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Abstract
The detailed reaction mechanism of 3-chloro-2-methyl-1-propene (3CMP) with OH radical was investigated by employing 
highly accurate electronic structure calculations and kinetic modelling. Due to the unsaturated structure of 3CMP, it is highly 
reactive in the troposphere with OH radical. The fate of the so-formed alkyl radical intermediates and intermediate adducts 
in the favourable pathways is determined by its reaction with other atmospheric oxidants, such as HO2, NO and NO2 radicals. 
The rate constants computed within the temperature range of 200–1000 K for the favourable hydrogen atom abstraction and 
OH radical addition reactions are in reasonable agreement with the available experimental values. The oxidation of 3CMP 
results in the formation of stable chlorinated products, such as chloroacetone and formyl chloride, which are identified 
experimentally. These products may be transported to the stratosphere which will affect the ozone layer.
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1  Introduction

The release of volatile organic compounds (VOC) into 
the atmosphere is witnessed for the past few decades from 
anthropogenic and biogenic sources [1, 2]. The concentra-
tion of VOC in the atmosphere gone up at an alarming rate 
imparting a lot of environmental issues. Halogenated hydro-
carbons (HHC) are a subclass of VOC, which are omni-
present in the environment due to their extensive use in the 
industrial, agricultural and household applications. Since the 
beginning of the twentieth century [3, 4], the substantial 
increase in concentration of HHC in the environment is a 
threat to human health [5, 6]. The major fate of HHC is their 
reaction with oxidants present in the atmosphere [7, 8].

3-Chloro-2-methyl-1-propene (3CMP) is one amongst the 
HHCs used as organic solvents in various industrial applica-
tions [9]. In addition, 3CMP is used as an intermediate for 
the synthesis of organic compounds, pesticides and as an 
additive in the textile industry [10–12]. The widespread use 
of 3CMP in various applications inevitably leads to its emis-
sion in the atmosphere causing environmental pollution. Due 
to its unsaturated structure, 3CMP is highly reactive in the 
troposphere. A well-established removal process for 3CMP 
in the atmosphere is the direct photolysis and reactions with 
the tropospheric oxidants, such as OH·, O3 and NO3

·. The 
oxidation of 3CMP results in the formation of stable chlorin-
ated products which can be transported to the stratosphere, 
causing additional loading of chlorine compounds with 
the impact on the ozone layer [12, 13]. Amongst all of the 
oxidizing species present in the atmosphere, OH radical is 
abundantly present in the troposphere and acts as a sink for 
organic compounds.

The oxidation of 3CMP by OH radical was experi-
mentally studied by Rivela et  al. [11] and Zhang et  al. 
[12] by GC-FID technique at 298 K and 1 atm pressure. 
The room temperature rate constant for the oxidation of 
3CMP by OH radical was reported as (3.23 ± 0.35) × 10−11 
cm3 molecule−1 s−1 by Rivela et al. [11] and (3.83 ± 1.3) 
× 10−11 cm3 molecule−1 s−1 by Zhang et al. [12]. Begum 
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et  al. [14] theoretically studied the H-atom abstraction 
and OH-addition reactions of 3CMP with OH radical and 
reported the total rate constant for H-atom abstraction reac-
tion as 1.12 × 10−13 cm3 molecule−1 s−1 and for OH-addition 
reaction as 2.5 × 10−11 cm3 molecule−1 s−1 at M06-2X/6-
31+G(d,p) level of theory. The present investigation aims to 
explore the secondary reaction mechanism of the promising 
intermediates formed by the oxidation of 3CMP by OH radi-
cal. The favourable pathways for the formation of products 
were identified by comparing the energy barriers (∆E) and 
reaction heats (∆H) calculated for all the secondary reac-
tion pathways. For completeness and comparison purpose, 
the reaction pathways and the rate constants for the primary 
reaction pathways were also studied.

