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Abstract: Aromatic compounds such as benzene, toluene and xylene are
important constituents of gasoline fuels, solvents and are ambient air
pollutants in urban areas. The atmospheric degradation of xylene leads to
the formation of dimethylphenols, which are highly reactive in the
atmosphere. The dominant degradation process for dimethylphenols is
their reaction with OH radical, which proceeds by H-atom abstraction
from the alkyl substituted groups. The resulting alkyl radical further
undergo oxidation reaction with O,, leading to the formation of an alkyl
peroxy radical. This alkyl peroxy radical further reacts with atmospheric
species to generate new products. In the present work, the possible ring
cleaving reaction mechanism for OH initiated reaction of 2,.3-
dimethylphenol is studied, the different reaction pathways are modeled,
and the major product channels are identified by theoretical methods. The
potential energy surface for the reaction system is characterized by using
DFT-B3LYP/6-31G(d,p) level of theory. The connectivity of the
transition states with their corresponding reactants and products is
confirmed by intrinsic reaction coordinate calculations. The rate constants
of the reaction channels are calculated using canonical variational
transition state theory (CVT) with small curvature tunneling (SCT)
corrections over the temperature range of 278-350 K. The formation of 3-
hydroxy-2-methyl-2H-pyran-2-carbaldehyde is found to be favorable
with a small energy barrier of 7.74 kcal/mol and with a rate constant of
2.22 x 10" ecm’molecule™'s™ at 298 K. Thus, the peroxy radical chemistry
achieves the conversion of dimethylphenol to unsaturated dicarbonyls and
aldehydes, thereby aiding oxidation and combustion processes that either
releases large amount of energy or form reactive free radicals.

Keywords: Dimethylphenols, oxidative degradation, barrier height, rate
constant.

1. Introduction

Aromatic compounds such as benzene, toluene and xylene are vital air
pollutants in urban areas. Exceptional use of automobile fuel results in

*Paper presented in CONIAPS XIII at UPES, Dehradun during June 14-16, 2011.
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substantial emissions of aromatic compounds into atmosphere'”. The
atmospheric degradation of these aromatics is initiated through oxidation
reaction by OH radical*®. Understanding the oxidation chemistry of aromatic
compounds is important, because this reaction 1is responsible for
photochemically produced tropospheric ozone®. The oxidation of aromatic
compounds leads to the formation of secondary aerosols, which have
particular concern on human health and climate’. The reaction of aromatic
compounds with OH radical produces cresols, phenols and
dimethylphenolss. Hence, in order to understand the environmental
implications of aromatic compounds present in the atmosphere, a detailed
study of the degradation mechanism of these products is very essential. Also,
an accurate modeling of the reaction mechanism will provide information
about the degradation products and their lifetimes.

Among the aromatic compounds, dimethylphenols are formed due to the
oxidation of xylene by OH radical in the atmosphere. They are also obtained
from coal tar or petroleum as by-products in the fractional distillation and in
coal gasiﬁcation3. Dimethylphenols are related to various health hazards
such as cardiovascular, respiratory and skin toxicants. Hence, it is very
important to know whether dimethylphenol remain as such in the atmosphere
or it will degrade into new products which can be harmless, less harm or
even hazardous to life on earth. The atmospheric degradation of aromatic
compounds proceeds via complex pathways which generate a large number
of products. Few smog chamber experiments have focused on identifying the
products formed during the atmospheric degradation of dimethylphenol**".
However, through experimental studies, this is very challenging as the
simultaneous identification and quantification of the large number of
chemically similar products is a difficult task. To overcome this difficulty,
quantum chemical methods provide the best tools to identify and
characterize the complex degradation pathways. Despite its recognized
importance and a great deal of scientific study, the atmospheric degradation
of dimethylphenol remains unclear. In view of the above mentioned
exposures and the practical importance of the degradation of dimethylphenol
by OH radicals, the principal aim of this work is to characterize the full
potential energy surface of the reaction system by carefully mapping out the
various degradation processes using computational methods.

In the present work, the reaction between 2,3-dimethylphenol and OH
radical is studied, which is initiated through abstraction of H-atom present in
the phenol group or methyl group of 2,3-dimethylphenol by OH radical. The
H-atom abstraction from phenolic group further undergoes secondary
reaction with O, leading to the formation of 2,3-dimethylphenol-
benzoquinone''. As shown in Scheme 1, the H-atom abstraction from methyl
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group results in the formation of an alkyl radical. The initially formed alkyl
radical is found to react more rapidly with O, and a peroxy radical is formed
which is the major transformation in the troposphere™. At lower
temperature, this peroxy radical is stabilized by bath gas collisions and is
able to participate in further bimolecular reactions. This peroxy radical is the
key intermediate in the reaction mechanism and has excess energy to further
undergo reaction with HO, in the atmosphere leading to the formation of
new compounds. As shown in Scheme 1, the reaction between peroxy
radical and HO, leads to the formation of formic acid, 3-methylphenol and
O,. The formic acid so formed contributes significantly to the acidity of
atmospheric precipitation and is further degraded by atmospheric
heterogeneous transformations'. The 3-methylphenol further undergoes
oxidation reaction with O, leading to the formation of organic compounds
such as dicarbonyls, aldehydes and alcohols. These products can further
decompose to glyoxal and butanedial which are the principal oxidation
products of aromatic compounds'®"’,

The secondary reactions of peroxy radical with HO, slow down the free
radical driven photochemical oxidation reactions and reduce the formation of
ozone. Also, these reactions represent an important chemical sink for HOx
radicals in the troposphere. Hence, the reactions of peroxy radical with HO,
are of comparable importance in the atmospheric fate of dimethylphenols.
Previous studies on the reactions of dimethylphenol with OH radical have
focused only on the initial H-atom abstraction step and its kinetics’'". To
date, no detailed study regarding the reaction mechanism, degradation
products, and kinetics of the subsequent reactions of dimethylphenol with
OH radical is available in the literature. Hence, this work mainly focused on
the study of possible pathways of the reaction between 2,3-dimethylphenol
and OH radical which leads to the formation of several products of
environmental concern. Theoretical calculations using density functional
theory have been performed in this work aiming to assess the feasibility of
the reaction channels and to provide thermochemical data for the reaction
system. The transition states corresponding to possible intermediates and
products are located to identify the reaction pathways. Also, in order to
predict the lifetime of dimethylphenol emitted into the atmosphere, the rate
constants over the temperature range of the troposphere, for the reactions
involving major product channels are determined using Variational
Transition State Theory.

2. Computational Methodology

The geometry of the reactant, intermediates, transition states and
products on the potential energy surface of the reaction system of
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dimethylphenol with OH were optimized by the hybrid density functional
B3LYP method®" with the 6-31G(d,p) basis set. Previous studies on
atmospheric reactions show that the structures and energies obtained with
B3LYP method is comparable with the results of MP2, CCSD(T) and
QCISD methods®* . In the present work, B3LYP/6-31G(d,p) level of theory
is used to obtain the structure and energy of the reacting species. The same
method was used to obtain vibrational frequencies and zero-point energy
(ZPE) corrections and to characterize the stationary points as minima or first
order saddle points. Global minima were confirmed with all positive
frequencies, while each transition state had one imaginary frequency
confirming their maxima in one reaction coordinate. Intrinsic reaction
coordinate (IRC) calculations?? were carried out in each case to confirm that
the transition state structures connect the designated reactant and product.
The paths were computed following the second order algorithm of Gonzalez
and SchlegelB. The energy derivatives including gradients and hessians at
geometries along the minimum energy path (MEP) were also obtained. The
barrier height and enthalpy of reaction were calculated by including
thermodynamic corrections to the energy at 298.15 K. All the electronic
structure calculations were performed using Gaussian 09 program package™*.

