x10"°  2.61x10"°  8.92x107°  1.64x10  1.73x10™ 1.93 98.07 516 94.84
1000 948x10"7  379x10" 3.89x10° 1.50x10° 2.70x10*  2.85x10™ 244 9756 528 94.72
1100 1.62x10%  532x10"°  548x10"° 236x10"°  4.14x10™  437x10™ 295 97.05 539 9461
1200 2.56x101%  7.13x10°  738x10"°  3.51x10"°  6.02x10*  6.37x10* 346 96.54  5.51 94.49
1300 3.81x10  922x10"  9.60x10"°  5.00x10"° 8.40x10* 890x10™ 3.96 96.04 561 9439
1400 540x10'  1.16x10™  1.21x10™  6.87x10"°  1.13x10"°  1.20x10"° 445 9555 572 9428
1500 7.38x101  1.43x10™  1.50x10™ 9.16x10"° 1.48x10® 1.58x10"° 4.92 9508 582 94.18
1600 9.77x10 1.72x10™ 1.82x10™ 1.19x10™ 1.90x10" 2.02x10" 538 9462 591 94.09
1300 1.58x101°  238x10™*  254x10™  1.90x10™ 2.93x10" 3.12x10"* 624 93.76  6.10 93.90
2000 238x10%  3.15x10™*  339x10™  2.86x10 4.26x10"°  4.55x10"°  7.03 9297 628 93.72
2500 523x10° 548 x10™  6.00x10"  649x10™ 9.06x10"° 9.71x10" 872 9128  6.68 93.32

s Table 7. Calculated Arrhenius parameters over the temperature range 200-2500 K for CH;0H+XO (X=Cl, Br) reaction.

Reaction

CCSD(T)/cc-pVTZ/IM06-2X/cc-pVTZ

A (cm’molecule’'s™)

n E,(kcal/mol)

CH;0H+0Cl— CH;0+HOCI (R1) 4.55x10% 1.70 8.13
CH;0H+0C1 — CH,0H+HOCI (R2) 7.37 x10°" 1.54 4.17
CH;0H+0Br — CH;0+HOBr (R3) 7.39 x10°% 2.74 4.16
CH;O0H+0Br — CH,OH+HOBr (R4) 1.74 x10°%° 2.38 4.40
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