2 � Computational details

The geometry optimization and harmonic vibrational fre-
quency calculations of all the stationary points involved in 
the reaction of 3CMP with OH radical were performed using 
the density functional theory methods, M06-2X [15–18] and 
ωB97XD [19], in conjunction with 6-311++G(d,p) basis 
set. Previous study by Zhao and Truhlar [16] has shown 
that the M06-2X functional of the density functional theory 
(DFT) has the best performance for predicting the barrier 
height and provides reliable results for thermochemistry 
and kinetics, without increasing the computational cost. All 
minima along the potential energy surface of the studied 
reactions were identified with zero imaginary frequency, 
and each transition state was identified with one imaginary 
frequency. Intrinsic reaction coordinate (IRC) [20, 21] cal-
culations were performed to verify that the calculated tran-
sition state connects the respective reactant and product at 
all the above-mentioned levels of theories. In addition, to 
ascertain the accuracy of the DFT results, we have also per-
formed the single-point energy calculations at the CCSD(T) 
level with the 6-311++G(d,p) basis set on the basis of the 
geometries optimized at the M06-2X/6-311++G(d,p) level 
of theory. CCSD(T) stands for a couple cluster single- and 
double-substitution method with a perturbative treatment of 
triple excitations [22]. The CCSD(T) method is the most 
popular ab initio method for the application to atmospheric 
chemistry problems [23]. The enthalpy of the reaction and 
Gibbs free energy values were calculated by including ther-
modynamic corrections to the energy at 298.15 K and 1 atm 
pressure. The thermochemical parameters, like enthalpy and 
Gibbs free energy for all the initial reaction pathways, were 
also calculated using highly accurate composite method, 
ROCBS-QB3 [24, 25]. All of the electronic structure calcu-
lations reported in this article were performed using Gauss-
ian 09 [26] program.

The kinetic calculations for the titled reactions were per-
formed on the basis of potential energy surface information 
obtained from M06-2X/6-311++G(d,p) level of theory. The 
rate constant for the favourable reactions of 3CMP with OH 
radical was calculated based on canonical variational tran-
sition state theory [27–29], including quantum tunnelling 
effect [28, 29]. The kinetic calculations were performed by 
using the GAUSSRATE 2010A [30] program which is an 
interface program between the Gaussian 09 and POLYRATE 
2010A [31] programs.

3 � Results and discussion

In the present investigation, the reactivity of 3CMP with 
OH radical was studied by considering all possible H-atom 
abstraction and OH radical addition pathways. The possi-
ble addition and abstraction pathways for the reactions of 
3CMP with OH radical are shown in Scheme 1. Similar to 
the oxidation mechanism of volatile organic compounds 
initiated by OH radical [7, 32], the reaction between 3CMP 
and OH radical proceeds through an indirect mechanism in 
which pre- and post-reactive complexes was formed. Hydro-
gen bonding interaction, C–H…O and Cl…H–O, between 
3CMP and OH radical results in the formation of reactant 
and product complexes.

The structure of the reactant complexes, transition states 
and product complexes obtained from the M06-2X and 
ωB97XD methods is found to be quite similar. For exam-
ple, average root-mean-square deviation (rmsd) between the 
internal coordinates obtained from M06-2X and ωB97XD 
methods for the reactant complex, transition state and inter-
mediate complex of the favourable hydrogen atom abstrac-
tion pathway, R1, is 0.1 Å, 0.06 Å and 0.09 Å, and the rmsd 
for the OH radical addition pathway, R4, is 0.1 Å, 0.08 Å 
and 0.03 Å, and for pathway, R5, the rmsd is 0.1 Å, 0.06 
Å and 0.01 Å, respectively. The similar rmsd values were 
found for the reactive species involved in other reactions. 
Note that the above-mentioned rmsd values include both 
bonded and non-bonded interacting atoms.

Table 1 lists the calculated energetical parameters of all 
the species involved in the primary reaction mechanism 
of 3CMP + OH using DFT, couple cluster and composite 
method. As given in Table 1, the energetics calculated from 
M06-2X and ωB97XD methods are comparable within 
the maximum deviation of 2 kcal/mol. The thermochemi-
cal parameters calculated from M06-2X method differ by 
2–3 kcal/mol with respect to ROCBS-QB3 method which 
is a reasonable difference expected between DFT and com-
posite methods. While comparing the results obtained with 
the methods mentioned above, it is observed that the most 
favourable reaction and the nature of the reaction mechanism 
are similar with respect to the methods of calculation. The 
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Scheme 1   Proposed reaction scheme for the hydrogen atom abstraction and OH-addition pathways of 3CMP + hydroxyl radical reaction

Table 1   Relative energy, ΔETot (kcal/mol), enthalpy, ΔH298 (kcal/mol), and Gibbs free energy, ΔG298 (kcal/mol), for the proposed initial reac-
tions of 3CMP with OH radical

a The geometry optimized at M06-2X/6-311++G(d,p) level of theory

Stationary points M06-2X/6-311++G(d,p) ωB97XD/6-311++G(d,p) ROCBS-QB3 CCSD(T)/6-
311++G(d,p)a