The potential energy surface, gradients and hessians obtained from
electronic structure calculations were directly used to calculate the rate
constants. The theoretical rate constants for the reactions were calculated
using canonical variational transition state theory (CVT)* . The tunneling
correction defined as the Boltzmann average of the ratio of the quantum and
classical probabilities was calculated using small curvature tunneling (SCT)
method®*”?®.  Through canonical variational transition state theory, the rate
constant at temperature T is given by

(1.1) k<" (T') = min kGT(T,s)’
where
k,T Q% (T,s) _
1.2 KT (T.g) = 258 Vyiep (8)/kpT
- (8= @ |

where k%" (T ,s)is the generalized transition state theory rate constant at the

dividing surface s, ¢ is the symmetry factor accounting for the possibility of
more than one symmetry related reaction path, kg is Boltzmann’s constant, h

is Planck’s constant, ¢" (T ) is the reactant partition function per unit volume,

and Q" (T ,s)is the partition function of a generalized transition state at s.



Reaction Mechanism and Kinetics of the Atmospheric 363

The generalized normal-mode analysis is performed in Cartesian
coordinates. The lowest vibrational mode of the transition state is treated as a
hindered rotation, and all other vibrations are treated harmonically. The
hindered rotor approximation® is used to calculate the partition function of
the lowest vibrational mode. The rate constant calculations were performed
by combining GAUSSRATE 2009A and POLYRATE 2010A programs™".

3. Results and Discussions

A. Reaction Mechanism and reaction paths:

The relative energy profile corresponding to different pathways of the
reaction system is shown in Figure 1. The structure of stationary points on
the ground-state potential energy surface of the reaction system optimized at
the B3LYP/6-31G(d,p) level of theory is shown in Figure 2. The enthalpy
(AE), Gibb’s free energy (AG) and barrier height of the reactive species with
ZPE corrected are summarized in Table 1. The intermediates, transition
states and products are labeled as I, TS and P, respectively, followed by a
number. The atoms are numbered as shown in Figure 2.

2, 3-dimethylphenol has two active sites for the reaction with hydroxyl
group. The reaction between 2, 3-dimethylphenol and OH radical is initiated
by H-atom abstraction from phenol group or from methyl group of 2,3-
dimethylphenol by OH radical. Earlier studies on reaction of aromatic
compounds with OH radical show that the reactions are initiated by
electrophilic addition of OH radical to the aromatic ring [10, 32]. But in the
case of 2, 3-dimethylphenol, the hydroxyl group is considerably more
reactive than CH; groups. However, the presence of methyl groups provides
steric hindrance to electrophilic addition of OH directly to the aromatic
carbon atoms. Thus, the reaction between 2, 3-dimethylphenol and OH
radical is found to occur more favorably by H-atom abstraction from methyl
group.

The initial H-atom abstraction reaction results in the formation of an
alkyl radical I1 with the elimination of a water molecule. This abstraction
reaction is characterized by a transition state TS1 with a very small barrier of
3.94 kcal/mol. In the transition state structure TS1, the angle between the H-
atom of CHj group and the reacting OH radical is found to be 130° which
was 92° in the reactants. Also, the distance between the H-atom of CHj
group and the O-atom of OH decreased by 0.5 A from that of the reactants.
This initial reaction is exothermic by -27.35 kcal/mol, as observed for other
H-atom abstraction reactions in earlier studies*™**. This reaction is endoergic
with a small free energy of 0.9 kcal/mol. The alkyl radical formed in the
initial step is found to undergo a secondary reaction with O, and this results
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in the formation of peroxy radical intermediate I12. This intermediate is
formed through a transition state TS2 with a small with a negative activation
barrier of 16.3 kcal/mol. The distance between the carbon atom in methyl
radical site and O-atom of O, in the transition state structure TS2 decreased
by 1.6 A from that of the reactants. Also, in the intermediate 12, the distance
between the carbon atom in methyl radical and O-atom is found to be 0.2 A
lesser than that of the transition state TS2. This intermediate is formed
exothermically with an enthalpy of -21 kcal/mol. This exothermicity is
similar to the benzylperoxy radical formation in a mild exothermic reaction
with a value of -20 kcal/mol*®. The reaction is endoergic with AG=6.9
kcal/mol. The associated reactions are

CsHsOH(CHs), + OH = C¢HsOHCH3(C' Hy) (I1) + H,0
C6H5OHCH3(C' Hz) + O, > C6H50HCH3(CHQOO)

As shown in Scheme 1, the peroxy radical thus formed further reacts
with HO, leading to the formation of 3-methylphenol, formic acid and O,.
The O-atom of peroxy group abstracts H-atom from HO, and the distance
between the C-atom in the second position and the C-atom attached to the
peroxy group is increased by 2 A and is therefore cleaved. Thus HCOOH
group is removed and the remaining H-atom in the radical makes a new bond
with the C-atom in the second position of C¢H;OH(CHj3) [see Figure 2].
Thus, the intermediate 3-methylphenol (I3) is formed. These products are
formed via a transition state TS3 with a barrier of 30.5 kcal/mol. In the
transition state structure TS3, the bond between the H and O atoms of HO, is
elongated by 1 A and a weak hydrogen bonding is observed between O-
atom of HO, and H-atom of phenol group of peroxy radical. This reaction
occurs in a highly exothermic process with an enthalpy of -86.02 kcal/mol,
and with a free energy of -4.31 kcal/mol. This high exothermicity implies
that the products formed in this reaction are highly activated with sufficient
energy to proceed with secondary reactions to form new decomposition
products. The associated reaction is,

C¢H3;0HCH3(CH,00") + HO, - C¢H4OHCH3 (I13) + O, + HCOOH

The 3-methylphenol formed in this reaction serves as a key intermediate for
the formation of ring cleavage products. The 3-methylphenol can
predominantly undergo subsequent reactions with O, to form to new
degradation products. The possible reactions are characterized by eight
degradation pathways and are discussed below.
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Pathway 1:

The reaction between the intermediate 13 and O, leads to the formation
of 6-hydroxymethyl-oxa-bicyclo [4,1,0] hepta-2,4-diene-2-ol (P1) through a
transition state TS4 with a negative activation barrier of 40.64 kcal/mol.
Here the energy barrier is negative because the transition state TS4 is
stabilized by the radical-induced dipole interactions between the reactants.
As shown in Figure 2, in the transition state structure TS4, one of the O-
atoms of O, forms a triangular structure with the carbon atom Cl-atom and
with its neighboring C2-atom from which the formic acid group was
eliminated. Also, the other O-atom forms triangular structure with the fourth
and sixth position C-atoms. This unstable structure further rearranges to
form an alcoholic compound as shown in Figure 2. The C-O bond of COC-
group attached to phenolic group in TS4 elongates by 1 A and the O-atom
makes a new bond with the aromatic C-atom to which the methyl group is
attached, thereby forming a triangular structure. The O-atom bonded with
this aromatic C-atom migrates and one of the H-atoms of CH; group shifts
its position to bind with this O-atom and thus an alcoholic product is formed.
This reaction occurs in a highly exothermic process with the products lying
51.8 kcal/mol below the reactants. As reported in Table 1, this product
channel is endoergic by 3.5 kcal/mol. The reaction involved is

(P1) CeH4OHCHs+ 0, > C¢H;OHO(CH,OH).

Pathway 2:

The second pathway involves the formation of 2-hydroxy-cyclopenta-2,
4-dienecarboxylic acid methyl ester (P2). This reaction is characterized by a
transition state TS5 with an energy barrier of 60.8 kcal/mol. In the transition
state structure TS5, the C-C bond in the second and sixth positions of the
aromatic ring loses its aromaticity and the O, molecule gets bonded with the
C-atom in the fourth position and thus a peroxy group is formed. As shown
in Figure 2, this transition state TS5 further rearranges itself and the bond
between the fourth and sixth position C-atoms is cleaved and a new bond is
formed between the C-atoms in the second and sixth positions. Also, one of
the O-atoms of peroxy group bifurcates the C-C bond between the fourth
position C-atom and that of the methyl group in order to form C-O-C group
and the other O-atom makes a double bond with that of the C-atom in the
fourth position. Thus, a neutral product is formed. This product channel is
formed exothermically with a reaction enthalpy of -76.83 kcal/mol and the
reaction is endoergic with a free energy of 3.18 kcal/mol. This reaction is not
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so feasible due to the pronounced barrier height of TS5. The corresponding
reaction is

(P2) CeH4OHCH3+ 0, > CsH;OHCH;0(C=0).