ΔETot ΔH298 ΔG298 ΔETot ΔH298 ΔG298 ΔETot ΔH298 ΔG298 ΔETot

R + OH 0 0 0 0 0 0 0 0 0 0
RC1 − 6.11 − 4.64 3.32 − 6.43 − 4.62 3.3 − 2.66 − 3.26 4.34 − 3.98
TS1 5.89 3.93 12.29 3.93 1.98 10.54 3.14 2.54 11.38 8.23
IC1 − 11.24 − 9.85 − 2.71 − 9.39 − 8.26 − 1.61 − 7.75 − 8.35 − 1.98 − 7.89
I1 + H2O − 5.64 − 5.83 − 6.78 − 4.57 − 4.96 − 6.20 − 2.28 − 2.87 4.11 − 3.88
RC2 − 6.76 − 5.03 3.09 − 6.43 − 3.19 4.11 − 2.92 − 3.51 4.49 − 4.28
TS2 1.46 0.39 9.55 0.82 − 1.59 7.2 0.07 − 0.53 8.08 3.33
IC2 − 31.1 − 30.17 − 21.55 − 31.64 − 31.15 − 25.62 − 31.79 − 32.39 − 25.18 − 28.73
I2 + H2O − 26.15 − 26.53 − 27.67 − 27.37 − 27.89 − 29.01 − 29.62 − 29.62 − 30.87 − 25.11
RC1 − 6.11 − 4.64 3.32 − 6.43 − 4.62 3.3 − 2.66 − 3.26 4.34 − 3.98
TS3 1.05 − 0.08 8.91 − 1.15 − 1.9 6.61 0.35 − 0.24 6.75 2.15
IC3 − 34.13 − 33.25 − 25.98 − 35.06 − 34.74 − 28.85 − 34.78 − 35.39 − 28.36 − 31.35
I3 + H2O − 29.67 − 30.56 − 31.23 − 31.08 − 31.9 − 32.64 − 33.78 − 33.79 − 34.61 − 27.9
RC1 − 6.11 − 4.64 3.32 − 6.43 − 4.62 3.3 − 2.66 − 3.26 4.34 − 3.98
TS4 − 4.21 − 2.51 6.61 − 6.38 − 4.71 4.51 3.48 − 4.08 5.10 − 2.49
I4 − 36.56 − 33.29 − 22.83 − 36.43 − 32.67 − 23.7 − 30.23 − 30.83 − 22.24 − 31.03
RC1 − 6.11 − 4.64 3.32 − 6.43 − 4.62 3.3 − 2.66 − 3.26 4.34 − 3.98
TS5 − 4.58 − 2.83 7.21 − 6.33 − 4.65 4.9 − 3.8 − 4.39 5.00 − 3.24
I5 − 33.95 − 30.65 − 19.81 − 31.61 − 29.12 − 19.47 − 29.91 − 30.5 − 20.61 − 30.11
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optimized structure of all the TS and other species involved 
in the reaction mechanism using M06-2X/6-311++G(d,p) 
level of theory is shown in Fig. 2. In the present investi-
gation, the geometry and the energetics obtained using 
M06-2X functional with 6-311++G(d,p) basis set are dis-
cussed in detail and are used in further kinetic calculations. 
Figure 1 depicts the potential energy surface of 3CMP + OH· 
reactions obtained at M06-2X/6-311++G(d,p) level of 
theory.

3.1 � Initial reactions of 3CMP + OH·

3.1.1 � H‑atom abstraction reaction pathways

The proposed initial reaction scheme consists of three poten-
tial hydrogen atom abstraction pathways, namely H-atom 
abstraction at methylene (=CH2), methyl (–CH3) and chlo-
romethyl (–CH2Cl) sites. Due to the presence of equivalent 
hydrogen atoms present in 3CMP, we consider only three 
hydrogen atom abstraction pathways, R1–R3, and is shown 
in Scheme 1. RC1 and RC2 are the reactant complexes 
formed to initiate the reaction pathways, R1, R2 and R3. 
These reactant complexes proceed towards the formation 
of intermediate complexes, IC1, IC2 and IC3, through the 
transition states, TS1, TS2 and TS3. Thus, formed interme-
diate complexes were identified as a true minimum on the 
potential energy surface, which further breaks into water 
molecule and C-centred radicals, I1, I2 and I3. The energy 
barrier calculated for the hydrogen atom abstraction from 

C1, C4 and C3 carbon atoms at M06-2X/6-311++G(d,p) 
level of theory is 12.0, 8.2 and 7.2 kcal/mol, respectively. 
At ωB97XD/6-311++G(d,p) level of theory, the energy 
barrier associated with TS1, TS2 and TS3 is 10.4, 7.3 and 
5.3 kcal/mol, and at CCSD(T)/6-311++G(d,p)//M06-2X/6-
311++G(d,p) level of theory, the energy barrier is 12.2, 7.6 
and 6.1 kcal/mol, respectively. The calculated energy bar-
riers at various levels of theory indicate that the H-atom 
abstraction from C3 and C4 carbon atoms (pathways R2 and 
R3) is the feasible reactions.