Pathway 3:

The next reaction is the aromatic ring opening leading to a neutral
product 2-hydroxy-cyclohept-4-ene-1,3-dione (P3). In this reaction, the bond
between the sixth position C-atom and that of the methyl group is broken,
and the C-atom of methyl group makes new bond with that of the aromatic
C-atom and therefore a circular structure is formed. As shown in Figure 2,
the H-atoms attached to the C-atoms shift their positions and the reacting O,
molecule is also cleaved. The O-atoms then get bonded with the C-atoms in
which the H-atoms were lost and possess double bond character. This ring
opening and rearrangement reaction occurs through a transition state TS6
whose barrier is found to be -40.57 kcal/mol. The transition state structure
TS6 is an aromatic structure in which the reacting O, molecule thereby splits
into two O-atoms and binds inductively with the aromatic C-atoms. As given
in Table 1, this reaction is also a highly exothermic reaction with reaction
enthalpy of -85.12 kcal/mol and a free energy of 3.82 kcal/mol. The reaction
involved is

(P3) CsH4OHCH;3+ O, > C5H7OH(C=O)2

Pathway 4:

This pathway includes continuous association and disassociation
processes, which leads to a complete ring breaking reaction and an open
chain product 7-hydroxy-hepta-4,6-diene-2,3-dione (P4) is formed. This
reaction occurs via a transition state TS7 with a potential barrier of 29.4
kcal/mol. In the transition state TS7, the reacting O, molecule is cleaved and
one of the O-atoms gets bonded between the first and second position C-
atoms of I3, while the other O-atom forms a triangular structure with the
fourth and sixth position C-atoms. Also, the O-atom bonded between the
first and second positions forms an intermolecular hydrogen bonding with
the H-atom bonded to the C-atom in the second position. Further, as shown
in Figure 2, this transition state structure disassociates into a neutral product.
This open chain product can again degrade to form important products like
methyl glyoxal and butanol. This reaction channel is highly exothermic by
79.21 kcal/mol and the reaction occurs in a mild exoergic process with a
small free energy of -0.18 kcal/mol. The corresponding reaction is
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(P4) CsH;OHCH;+0,~> C4H,0HCH;COH(C=0) .

Pathway 5:

This reaction occurs through breaking of the C-C bond between C4 and
C2 of the methyl group attached to it, and forming the C-C bond between the
second position C-atom and C-atom of the methyl group of 3. The reacting
O, molecule again splits and one of the O-atoms get bonded between the
fourth and sixth position C-atoms and the other O-atom possess double bond
character with that of the second position C-atom. Thus an aldehyde product
3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde (P5) is formed [see Figure 2].
Three transition state structures (TS8, TS8, TS8 ) were identified for this
reaction channel. As shown in Figure 2, the geometries of these transition
states essentially differ from one another based on the orientation of the O-O
bond of O, with respect to C-C bonds of 13. In the transition state structure
TS8, the O, molecule is aligned in plane with respect to the C-atoms in the
first and sixth positions of I3 with an energy barrier of 8.39 kcal/mol above
the reactants. In the transition state structure TS8, the bond between the
fourth and sixth position C-atoms of I3 is cleaved and one of the O-atoms
binds between the two C-atoms. The other O-atom binds with the C-atom in
the first position of I3. This transition state TS8 involves a small barrier of
7.74 kcal/mol. In the transition state structure TS8&, one of the O-atoms binds
between the first and second position C-atoms and the other O-atom binds
between the fourth and sixth position C-atoms of I3, with a negative
activation barrier of 22.41 kcal/mol. Of the three transition state structures,
this reaction is found to occur likely through TS8' due to its small barrier of
7.74 kcal/mol, and therefore this reaction is kinetically accessible. This
product channel is also exothermic by 71.94 kcal/mol and the is endoergic
with AG=2.88 kcal/mol. The corresponding reaction is

(P5) CsH4OHCH3+0,-> CsH;O0HCH;(CHO).

Pathway 6:

The next significant pathway leads to the formation of 7-methyl-2,8-
dioxa-bicyclo[5,1,0]octa-3,5-diene-3-ol (P6). Here, the reacting O, molecule
is cleaved and one of the O-atoms binds between the C-atoms in the first and
second positions and the other O-atom forms a triangular structure between
the second and fourth position C-atoms of I3. This product channel is formed
through a transition state TS9 with a barrier of 8.39 kcal/mol above the
reactants. The structures of TS9 and TS8 are similar except a small decrease
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in distance between the sixth position C-atom of I3 and O-atom of O, in TS9
by about 0.3 A from that of TSS. This reaction is the second most favorable
due to a small barrier of 8.39 kcal/mol. This product is formed in an
exothermic reaction with AH=-56.08 kcal/mol and the reaction is endoergic
by 3.09 kcal/mol. The reaction involved is

(P6) CcH4sOHCH;3+0,~> C,HsOHCH;3 (COQO),.
Pathway 7:

The reaction between 13 and O, can also lead to an adduct formation in
which the O, molecule is cleaved and the O-atoms get attached between the
aromatic C-atoms as shown in Figure 2. Thus, the product 2-methyl-[1,4]
dioxocin-5-ol (P7) is formed. These compounds are relatively stable global
pollutants and are very hazardous. This product formation is associated with
a transition state TS10 with a barrier of 22.41 kcal/mol below the reactants.
In the transition state structure TS10, the C-O bond distance is greater by 0.5
A than that of the product. This reaction is exothermic by 50.61 kcal/mol and
is endoergic with a free energy of 2.22 kcal/mol. The barrier for this reaction
is considerably small and hence this reaction is energetically favorable. The
process involved is

(P7) CcH,OHCH3+0,~> C4HsOHCH3(COC),

Pathway 8:

This pathway involved a complicated structural rearrangement of I3 on
reaction with O;. One of the O-atoms of O, acquires double bond character
with the sixth position C-atom and the other O-atom bifurcates the bond
between first and second position C-atoms and attaches exactly halfway
between them. The distance between the first and sixth position C-atoms is
contracted and a new bond is formed between them, resulting in the
formation of 1-(1-hydroxy-2-oxa-bicyclo [2,2,0] hex-5-en-3-yl)-ethanone
(P8). This complex product formation occurs through a small barrier of
12.06 kcal/mol at the transition state TS11. Such a small barrier favors this
product formation. As shown in Figure 2, the transition from the reactants to
the product involve the formation of a five-membered ring in which the CH;
group attached in the fourth position of 13 shifts its position and binds with
the second position C-atom. Also, the reacting O, molecule becomes cleaved
and one of the O-atoms makes bond with C-atom in the first position and the
other O-atom binds with C4-atom. This reaction is the least exothermic
channel among all the studied reactions with an exothermicity of 40.43
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kcal/mol and this reaction is endoergic by 1.66 kcal/mol. The corresponding
reaction is,
(P8) C6H4OHCH3+029C5H4OHO(OCCH3).

Thus, the eight pathways are identified for the secondary reactions of OH
with 2,3-dimethylphenol. Of all the pathways studied, the pathway 5 leading
to the formation of 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde is found
to be the most favorable due to its small barrier of 7.74 kcal/mol.

B. Kinetics:

The results discussed in the previous section suggests that different
secondary reactions could determine the overall reaction of 2, 3-
dimethylphenol with OH. Hence, the rate of reaction corresponding to the
formation of major byproducts from the oxidation reaction is crucial to
determine the impact of dimethylphenol in the atmosphere. The rate
constants are calculated using canonical variational transition state theory
(CVT) with small curvature tunneling (SCT) corrections over the
temperature range of 278-350 K with ZPE corrected energies, gradients and
hessians calculated at B3LYP/6-31G(d,p) level of theory. Since, no
crossover has been observed between different reaction pathways, the overall
rate constant can be calculated as the sum of the rate constants of each
subsequent reaction. The results obtained for the formation of 3-hydroxy-2-
methyl-2H-pyran-2-carbaldehyde (P5), which is the most favorable reaction
are discussed below.