While analysing the geometry of the transition states, 
TS1, TS2 and TS3, it is observed that the breaking C-H 
bond is elongated by 0.1 Å with respect to the respective 
reactant complex, and the distance between the cleaved 
H-atom and O-atom of the OH radical is shorter by around 
0.5 Å with respect to that of the corresponding reactant. 
The hydrogen atom abstraction reaction from methylene 
site (C1) of 3CMP is slightly exothermic and exoergic with 
∆H298 = −5.83 kcal/mol and ∆G298 = −6.78 kcal/mol. For 
the removal of hydrogen atom from methyl (C4) and chlo-
romethyl (C3) sites of 3CMP, the ∆H298 and ∆G298 values 
are found to be − 26.53 and − 27.67 kcal/mol and − 30.56 
and − 31.23 kcal/mol. That is, these reactions are highly 
exothermic in nature. Begum et al. [14] studied the reaction 
of 3CMP with OH radical at M06-2X/6-31+G(d,p) level of 
theory and reported the enthalpy of the reactions, R1–R3, 
as − 4.81, − 26.37 and − 30.01 kcal/mol, which are in agree-
ment with the present results. On comparing the energy 
barriers and thermochemical parameters calculated for the 

Fig. 1   Potential energy profile 
for the hydrogen atom abstrac-
tion and OH-addition path-
ways of 3CMP with hydroxyl 
radical calculated at M06-2X/6-
311++G(d,p) level of theory
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Fig. 2   Optimized structure 
of all the reactive species 
involved in the initial reaction 
of 3-chloro-2-methyl-1-propene 
with hydroxyl radical

3CMP RC1 TS1

IC1 I1 RC2

IC2TS2 I2

TS3 IC3 I3

TS4 I4 TS5

I5
OH H2O
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initial hydrogen atom abstraction reactions, it is found that 
the hydrogen atom abstraction from C4 (pathway R2) and 
C3 (pathway R3) carbon atoms is found to be the favourable 
reaction pathways.

3.1.2 � OH radical addition reaction pathways

As shown in Scheme 1, the next significant pathway involved 
is the electrophilic addition of OH radical to 3CMP. Since 
the two carbon atoms, C1 and C2, on the double bond in 
3CMP are in different environment, two OH radical addi-
tion pathways, R4 and R5, were considered. The addition 
of OH radical at the C1 and C2 positions of 3CMP leads 
to the formation of 3CMP–OH adducts, I4 and I5, through 
the transition states TS4 and TS5, with an energy barrier 
of 1.53 and 1.9 kcal mol. As shown in Fig. 2, in TS4 and 
TS5 the distance between the O-atom of the OH radical and 
the carbon atoms, C1 and C2 of 3CMP molecule, is 2.15 
Å (O1–C1) and 2.13 Å (O1–C2) which is shorter by 0.6 Å 
with respect to that of the respective reactant complex. The 
3CMP-OH adducts, I4 and I5, are formed in an exothermic 
reaction with an enthalpy of − 32.29 and − 30.65 kcal/mol 
and exoergic with ∆G298 of − 22.83 and − 19.81 kcal/mol. 
The enthalpy of formation of adducts, I4 and I5 reported 
by earlier study at M06-2X/6-31+G(d,p) level of theory is 
− 31.48 and − 34.53 kcal/mol. Upon comparing the energy 
barrier and relative enthalpy values of the studied addition 
pathways, it is observed that both the studied OH radical 
addition pathways, R4 and R5, are the most favourable reac-
tion pathways.

The rate constants for the favourable H-atom abstrac-
tion and OH-addition reactions, R2, R3, R4 and R5, are 

computed using canonical variational transition state the-
ory (CVT) with small curvature tunnelling correction, SCT 
(CVT/SCT), over the temperature range from 200 to 1000 K 
with zero point corrected energies, gradients and Hessians 
calculated at M06-2X/6-311++G(d,p) level of theory. The 
rate constant calculated using the transition state theory 
(TST), CVT, TST/SCT and CVT/SCT methods is summa-
rized in Table S1. At 298 K, the rate constant calculated for 
the formation of I2, I3, I4 and I5 is 1.00 × 10−14, 2.10 × 
10−14, 2.54 × 10−11 and 1.42 × 10−11 cm3 molecule−1 s−1. 
The rate constants calculated for pathways R2, R3 and R5 
agree well with the previously reported rate constant value, 
while for pathway R4, the calculated rate constant is higher 
by two orders of magnitude than that reported by Begum 
et al. [14]. The transmission coefficient for the pathways 
R2 and R3 was ~ 1 showing a negligible tunnelling effect 
on the rate constants, whereas an appreciable variational 
effect is noticed for the studied reactions over all the studied 
temperature range. As observed from Table S1, for the OH 
radical addition reactions (pathways R4 and R5), the ratio 
between CVT(SCT)/CVT and CVT/TST rate constant is ~ 1 
showing a negligible tunnelling and variational effect over 
the studied temperature range. Arrhenius plot for the H-atom 
abstraction and OH radical addition reaction rate constant 
is shown in Fig. 3.