The formation of 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde consists
of four reaction channels as described in Scheme 1. The rate constants for
the formation of alkyl radical, peroxy radical, 3-methylphenol and the
product channel are designated as k,, ky, k¢, and kq, respectively. The overall
rate constant k is the sum of the individual rate constants k., ky, ke, and kg.
These rate constants are summarized in Table 2 for the temperature range of
278-350 K. As given in Table 2, the rate constants k, for the initial H-atom
abstraction channel shows positive dependence on temperature. The
calculated rate constant k, for H-abstraction reaction at 298 K is 1.73x10°"
cm’molecule”’s” which is quite comparable with the experimentally
observed value of 8.3x10"" cm’molecule’s”. Earlier studies show that
dimethylphenols are more reactive than dimethylbenzenes and
trimethylbenzenes'®. This is because both the methyl and hydroxyl groups
donate electron density to the aromatic ring and activates the ring. The
variation of k, with temperature is very small which suggests that the
activation energies around 298 K is close to zero.
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The calculated rate constant k, for the formation of peroxy radical is
8.81 x 10 cm’molecule™s™ at 298 K. The calculated rate constants show a
negative temperature dependence and this is due to the weak chemical
bonding between the C¢HsOHCH;3(CH,;) and OO fragments in peroxy
radical. Hence the reaction is reversible under tropospheric conditions and
leads to chemical equilibrium between I1 and O,. The rate constant k.
calculated at 298 K for the formation of 3-methylphenol, along with formic
acid and O, is .2 x10"" cm’molecule’'s?. This rate constant value is
comparable with the estimated rate constants for RO, + HO, reactions”’. The
rate constant k. increases with increase in temperature. The calculated rate
constant ky for the product channel is 5.51 x10™° cm’molecule™s™ at 298 K.
From the tabulated values, it has been observed that the rate constants kg
show a negative dependence on temperature. The overall rate constant k for
the total reaction pathway is calculated as 2.22 x 107" cm’molecule’’s™ at
298 K. This value is in agreement with the experimental results obtained for
the reactions of peroxy radicals with HO,"™. Thus the formation of
intermediate channel 13 alone determines the overall reaction rate. This can
be rationalized in terms of the structure of the peroxy radical. The —COO-
group in peroxy radical has high electron withdrawing character. Therefore,
when it undergoes subsequent reactions, it becomes highly reactive towards
the other atmospheric species. Thus, the peroxy radical serves as the key
intermediate in OH initiated reactions of alkylated aromatic compounds. The
Arrhenius expression fitting for the total rate constants over the temperature
range of 278-350 K is k = 3.55 x 107" ¢ T em’molecule's” and the
Arrhenius activation energy for the overall reaction is 16.82 kcal/mol. The
Arrhenius plot of the total rate constant is shown in Figure 3. The tunneling
effect is found to be significant only for the product channel with a tunneling
energy of 86.33 kcal/mol. In general, the tunneling effect is important for H-
atom abstraction reactions. But in this case, the energy barrier of the initial
H-atom abstraction reaction is broad as suggested by a small imaginary
vibrational frequency (-96.73 cm™) of the transition state TS1 and hence the
tunneling effect is negligible. Since the overall rate constant decreases for
increase in temperature, the reaction of 2,3-dimethylphenol with OH radical
is significant in the lower layers of troposphere.

3. Conclusions

The potential energy surface, thermochemical and kinetic data for the
reaction of 2, 3-dimethylphenol with OH reveal several important aspects of
alkylated aromatic compounds in the atmospheric chemistry. From the
present study, the following main conclusions are arrived.
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1. The reaction between 2,3-dimethylphenol and OH radical is initiated by
H-atom abstraction from methyl group and further reacts with O, to form
a peroxy radical, a key intermediate in the reaction mechanism. This
peroxy radical has excess energy to further undergo reaction with HO; in
the atmosphere.

2. The reaction between peroxy radical of dimethylphenol and HO,
proceeds by the loss of peroxy group, leading to the formation of 3-
methylphenol, formic acid and O,. The 3-methylphenol further
undergoes oxidative degradation reaction with O,. The reaction pathway
corresponding to the formation of 3-hydroxy-2-methyl-2H-pyran-2-
carbaldehyde is found to be the most favorable due to the small barrier of
7.74 kcal/mol and the rate constant is found to be 2.22 x 10
cm’molecule’’s™ at 298 K.

3. All the studied reaction channels are found to be exothermic at 298.15 K.
The highest exothermicity of 85.12 kcal/mol is observed for the
formation of 2-hydroxy-cyclohept-4-ene-1, 3-dione which supports
autoignition and combustion processes.

4. The overall rate constant for all reactions show a negative temperature
dependence, and hence the lifetime of dimethylphenol is expected to
increase in the upper troposphere and lower stratosphere.

5. The results presented in this study allows for the elucidation of complete
reaction mechanism and kinetics of the major products of alkylated
aromatic compounds in the troposphere, thereby revealing the fact that
the atmospheric radicals themselves attempt to degrade the pollutants in
favor of life on earth.
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Scheme 1: Proposed reaction scheme for the reaction of 2,3-dimethylphenol with OH radical
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Figure 1: Potential energy surface for the proposed reactions of 2, 3-dimethylphenol with
OH radical. Relative energy (in kcal/mol) calculated at B3LYP/6-31 G(d,p)
level of theory is given
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Figure 2: The optimized structure of the reactive species in the pathways corresponding to
the reaction of 2,3-dimethylphenol with OH radical
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Figure 3: Arrhenius plot of the rate constants for the favorable reaction of 2,3-
dimethylphenol with OH radical
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Table 1: Relative energy (AE in kcal/mol) Enthalpy (AH in kcal/mol), Gibb’s Free Energy
(AG in kcal/mol) and Barrier height (in kcal/mol) for the proposed reactions of 2,3-
dimethylphenol with OH radical

Pathw | Speci AE Reactions AH | AG Bamer
ays es height
R 0 -
C¢HsOH(CHj3),+ OH - C¢HsOHCH;(C H. 27.3
TSI | 5.09 HORCH): D)+ O (CHR 273 19 -
- I -2735 CsHsOHCHy(CH)+0, > -8 163
Initial TS2 -19.13 CsHsOHCH;3(CH,00) 21.0 - '
step ! 43 | 30.51
2 24.82 C5H3OHCH3(CH200 )+H029C6H4OHCH3+ - 1
0,+HCOOH 86.0
TS3 34.05 2
13 -84.46
1 CsH4sOHCH;3+0,~>C¢H;OHO(CH,OH) 51.8 6 -40.64
P1 -53.94 7
2 CsH4sOHCH;3+0,~>CsH,;OHCH;0(C=0) 76.8 8 60.80
P2 -79.13 3
TS6 -42.25 - 38
3 C¢H4,OHCH;5+0,->CsH,;OH(C=0), 85.1 2 -40.57
P3 -87.60 2
TS7 31.04 - 0.1
4 C¢H4OHCH;+0,>C4H,OHCH;COH(C=0) | 79.2 9 29.40
P4 -80.00 1
TS8 8.30 - 238
5 C¢H4OHCH;3+0,->CsH3;0HCH;(CHO) 71.9 8 7.74
P5 14.38 4
TS9 8.30 - 3.0
6 CsH4sOHCH;+0,~>C4HsOHCH;(COC), 56.0 9 8.39
P6 -58.0 8
TS10 -22.6 - 22
7 CsH4sOHCH;+0,~> C4HsOHCH;(COC), 50.6 2 -22.41
P7 -52.17 1
TS11 12.68 - 1.6
8 C¢H4OHCH;3+0,~>CsH,OHO(OCCHz) 404 6 12.06
P8 -41.23 3




Reaction Mechanism and Kinetics of the Atmospheric 379

Table 2: Rate constants k,, ky, k. and kq (in cm’ molecule™ s'l) for the individual reaction
channels and overall rate constant k (in cm® molecule™ s for the favorable reaction
(Pathway 5) of 2,3-dimethylphenol with OH radical.

Temperature kx10" | kyx10™ | kex10" | kgx10™ | kx10™""
278 1.72 4.63 2.19 2.09 2.21
288 1.72 6.46 2.19 3.45 2.21
298 1.73 8.81 2.20 5.51 222
308 1.73 0.11 2.21 8.53 223
318 1.73 0.15 2.21 0.12 2.24
328 1.74 0.20 222 0.18 2.25
338 1.74 0.25 222 0.27 2.26
348 1.74 0.32 223 0.38 2.27
350 1.74 0.33 223 0.40 2.28
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Abstract: Aromatic compounds such as benzene, toluene and xylene are important constituents of gasoline fuels, solvents and are ambient air pollutants in urban areas. The atmospheric degradation of xylene leads to the formation of dimethylphenols, which are highly reactive in the atmosphere. The dominant degradation process for dimethylphenols is their reaction with OH radical, which proceeds by H-atom abstraction from the alkyl substituted groups. The resulting alkyl radical further undergo oxidation reaction with O2, leading to the formation of an alkyl peroxy radical. This alkyl peroxy radical further reacts with atmospheric species to generate new products. In the present work, the possible ring cleaving reaction mechanism for OH initiated reaction of 2,3-dimethylphenol is studied, the different reaction pathways are modeled, and the major product channels are identified by theoretical methods. The potential energy surface for the reaction system is characterized by using DFT-B3LYP/6-31G(d,p) level of theory. The connectivity of the transition states with their corresponding reactants and products is confirmed by intrinsic reaction coordinate calculations. The rate constants of the reaction channels are calculated using canonical variational transition state theory (CVT) with small curvature tunneling (SCT) corrections over the temperature range of 278-350 K. The formation of 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde is found to be favorable with a small energy barrier of 7.74 kcal/mol and with a rate constant of 2.22 x 10-11 cm3molecule-1s-1 at 298 K. Thus, the peroxy radical chemistry achieves the conversion of dimethylphenol to unsaturated dicarbonyls and aldehydes, thereby aiding oxidation and combustion processes that either releases large amount of energy or form reactive free radicals.

Keywords: Dimethylphenols, oxidative degradation, barrier height, rate constant.


1. Introduction

Aromatic compounds such as benzene, toluene and xylene are vital air pollutants in urban areas. Exceptional use of automobile fuel results in substantial emissions of aromatic compounds into atmosphere1-3. The atmospheric degradation of these aromatics is initiated through oxidation reaction by OH radical4-5. Understanding the oxidation chemistry of aromatic compounds is important, because this reaction is responsible for photochemically produced tropospheric ozone6. The oxidation of aromatic compounds leads to the formation of secondary aerosols, which have particular concern on human health and climate7. The reaction of aromatic compounds with OH radical produces cresols, phenols and dimethylphenols8. Hence, in order to understand the environmental implications of aromatic compounds present in the atmosphere, a detailed study of the degradation mechanism of these products is very essential. Also, an accurate modeling of the reaction mechanism will provide information about the degradation products and their lifetimes.


Among the aromatic compounds, dimethylphenols are formed due to the oxidation of xylene by OH radical in the atmosphere. They are also obtained from coal tar or petroleum as by-products in the fractional distillation and in coal gasification3. Dimethylphenols are related to various health hazards such as cardiovascular, respiratory and skin toxicants. Hence, it is very important to know whether dimethylphenol remain as such in the atmosphere or it will degrade into new products which can be harmless, less harm or even hazardous to life on earth. The atmospheric degradation of aromatic compounds proceeds via complex pathways which generate a large number of products. Few smog chamber experiments have focused on identifying the products formed during the atmospheric degradation of dimethylphenol9-10. However, through experimental studies, this is very challenging as the simultaneous identification and quantification of the large number of chemically similar products is a difficult task. To overcome this difficulty, quantum chemical methods provide the best tools to identify and characterize the complex degradation pathways. Despite its recognized importance and a great deal of scientific study, the atmospheric degradation of dimethylphenol remains unclear. In view of the above mentioned exposures and the practical importance of the degradation of dimethylphenol by OH radicals, the principal aim of this work is to characterize the full potential energy surface of the reaction system by carefully mapping out the various degradation processes using computational methods.


In the present work, the reaction between 2,3-dimethylphenol and OH radical is studied, which is initiated through abstraction of H-atom present in the phenol group or methyl group of 2,3-dimethylphenol by OH radical. The H-atom abstraction from phenolic group further undergoes secondary reaction with O2 leading to the formation of 2,3-dimethylphenol-benzoquinone11. As shown in Scheme 1, the H-atom abstraction from methyl group results in the formation of an alkyl radical. The initially formed alkyl radical is found to react more rapidly with O2 and a peroxy radical is formed which is the major transformation in the troposphere12-14. At lower temperature, this peroxy radical is stabilized by bath gas collisions and is able to participate in further bimolecular reactions. This peroxy radical is the key intermediate in the reaction mechanism and has excess energy to further undergo reaction with HO2 in the atmosphere leading to the formation of new compounds. As shown in Scheme 1, the reaction between peroxy radical and HO2 leads to the formation of formic acid, 3-methylphenol and O2. The formic acid so formed contributes significantly to the acidity of atmospheric precipitation and is further degraded by atmospheric heterogeneous transformations15. The 3-methylphenol further undergoes oxidation reaction with O2 leading to the formation of organic compounds such as dicarbonyls, aldehydes and alcohols. These products can further decompose to glyoxal and butanedial which are the principal oxidation products of aromatic compounds16-17. 


The secondary reactions of peroxy radical with HO2 slow down the free radical driven photochemical oxidation reactions and reduce the formation of ozone. Also, these reactions represent an important chemical sink for HOx radicals in the troposphere. Hence, the reactions of peroxy radical with HO2 are of comparable importance in the atmospheric fate of dimethylphenols. Previous studies on the reactions of dimethylphenol with OH radical have focused only on the initial H-atom abstraction step and its kinetics9-10. To date, no detailed study regarding the reaction mechanism, degradation products, and kinetics of the subsequent reactions of dimethylphenol with OH radical is available in the literature. Hence, this work mainly focused on the study of possible pathways of the reaction between 2,3-dimethylphenol and OH radical which leads to the formation of several products of environmental concern. Theoretical calculations using density functional theory have been performed in this work aiming to assess the feasibility of the reaction channels and to provide thermochemical data for the reaction system. The transition states corresponding to possible intermediates and products are located to identify the reaction pathways. Also, in order to predict the lifetime of dimethylphenol emitted into the atmosphere, the rate constants over the temperature range of the troposphere, for the reactions involving major product channels are determined using Variational Transition State Theory.

2. Computational Methodology

The geometry of the reactant, intermediates, transition states and products on the potential energy surface of the reaction system of dimethylphenol with OH were optimized by the hybrid density functional B3LYP method18-19 with the 6-31G(d,p) basis set. Previous studies on atmospheric reactions show that the structures and energies obtained with B3LYP method is comparable with the results of MP2, CCSD(T) and QCISD methods20-21. In the present work, B3LYP/6-31G(d,p) level of theory is used to obtain the structure and energy of the reacting species. The same method was used to obtain vibrational frequencies and zero-point energy (ZPE) corrections and to characterize the stationary points as minima or first order saddle points. Global minima were confirmed with all positive frequencies, while each transition state had one imaginary frequency confirming their maxima in one reaction coordinate. Intrinsic reaction coordinate (IRC) calculations22 were carried out in each case to confirm that the transition state structures connect the designated reactant and product. The paths were computed following the second order algorithm of Gonzalez and Schlegel23. The energy derivatives including gradients and hessians at geometries along the minimum energy path (MEP) were also obtained. The barrier height and enthalpy of reaction were calculated by including thermodynamic corrections to the energy at 298.15 K. All the electronic structure calculations were performed using Gaussian 09 program package24.