From Arrhenius plot, it is observed that the rate constant 
for the H-atom abstractions pathways R2 and R3 shows a 
positive temperature dependence while the rate constant for 
OH radical addition pathways R4 and R5 shows a negative 
temperature dependence in the range of 200–1000 K. The 
plot shows that the contribution of OH radical addition path-
ways, R4 and R5, is larger than that of the H-atom abstraction 

Fig. 3   Arrhenius plot for the rate constant obtained for the formation of the intermediates I2, I3, I4 and I5 at a higher (550–1000 K) and b lower 
(200–500 K) temperature range
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pathways over all the studied temperature range. The overall 
rate constant, k = 3.95 × 10−11 cm3 molecule−1 s−1, is in 
agreement with the reported experimental rate constant value 
[12–14]. The tropospheric lifetime of 3CMP can be calcu-
lated by the formula � =

1

k[OH]
 , where [OH] is the average OH 

radical concentration in the troposphere. The lifetime of the 
3CMP in the troposphere at 298 K and 1 atm is found to be 
4 h while taking the 12-h daytime average OH radical con-
centration as 2 × 106 molecule cm−3 [33–35]. Due to the short 
lifetime of 3CMP, in the order of few hours, it could be 
degraded quickly in the troposphere and generates intermedi-
ates and products that could be the second pollutants. Hence, 
the atmospheric transformation of the radical intermediates 
I2, I3, I4 and I5 was studied by reacting them with O2, NO, 
HO2 radicals and through the decomposition reactions.

3.2 � Atmospheric transformation of radical 
intermediate, I2

The scheme for the secondary reactions of the radical inter-
mediate, I2, is shown in Scheme 2. The optimized structure 
of the transition states and other reactive species involved in 
the secondary reactions of the alkyl radical intermediates, 
I2, is shown in Fig. 4 and S1. The relative energy, enthalpy 
and Gibbs free energy are summarized in Table S2 (Sup-
plementary material), and the profile of the potential energy 

surface is depicted in Fig. 5. The radical intermediate, I2, can 
readily react with O2 to form a peroxy radical intermediate, 
I6. The profile of the potential energy surface shows that the 
reaction of I2 with O2 has to overcome a barrier of 4.89 kcal/
mol and is exothermic by − 19.18 kcal/mol. In the structure 
of the transition state, TS6, the C4–O2 bond distance is 2.097 
Å which is 0.6 Å shorter than that of the intermediate, I2. In 
the atmosphere, I6 is further oxidized by NO· to form alkoxy 
radical intermediate, I7, and NO2. The formation of I7 is a 
barrierless reaction with an exothermicity of − 16.34 kcal/
mol, and the reaction is exoergic with ∆G298 of − 15.57 kcal/
mol. The exit pathway for alkoxy radical is its reaction with 
HO2 radical to form the product 2-chloromethyl-prop-2-en-
1-ol (P1) along with O2 through the transition state, TS7, 
with an energy barrier of 9.35 kcal/mol. In TS7, the newly 
forming O–H bond length is 1.562 Å which is shorter by 0.6 
Å than that of the intermediate complex I7 + HO2. The for-
mation of the product 2-chloromethyl-prop-2-en-1-ol (P1) is 
exothermic with an enthalpy of − 22.95 kcal/mol. As shown 
in Scheme 2, alkoxy radical, I7, can directly decompose into 
methanol (P2) along with an intermediate, I8, through the 
transition state, TS8, with a potential barrier of 26.53 kcal/
mol. In TS8, C2–C4 bond length is 2.187 Å which is 0.7 
Å greater than that of the alkoxy radical, I7. However, this 
methanol formation reaction is highly endothermic and endo-
ergic process with ∆H298 = 20.09 and ∆G298 = 15.66 kcal/
mol, that is, the reaction is unfeasible in the atmosphere.

Scheme 2   Possible secondary reactions from alkyl radical intermediate, I2. The relative energy (∆E) is in kcal/mol
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3.3 � Atmospheric transformation of radical 
intermediate, I3

Similar to I2, the initially formed alkyl radical, I3, can react 
with O2 and further undergo secondary reaction with HO2 
and NO radicals in the atmosphere. The scheme for the sec-
ondary reactions of I3 is shown in Scheme 3, and the relative 
energy profile for the corresponding reactions is shown in 
Fig. 6. The optimized structure of the transition states and 
other reactive species is shown in Fig. 7 and S2. The relative 
energy, enthalpy and Gibbs free energy are summarized in 
Table S3 (Supplementary material).