The potential energy surface, gradients and hessians obtained from electronic structure calculations were directly used to calculate the rate constants. The theoretical rate constants for the reactions were calculated using canonical variational transition state theory (CVT)25-26. The tunneling correction defined as the Boltzmann average of the ratio of the quantum and classical probabilities was calculated using small curvature tunneling (SCT) method27-28.  Through canonical variational transition state theory, the rate constant at temperature T is given by
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is the generalized transition state theory rate constant at the dividing surface s, σ is the symmetry factor accounting for the possibility of more than one symmetry related reaction path, kB is Boltzmann’s constant, h is Planck’s constant, 
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is the partition function of a generalized transition state at s. The generalized normal-mode analysis is performed in Cartesian coordinates. The lowest vibrational mode of the transition state is treated as a hindered rotation, and all other vibrations are treated harmonically. The hindered rotor approximation29 is used to calculate the partition function of the lowest vibrational mode. The rate constant calculations were performed by combining GAUSSRATE 2009A and POLYRATE 2010A programs30-31.  

3. Results and Discussions

A. Reaction Mechanism and reaction paths:

The relative energy profile corresponding to different pathways of the reaction system is shown in Figure 1. The structure of stationary points on the ground-state potential energy surface of the reaction system optimized at the B3LYP/6-31G(d,p) level of theory is shown in Figure 2. The enthalpy (ΔE), Gibb’s free energy (ΔG) and barrier height of the reactive species with ZPE corrected are summarized in Table 1. The intermediates, transition states and products are labeled as I, TS and P, respectively, followed by a number. The atoms are numbered as shown in Figure 2.


2, 3-dimethylphenol has two active sites for the reaction with hydroxyl group. The reaction between 2, 3-dimethylphenol and OH radical is initiated by H-atom abstraction from phenol group or from methyl group of 2,3-dimethylphenol by OH radical. Earlier studies on reaction of aromatic compounds with OH radical show that the reactions are initiated by electrophilic addition of OH radical to the aromatic ring [10, 32]. But in the case of 2, 3-dimethylphenol, the hydroxyl group is considerably more reactive than CH3 groups. However, the presence of methyl groups provides steric hindrance to electrophilic addition of OH directly to the aromatic carbon atoms. Thus, the reaction between 2, 3-dimethylphenol and OH radical is found to occur more favorably by H-atom abstraction from methyl group.


The initial H-atom abstraction reaction results in the formation of an alkyl radical I1 with the elimination of a water molecule. This abstraction reaction is characterized by a transition state TS1 with a very small barrier of 3.94 kcal/mol. In the transition state structure TS1, the angle between the H-atom of CH3 group and the reacting OH radical is found to be 130° which was 92˚ in the reactants. Also, the distance between the H-atom of CH3 group and the O-atom of OH decreased by 0.5 Å from that of the reactants. This initial reaction is exothermic by   -27.35 kcal/mol, as observed for other H-atom abstraction reactions in earlier studies33-35. This reaction is endoergic with a small free energy of 0.9 kcal/mol. The alkyl radical formed in the initial step is found to undergo a secondary reaction with O2 and this results in the formation of peroxy radical intermediate I2. This intermediate is formed through a transition state TS2 with a small with a negative activation barrier of 16.3 kcal/mol. The distance between the carbon atom in methyl radical site and O-atom of O2 in the transition state structure TS2 decreased by 1.6 Å from that of the reactants. Also, in the intermediate I2, the distance between the carbon atom in  methyl radical and O-atom is found to be 0.2 Å lesser than that of the transition state TS2. This intermediate is formed exothermically with an enthalpy of -21 kcal/mol. This exothermicity is similar to the benzylperoxy radical formation in a mild exothermic reaction with a value of -20 kcal/mol36. The reaction is endoergic with ΔG=6.9 kcal/mol. The associated reactions are


C6H5OH(CH3)2 + OH ( C6H5OHCH3(C. H2)  (I1) + H2O

C6H5OHCH3(C. H2) + O2 ( C6H5OHCH3(CH2OO.)

As shown in Scheme 1, the peroxy radical thus formed further reacts with HO2 leading to the formation of 3-methylphenol, formic acid and O2. The O-atom of peroxy group abstracts H-atom from HO2 and the distance between the C-atom in the second position and the C-atom attached to the peroxy group is increased by 2 Å and is therefore cleaved. Thus HCOOH group is removed and the remaining H-atom in the radical makes a new bond with the C-atom in the second position of C6H3OH(CH3) [see Figure 2]. Thus, the intermediate 3-methylphenol (I3) is formed. These products are formed via a transition state TS3 with a barrier of 30.5 kcal/mol. In the transition state structure TS3, the bond between the H and O atoms of HO2 is elongated by    1 Å and a weak hydrogen bonding is observed between O-atom of HO2 and H-atom of phenol group of peroxy radical. This reaction occurs in a highly exothermic process with an enthalpy of -86.02 kcal/mol, and with a free energy of -4.31 kcal/mol. This high exothermicity implies that the products formed in this reaction are highly activated with sufficient energy to proceed with secondary reactions to form new decomposition products. The associated reaction is,

C6H3OHCH3(CH2OO.)  + HO2  ( C6H4OHCH3 (I3) + O2 + HCOOH

The 3-methylphenol formed in this reaction serves as a key intermediate for the formation of ring cleavage products. The 3-methylphenol can predominantly undergo subsequent reactions with O2 to form to new degradation products. The possible reactions are characterized by eight degradation pathways and are discussed below.

Pathway 1:

The reaction between the intermediate I3 and O2 leads to the formation of 6-hydroxymethyl-oxa-bicyclo [4,1,0] hepta-2,4-diene-2-ol (P1) through a transition state TS4 with a negative activation barrier of 40.64 kcal/mol. Here the energy barrier is negative because the transition state TS4 is stabilized by the radical-induced dipole interactions between the reactants. As shown in Figure 2, in the transition state structure TS4, one of the O-atoms of O2 forms a triangular structure with the carbon atom C1-atom and with its neighboring C2-atom from which the formic acid group was eliminated. Also, the other O-atom forms triangular structure with the fourth and sixth position C-atoms. This unstable structure further rearranges to form an alcoholic compound as shown in Figure 2. The C-O bond of COC-group attached to phenolic group in TS4 elongates by 1 Å and the O-atom makes a new bond with the aromatic   C-atom to which the methyl group is attached, thereby forming a triangular structure. The O-atom bonded with this aromatic C-atom migrates and one of the H-atoms of CH3 group shifts its position to bind with this O-atom and thus an alcoholic product is formed. This reaction occurs in a highly exothermic process with the products lying 51.8 kcal/mol below the reactants. As reported in Table 1, this product channel is endoergic by 3.5 kcal/mol. The reaction involved is


(P1)                    C6H4OHCH3+ O2 (  C6H4OHO(CH2OH).


Pathway 2:

The second pathway involves the formation of 2-hydroxy-cyclopenta-2, 4-dienecarboxylic acid methyl ester (P2). This reaction is characterized by a transition state TS5 with an energy barrier of 60.8 kcal/mol. In the transition state structure TS5, the C-C bond in the second and sixth positions of the aromatic ring loses its aromaticity and the O2 molecule gets bonded with the C-atom in the fourth position and thus a peroxy group is formed. As shown in Figure 2, this transition state TS5 further rearranges itself and the bond between the fourth and sixth position C-atoms is cleaved and a new bond is formed between the C-atoms in the second and sixth positions. Also, one of the O-atoms of peroxy group bifurcates the C-C bond between the fourth position C-atom and that of the methyl group in order to form C-O-C group and the other O-atom makes a double bond with that of the C-atom in the fourth position. Thus, a neutral product is formed. This product channel is formed exothermically with a reaction enthalpy of -76.83 kcal/mol and the reaction is endoergic with a free energy of 3.18 kcal/mol. This reaction is not so feasible due to the pronounced barrier height of TS5. The corresponding reaction is


(P2)                         C6H4OHCH3+ O2 (  C5H4OHCH3O(C=O).


Pathway 3:

The next reaction is the aromatic ring opening leading to a neutral product 2-hydroxy-cyclohept-4-ene-1,3-dione (P3). In this reaction, the bond between the sixth position C-atom and that of the methyl group is broken, and the C-atom of methyl group makes new bond with that of the aromatic C-atom and therefore a circular structure is formed. As shown in Figure 2, the H-atoms attached to the C-atoms shift their positions and the reacting O2 molecule is also cleaved. The O-atoms then get bonded with the C-atoms in which the H-atoms were lost and possess double bond character. This ring opening and rearrangement reaction occurs through a transition state TS6 whose barrier is found to be -40.57 kcal/mol. The transition state structure TS6 is an aromatic structure in which the reacting O2 molecule thereby splits into two O-atoms and binds inductively with the aromatic C-atoms. As given in Table 1, this reaction is also a highly exothermic reaction with reaction enthalpy of -85.12 kcal/mol and a free energy of 3.82 kcal/mol. The reaction involved is

(P3)                              C6H4OHCH3+ O2 ( C5H7OH(C=O)2.


Pathway 4:

This pathway includes continuous association and disassociation processes, which leads to a complete ring breaking reaction and an open chain product 7-hydroxy-hepta-4,6-diene-2,3-dione (P4) is formed. This reaction occurs via a transition state TS7 with a potential barrier of 29.4 kcal/mol. In the transition state TS7, the reacting O2 molecule is cleaved and one of the O-atoms gets bonded between the first and second position C-atoms of I3, while the other O-atom forms a triangular structure with the fourth and sixth position C-atoms. Also, the O-atom bonded between the first and second positions forms an intermolecular hydrogen bonding with the H-atom bonded to the C-atom in the second position. Further, as shown in Figure 2, this transition state structure disassociates into a neutral product. This open chain product can again degrade to form important products like methyl glyoxal and butanol. This reaction channel is highly exothermic by 79.21 kcal/mol and the reaction occurs in a mild exoergic process with a small free energy of -0.18 kcal/mol. The corresponding reaction is


(P4)                           C6H4OHCH3+O2(C4H4OHCH3COH(C=O)
.


Pathway 5:

This reaction occurs through breaking of the C-C bond between C4 and C2 of the methyl group attached to it, and forming the C-C bond between the second position C-atom and C-atom of the methyl group of I3. The reacting O2 molecule again splits and one of the O-atoms get bonded between the fourth and sixth position C-atoms and the other O-atom possess double bond character with that of the second position C-atom. Thus an aldehyde product 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde (P5) is formed [see Figure 2]. Three transition state structures (TS8, TS8̍, TS8̎ ) were identified for this reaction channel. As shown in Figure 2, the geometries of these transition states essentially differ from one another based on the orientation of the O-O bond of O2 with respect to C-C bonds of I3. In the transition state structure TS8, the O2 molecule is aligned in plane with respect to the C-atoms in the first and sixth positions of I3 with an energy barrier of 8.39 kcal/mol above the reactants. In the transition state structure TS8̍, the bond between the fourth and sixth position C-atoms of I3 is cleaved and one of the O-atoms binds between the two C-atoms. The other O-atom binds with the C-atom in the first position of I3. This transition state TS8̍ involves a small barrier of 7.74 kcal/mol. In the transition state structure TS8̎, one of the O-atoms binds between the first and second position C-atoms and the other O-atom binds between the fourth and sixth position C-atoms of I3, with a negative activation barrier of 22.41 kcal/mol. Of the three transition state structures, this reaction is found to occur likely through TS8̍ due to its small barrier of 7.74 kcal/mol, and therefore this reaction is kinetically accessible. This product channel is also exothermic by 71.94 kcal/mol and the is endoergic with ΔG=2.88 kcal/mol. The corresponding reaction is

(P5)                           C6H4OHCH3+O2(C5H3OHCH3(CHO).


Pathway 6:


The next significant pathway leads to the formation of 7-methyl-2,8-dioxa-bicyclo[5,1,0]octa-3,5-diene-3-ol (P6). Here, the reacting O2 molecule is cleaved and one of the O-atoms binds between the C-atoms in the first and second positions and the other O-atom forms a triangular structure between the second and fourth position C-atoms of I3. This product channel is formed through a transition state TS9 with a barrier of 8.39 kcal/mol above the reactants. The structures of TS9 and TS8 are similar except a small decrease in distance between the sixth position C-atom of I3 and O-atom of O2 in TS9 by about 0.3 Å from that of TS8. This reaction is the second most favorable due to a small barrier of 8.39 kcal/mol. This product is formed in an exothermic reaction with ΔH=-56.08 kcal/mol and the reaction is endoergic by 3.09 kcal/mol. The reaction involved is


(P6)
C6H4OHCH3+O2(C4H5OHCH3(COC)2.

Pathway 7:

The reaction between I3 and O2 can also lead to an adduct formation in which the O2 molecule is cleaved and the O-atoms get attached between the aromatic C-atoms as shown in Figure 2. Thus, the product 2-methyl-[1,4] dioxocin-5-ol (P7) is formed. These compounds are relatively stable global pollutants and are very hazardous. This product formation is associated with a transition state TS10 with a barrier of 22.41 kcal/mol below the reactants. In the transition state structure TS10, the C-O bond distance is greater by 0.5 Å than that of the product. This reaction is exothermic by 50.61 kcal/mol and is endoergic with a free energy of 2.22 kcal/mol. The barrier for this reaction is considerably small and hence this reaction is energetically favorable. The process involved is


(P7)
C6H4OHCH3+O2( C4H5OHCH3(COC)2

Pathway 8:

This pathway involved a complicated structural rearrangement of I3 on reaction with O2. One of the O-atoms of O2 acquires double bond character with the sixth position C-atom and the other O-atom bifurcates the bond between first and second position C-atoms and attaches exactly halfway between them. The distance between the first and sixth position C-atoms is contracted and a new bond is formed between them, resulting in the formation of 1-(1-hydroxy-2-oxa-bicyclo [2,2,0] hex-5-en-3-yl)-ethanone (P8). This complex product formation occurs through a small barrier of 12.06 kcal/mol at the transition state TS11. Such a small barrier favors this product formation. As shown in Figure 2, the transition from the reactants to the product involve the formation of a five-membered ring in which the CH3 group attached in the fourth position of I3 shifts its position and binds with the second position C-atom. Also, the reacting O2 molecule becomes cleaved and one of the O-atoms makes bond with C-atom in the first position and the other O-atom binds with C4-atom. This reaction is the least exothermic channel among all the studied reactions with an exothermicity of 40.43 kcal/mol and this reaction is endoergic by 1.66 kcal/mol. The corresponding reaction is,


(P8)
       C6H4OHCH3+O2(C5H4OHO(OCCH3).  

Thus, the eight pathways are identified for the secondary reactions of OH with 2,3-dimethylphenol. Of all the pathways studied, the pathway 5 leading to the formation of 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde is found to be the most favorable due to its small barrier of 7.74 kcal/mol. 

B. Kinetics:

The results discussed in the previous section suggests that different secondary reactions could determine the overall reaction of 2, 3-dimethylphenol with OH. Hence, the rate of reaction corresponding to the formation of major byproducts from the oxidation reaction is crucial to determine the impact of dimethylphenol in the atmosphere. The rate constants are calculated using canonical variational transition state theory (CVT) with small curvature tunneling (SCT) corrections over the temperature range of 278-350 K with ZPE corrected energies, gradients and hessians calculated at B3LYP/6-31G(d,p) level of theory. Since, no crossover has been observed between different reaction pathways, the overall rate constant can be calculated as the sum of the rate constants of each subsequent reaction. The results obtained for the formation of 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde (P5), which is the most favorable reaction are discussed below.


The formation of 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde consists of four reaction channels as described in Scheme 1. The rate constants for the formation of alkyl radical, peroxy radical, 3-methylphenol and the product channel are designated as ka, kb, kc, and kd, respectively. The overall rate constant k is the sum of the individual rate constants ka, kb, kc, and kd. These rate constants are summarized in Table 2 for the temperature range of 278-350 K. As given in Table 2, the rate constants ka for the initial H-atom abstraction channel shows positive dependence on temperature. The calculated rate constant ka for H-abstraction reaction at 298 K is 1.73x10-13 cm3molecule-1s-1 which is quite comparable with the experimentally observed value of 8.3x10-11 cm3molecule-1s-1. Earlier studies show that dimethylphenols are more reactive than dimethylbenzenes and trimethylbenzenes10. This is because both the methyl and hydroxyl groups donate electron density to the aromatic ring and activates the ring. The variation of ka with temperature is very small which suggests that the activation energies around 298 K is close to zero.