The O2 addition at the C3 radical site of I3 results in the 
formation of peroxy radical intermediate, I9, through the 
transition state, TS9, with an energy barrier of 3.55 kcal/
mol. In the transition state, TS9, the C3–O2 bond dis-
tance is 2.104 Å which is 0.7 Å shorter than that of the 
reactant. The reaction corresponding to the formation of 
I9 is exothermic and exoergic with ∆H298 = −15.43 and 
∆G298 = −11.73 kcal/mol. Reaction of peroxy radical with 
HO2 is of central importance in the atmosphere, as it serves 

as sink for HO2 radical and terminates the ozone-gener-
ating chain reactions [36, 37]. Alkylperoxy radical (RO2) 
plays an important role in global and regional atmospheric 
chemistry. The reaction of I9 with hydroperoxy radical 
will lead to the formation of a stable product, 1-chloro-
2-methyl-prop-2-en-1-yl-hydroperoxide (P3), along with O2 
through the transition state, TS10, with an energy barrier 
of 2.45 kcal/mol. In the transition state, TS10, the bond 
length between H8- and O1-atom is 1.667 Å which is lower 
than the distance between H8 and O1 atoms of the reactant 
complex, I9 + HO2, by 0.6 Å. Here the H8-atom of HO2 
binds with O1-atom of I9 forming 1-chloro-2-methyl-
prop-2-en-1-yl-hydroperoxide along with O2. The product, 
P3, is formed in an exothermic reaction with a reaction 
enthalpy of − 31.77 kcal/mol and Gibbs free energy of 
− 34.88 kcal/mol. When the concentration of NO· is suf-
ficiently high, the loss of I9 is dominated by its reaction 
with NO·, which leads to the formation of alkoxy radical 
intermediate, I10, in a barrierless reaction with an exother-
micity of − 14.68 kcal/mol, and the formation is exoergic 
with ∆G298 = −15.92 kcal/mol. The formed alkoxy radical 

Fig. 4   Optimized structure of 
the transition states involved in 
the secondary reactions of the 
alkyl radical intermediates, I2

TS6 TS7

TS8
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intermediate, I10, could further react with HO2 to form the 
product, 1-chloro-2-methyl-prop-2-en-1-ol (P4), and O2 
through the transition state, TS11, with an energy barrier 
of 3.93 kcal/mol. In TS11, the newly forming O1–H8 bond 
length is 1.589 Å which is shorter by 0.4 Å than that of the 
reactant complex, I10 + HO2. The product, P4, is formed in 

an exothermic and exoergic process with ∆H298 = −41.58 
and ∆G298 = −43.89 kcal/mol. Thus, the reaction of peroxy 
and alkoxy radicals with HO2

· is the exit pathway for radi-
cal intermediate (I3), resulting in the formation of a stable 
products, 1-chloro-2-methyl-prop-2-en-1-yl-hydroperoxide 
(P3) and 1-chloro-2-methyl-prop-2-en-1-ol (P4).

Fig. 5   Relative energy profile 
for the subsequent reactions of 
radical, I2. The relative energy 
(kcal/mol) calculated at M06-
2X/6-311++G(d,p) level of 
theory is given for the reactive 
species

Scheme 3   Possible secondary reactions from alkyl radical intermediate, I3. The relative energy (∆E) is in kcal/mol
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3.4 � Atmospheric transformation of intermediate 
adduct, I4

The intermediate adduct, I4, formed from the reaction of 
3CMP with OH radical is found to be the most promising 
radical intermediate, and hence, the subsequent reactions of 
I4 with atmospheric reactive species are more important. 
The reaction paths for I4 are shown in Scheme 4. The opti-
mized geometry of the transition states and other reactive 
species is shown in Fig. 8 and S3, and the relative energy 
profile is shown in Fig. 9. The energy values are summa-
rized in Table S4 (see supplementary material). As shown in 
Scheme 4, the energized intermediate adduct, I4, is expected 
to react rapidly with O2 to yield 2,1-hydroxy peroxyl radi-
cal, I11, in a barrierless reaction. The process is exothermic 
and exoergic with ∆H298 = −27.72 and ∆G298 = −24.01 kcal/
mol. The dominant fate of peroxy radical in the atmosphere 
is its reaction with NO radical. The reaction of peroxy 
radicals with nitric oxide is of profound importance in the 
atmosphere, since it leads to the production of ozone from 
the photolysis of NO2 [38, 39]. As shown in Scheme 4, in 
the process of formation of 2,1-hydroxy alkoxy radical, 
I12, the nitric oxide radical directly abstracts the terminal 
oxygen atom of peroxy radical, I11, without the formation 
of a transition state. The formation of 2,1-hydroxy alkoxy 
radical, I12, is exothermic with ∆H298 = −9.86 kcal/mol and 
exoergic with ∆G298 = −8.8 kcal/mol. Further, the formed 

2,1-hydroxy alkoxy radical, I12, can undergo two different 
decomposition reactions to form the stable products chlo-
roacetone, methanol, 1-hydroxy-propan-2-one and formyl 
chloride. As shown in Fig. 8, the formation of product, chlo-
roacetone (P5), in the first decomposition pathway needs to 
overcome an energy barrier of 6.24 kcal/mol. In the tran-
sition state, TS12, the distance between C1 and C2 atoms 
is increased by 0.5 Å with respect to that of 2,1-hydroxy 
alkoxy radical, I12. The product, P5, is accompanied with 
the hydroxyl methyl radical, I13, with an exothermicity of 
− 3.68 kcal/mol. The next exit pathway is the reaction of 
hydroxyl methyl radical, I13, with O2 which leads to the 
formation of methanol (P2) and HO2 through the transi-
tion state, TS13. The energy barrier, enthalpy and Gibbs 
free energy for the reaction between I13 and O2 are 12.07, 
− 23.82 and − 23.20 kcal/mol. In TS13, the distance between 
O1 and H3 is 1.301 Å, which is 0.3 Å longer than that in 
I13, and the distance between H3 and O3 is 1.133 Å which 
is 0.98 Å in HO2

·.
In the second decomposition pathway, the product, 

1-hydroxy-propan-2-one (P6), is formed by the breaking 
of C2–C3 bond present in the alkoxy radical, I12, through 
the transition state, TS14. In the transition state, TS14, the 
C2-C3 bond was elongated by 0.5 Å with respect to that 
of alkoxy radical, I12. This reaction has an energy bar-
rier of 16.1 kcal/mol and is exothermic by − 2.04 kcal/
mol. The formed product, 1-hydroxy-propan-2-one (P6), is 

Fig. 6   Relative energy profile 
for the reaction of intermediate 
adduct, I3, with O2, NO, HO2 
radical
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accompanied by chloromethyl radical (I14). Formation of 
chloromethyl radical in the atmosphere can load chlorine 
which adversely affects the stratospheric ozone profile [40]. 
Hence, it is important to study the atmospheric fate of chlo-
romethyl radical, I14. As shown in Scheme 4, the chlorome-
thyl radical, CH2Cl, can rapidly react with O2 yielding the 
chloromethylperoxy radical, I15. The reaction corresponding 
to the formation of chloromethylperoxy radical, I15, is an 
exothermic and exoergic process with ∆H298 = −27.63 and 
∆G298 = −23.19 kcal/mol which is comparable to the value 
reported by Zhou et al. [41].

Further, the reaction of chloromethylperoxy radical, I15, 
with NO is of atmospheric interest because this reaction rep-
resents the predominant loss process of the CH2ClOO· in the 
troposphere. Under atmospheric condition, the chlorometh-
ylperoxy radical, I15, reacts with NO·. As shown in Fig. 8, 
chloromethylalkoxy radical, I16, is formed from the reaction 
of I15 and NO· with the reaction enthalpy and Gibbs free 
energy of − 15.41 and − 15.28 kcal/mol, respectively. The 
exit pathway for I16 is its reaction with O2 which leads to the 
formation of stable product, formyl chloride, P7, and HO2 in 
a highly exothermic reaction with the ∆H298 = −35.37 kcal/
mol. Formyl chloride, P7, is a highly toxic compound which 

is either hydrolyzed to formic acid by taking cloud drop-
lets or deposited to form secondary organic aerosol in the 
atmosphere [42].

3.5 � Atmospheric transformation of intermediate 
adduct, I5

As shown in Scheme 5, the initially formed radical inter-
mediate adduct, I5, can react with O2 and NO· to form alkyl 
peroxy and alkoxy radicals [7, 36]. The optimized struc-
ture of the transition states and other reactive species for 
the subsequent reactions of I5 is shown in Fig. 10 and S4. 
The calculated relative energy (ΔETot), enthalpy (ΔH298) 
and Gibbs energy (ΔG298) are summarized in Table S5 
(Supplementary material), and the potential energy profile 
of the studied reaction is shown in Fig. 11. Similar to the 
secondary reactions of alkyl radical intermediate adduct, 
I5, O2 can bind at C1 site of I5 to form a 1,2-hydroxy per-
oxyl radical intermediate, I17, in a barrierless reaction. The 
reaction is exothermic and exoergic with ∆H298 = −31.06 
and ∆G298 = −27.70 kcal/mol. As shown in Scheme 5, the 
1,2-hydroxy peroxyl radical, I17, is further oxidized by 
NO· to form 1,2-hydroxy alkoxy radical, I18, and NO2 in a 

Fig. 7   Optimized structure of 
the transition states involved in 
the secondary reactions of the 
alkyl radical intermediates, I3

TS9
TS10

TS11
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barrierless reaction. The formation of 1,2-hydroxy alkoxy 
radical, I18, is exothermic and exoergic with an enthalpy and 
free energy of − 10.93 and − 11.75 kcal/mol. As shown in 
Scheme 5, the exit pathway for the 1,2-hydroxy alkoxy radi-
cal, I18, is its reaction with O2 and decomposition reaction. 