 The calculated rate constant kb for the formation of peroxy radical is                           8.81 x 10-14 cm3molecule-1s-1 at 298 K. The calculated rate constants show a negative temperature dependence and this is due to the weak chemical bonding between the C6H5OHCH3(CH2)  and OO fragments in peroxy radical. Hence the reaction is reversible under tropospheric conditions and leads to chemical equilibrium between I1 and O2. The rate constant kc calculated at 298 K for the formation of 3-methylphenol, along with formic acid and O2 is .2 x10-11 cm3molecule-1s-1. This rate constant value is comparable with the estimated rate constants for RO2 + HO2 reactions37. The rate constant kc increases with increase in temperature. The calculated rate constant kd for the product channel is 5.51 x10-19 cm3molecule-1s-1 at 298 K. From the tabulated values, it has been observed that the rate constants kd show a negative dependence on temperature. The overall rate constant k for the total reaction pathway is calculated as 2.22 x 10-11 cm3molecule-1s-1 at 298 K. This value is in agreement with the experimental results obtained for the reactions of peroxy radicals with HO214. Thus the formation of intermediate channel I3 alone determines the overall reaction rate. This can be rationalized in terms of the structure of the peroxy radical. The –COO- group in peroxy radical has high electron withdrawing character. Therefore, when it undergoes subsequent reactions, it becomes highly reactive towards the other atmospheric species. Thus, the peroxy radical serves as the key intermediate in OH initiated reactions of alkylated aromatic compounds. The Arrhenius expression fitting for the total rate constants over the temperature range of 278-350 K is k = 3.55 x 10-11 e-139/T cm3molecule-1s-1 and the Arrhenius activation energy for the overall reaction is 16.82 kcal/mol. The Arrhenius plot of the total rate constant is shown in Figure 3. The tunneling effect is found to be significant only for the product channel with a tunneling energy of 86.33 kcal/mol. In general, the tunneling effect is important for H-atom abstraction reactions. But in this case, the energy barrier of the initial H-atom abstraction reaction is broad as suggested by a small imaginary vibrational frequency (-96.73 cm-1) of the transition state TS1 and hence the tunneling effect is negligible. Since the overall rate constant decreases for increase in temperature, the reaction of 2,3-dimethylphenol with OH radical is significant in the lower layers of troposphere.

3. Conclusions


The potential energy surface, thermochemical and kinetic data for the reaction of 2, 3-dimethylphenol with OH reveal several important aspects of alkylated aromatic compounds in the atmospheric chemistry. From the present study, the following main conclusions are arrived.


1. The reaction between 2,3-dimethylphenol and OH radical is initiated by H-atom abstraction from methyl group and further reacts with O2 to form a peroxy radical, a key intermediate in the reaction mechanism. This peroxy radical has excess energy to further undergo reaction with HO2 in the atmosphere.


2. The reaction between peroxy radical of dimethylphenol and HO2 proceeds by the loss of peroxy group, leading to the formation of 3-methylphenol, formic acid and O2. The 3-methylphenol further undergoes oxidative degradation reaction with O2. The reaction pathway corresponding to the formation of 3-hydroxy-2-methyl-2H-pyran-2-carbaldehyde is found to be the most favorable due to the small barrier of 7.74 kcal/mol and the rate constant is found to be 2.22 x 10-11 cm3molecule-1s-1 at 298 K.


3. All the studied reaction channels are found to be exothermic at 298.15 K. The highest exothermicity of 85.12 kcal/mol is observed for the formation of 2-hydroxy-cyclohept-4-ene-1, 3-dione which supports autoignition and combustion processes.


4. The overall rate constant for all reactions show a negative temperature dependence, and hence the lifetime of dimethylphenol is expected to increase in the upper troposphere and lower stratosphere.


5. The results presented in this study allows for the elucidation of complete reaction mechanism and kinetics of the major products of alkylated aromatic compounds in the troposphere, thereby revealing the fact that the atmospheric radicals themselves attempt to degrade the pollutants in favor of life on earth. 
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Scheme 1: Proposed reaction scheme for the reaction of 2,3-dimethylphenol with OH radical
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Figure 1: Potential energy surface for the proposed reactions of 2, 3-dimethylphenol with OH radical. Relative energy (in kcal/mol) calculated at B3LYP/6-31 G(d,p) 

level of theory is given
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Figure 2: The optimized structure of the reactive species in the pathways corresponding to the reaction of 2,3-dimethylphenol with OH radical
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Figure 3: Arrhenius plot of the rate constants for the favorable reaction of 2,3-dimethylphenol with OH radical

Table 1: Relative energy (ΔE in kcal/mol) Enthalpy (ΔH in kcal/mol), Gibb’s Free Energy (ΔG in kcal/mol) and Barrier height (in kcal/mol) for the proposed reactions of 2,3-dimethylphenol with OH radical

		Pathways

		Species

		ΔE

		Reactions

		ΔH

		ΔG

		Barrier height



		Initial step

		R


TS1


I1


TS2


I2


TS3


I3

		0


5.09


-27.35


-19.13


-24.82


34.05


-84.46

		C6H5OH(CH3)2+ OH ( C6H5OHCH3(C. H2) (I1) + H2O


C6H5OHCH3(C.H2)+O2 ( C6H5OHCH3(CH2OO.)


C6H3OHCH3(CH2OO.)+HO2(C6H4OHCH3+O2+HCOOH




		-27.35


-21.0


-86.02




		0.9


6.9


-4.31




		3.94


-16.3


30.51






		1

		TS4


P1

		-41.95


-53.94

		C6H4OHCH3+O2(C6H4OHO(CH2OH)

		-51.87

		3.56

		-40.64



		2

		TS5


P2

		62.39


-79.13

		C6H4OHCH3+O2(C5H4OHCH3O(C=O)

		-76.83

		3.18

		60.80



		3

		TS6


P3

		-42.25


-87.60

		C6H4OHCH3+O2(C5H7OH(C=O)2

		-85.12

		3.82

		-40.57



		4

		TS7


P4

		31.04


-80.00

		C6H4OHCH3+O2(C4H4OHCH3COH(C=O)

		-79.21

		0.19

		29.40



		5

		TS8


P5

		8.30


14.38

		C6H4OHCH3+O2(C5H3OHCH3(CHO)

		-71.94

		2.88

		7.74



		6

		TS9


P6

		8.30


-58.0

		C6H4OHCH3+O2(C4H5OHCH3(COC)2

		-56.08

		3.09

		8.39



		7

		TS10


P7

		-22.6


-52.17

		C6H4OHCH3+O2( C4H5OHCH3(COC)2

		-50.61

		2.22

		-22.41



		8

		TS11


P8

		12.68


-41.23

		C6H4OHCH3+O2(C5H4OHO(OCCH3)

		-40.43

		1.66

		12.06





Table 2: Rate constants ka, kb, kc and kd (in cm3 molecule-1 s-1) for the individual reaction channels and overall rate constant k (in cm3 molecule-1 s-1) for the favorable reaction (Pathway 5) of 2,3-dimethylphenol with OH radical.


		Temperature

		kax10-13

		kbx10-14

		kcx10-11

		kdx10-19

		kx10-11



		278


288


298


308


318


328


338


348


350

		1.72


1.72


1.73


1.73


1.73


1.74


1.74


1.74


1.74

		4.63


6.46


8.81


0.11


0.15


0.20


0.25


0.32


0.33

		2.19


2.19


2.20


2.21


2.21


2.22


2.22


2.23


2.23

		2.09


3.45


5.51


8.53


0.12


0.18


0.27


0.38


0.40

		2.21


2.21


2.22


2.23


2.24


2.25


2.26


2.27


2.28
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