The reaction between I18 and O2 leads to the formation of 
the product, 3-chloro-2-hydroxy-2-methyl-propionaldehyde 
(P8), along with HO2 through the transition state, TS15, 
with an energy barrier of 11.54 kcal/mol. The product P8 
is formed in a highly exothermic and exoergic reaction with 
∆H298 = −37.8 kcal/mol and ∆G298 = −35.77 kcal/mol. The 

Scheme 4   Possible secondary reactions from radical intermediate adduct, I4. The relative energy (∆E) is in kcal/mol
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Fig. 8   Optimized structure of 
the transition states involved in 
the secondary reactions of the 
alkyl radical intermediates, I4

TS12 TS13

TS14

Fig. 9   Relative energy profile 
for the reaction of intermediate 
adduct, I4, with O2, NO, HO2 
radicals and decomposition 
reaction of alkoxy radical, I12
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Scheme 5   Reaction scheme for subsequent reactions of radical intermediate adduct, I5

Fig. 10   Optimized structure of 
the transition states involved in 
the secondary reactions of the 
alkyl radical intermediates, I5

TS15

TS17

TS16
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second exit pathway studied for alkoxy radical, I18, is the 
decomposition reaction. The decomposition of 1,2-hydroxy 
alkoxy radical, I8, into methanol (P2) and a carbon-centred 
radical, I19, surmounts an energy barrier of 11.58 kcal/
mol. The decomposition reaction is found to be exothermic 
and exoergic with reaction enthalpy of − 6.54 kcal/mol and 
Gibbs free energy of − 3.90 kcal/mol. Further, the carbon-
centred radical intermediate, I19, can react with the molecu-
lar oxygen to form a stable product, chloroacetone (P5) and 
HO2

·. The chloroacetone is the main product formed in the 
oxidation of 3CMP. The atmospheric lifetime of the parent 
molecule, 3CMP, is around 4 h, as reported in previous stud-
ies [43]; the lifetime of the product, chloroacetone, is 900 h. 
That is, the degradation of chloroacetone is very hard which 
will lead to adverse effect on the balanced atmosphere.

4 � Conclusion

The gas-phase reactions of 3-chloro-2-methyl-1-propene 
(3CMP) with OH radical are studied by using electronic 
structure calculations based on DFT methods and variational 
transition state theory. Five reaction pathways, three hydro-
gen atom abstraction reactions and two OH radical addition 
reactions were identified for the initial reaction. The calcu-
lated potential energy surface and thermochemical parame-
ters show that the studied OH-addition reactions and H-atom 

abstraction reaction are the most favourable reactions. The 
rate constant is calculated for the favourable initial H-atom 
abstraction reactions (formation of radical intermediates, 
I2 and I3) and OH radical addition reactions (formation of 
intermediate adducts, I5 and I6). At 298 K, the calculated 
rate constant for H-atom abstraction reaction is 1.00 × 10−14 
and 2.10 × 10−14 cm3 molecule−1 s−1, and for OH-addition 
reactions, the rate constant is 2.54 × 10−11 and 1.41 × 10−11 
cm3 molecule−1 s−1. That is, OH-addition reactions are found 
to be more favourable than the H-atom abstraction reactions. 
The estimated lifetime of 3CMP in the normal atmospheric 
OH· concentration is 4 h. Calculated lifetime of 3CMP shows 
that it is easily degraded in the troposphere into reactive 
intermediates and then to end products which could be the 
second pollutants. Hence, the subsequent secondary reac-
tions were studied for the initially formed alkyl radicals I2, 
I3 and 3CMP-OH adducts, I5 and I6, which results in the 
formation of stable products. Amongst the identified chlo-
rinated products, chloroacetone and formyl chloride are the 
potential source for chlorine which may alter the ozone bal-
ance in the atmosphere. The reported reaction pathways, rate 
constants and products identified in the present work clearly 
infer the role of 3CMP in the regional atmosphere.
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Fig. 11   Relative energy profile 
for the reaction of intermediate 
adduct, I5, with O2, NO·, HO2 
radicals and decomposition 
reaction of alkoxy radical, I13
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