
Thermochemistry and Kinetics of the Atmospheric Oxidation
Reactions of Propanesulfinyl Chloride Initiated by OH Radicals: A
Computational Approach
Parandaman Arathala and Rabi A. Musah*

Cite This: J. Phys. Chem. A 2022, 126, 4264−4276 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The thermochemistry and kinetics of the atmos-
pheric oxidation mechanism for propanesulfinyl chloride (CH3−
CH2−CH2−S(O)Cl; PSICl) initiated by the hydroxyl (OH)
radical were investigated with high level quantum chemistry
calculations and the Master equation solver for multi-energy well
reaction (Mesmer) kinetic code. The mechanism for the oxidation
of PSICl in the presence of OH radical can proceed via H-
abstraction and substitution pathways. The CCSD(T)/aug-cc-
pV(T+d)Z//MP2/aug-cc-pV(T+d)Z level calculated energies
revealed addition of the OH radical to the S-atom of the sulfinyl
(−S(O)) moiety, followed by cleavage of the Cl−S(O) single
bond, leading to formation of propanesulfinic acid (PSIA) and the
Cl radical to be the major pathway when compared to all other
possible channels. The transition state barrier height for this reaction was found to be −3.0 kcal mol−1 relative to the energy of the
starting PSICl + OH radical reactants. The rate coefficients were calculated for all possible paths in the atmospherically relevant
temperature range of 200−320 K and at 1 atm. The rate coefficient for the formation of the PSIA + Cl radical from the PSICl + OH
radical reaction was found to be 8.2 × 10−12 cm3 molecule−1 s−1 at 298 K and a pressure of 1 atm. From branching ratio calculations,
it was revealed that the reaction resulting in the formation of the PSIA + Cl radical contributed ∼52% to the total reaction. The
overall rate coefficient for the PSICl + OH reaction was also calculated and found to be 1.6 × 10−11 cm3 molecule−1 s−1 at 298 K and
a pressure of 1 atm. In the aggregate, the results indicate the atmospheric lifetime of PSICl to be ∼12−20 h in the temperature range
between 200 and 320 K, which suggests that its contribution to global warming is negligible. However, the degradation products
revealed to be formed in its interactions with the OH radical, which include that SO2, Cl radical, HO2 radical, and propylene have
significant effects on the formation of acid rain, secondary organic aerosols, the ozone layer, and global warming.

1. INTRODUCTION

Volatile organosulfur compounds (VOSCs) play an important
role in atmospheric chemistry and various other areas of science.
Hydrogen sulfide (H2S), carbonyl sulfide (OCS), methanethiol
(CH3SH), dimethyl sulfide ((CH3)2S), and several other sulfur
compounds are ubiquitous in the atmosphere, and their
oxidation reactions lead to the production of various low-
volatility products. These compounds may have significant
effects on global warming, formation of acid rain, and climate
change.1 VOSCs are emitted into the atmosphere from several
natural and anthropogenic sources.2−4 Sulfur compounds are
present in various fuels such as heating oil, aircraft fuels, gasoline,
and diesel.5 The most common sulfur compound present in
gasoline is thiophene, and other heavy fractions of oil contain
benzothiophene and dibenzothiophene.6 In the atmosphere,
sulfur dioxide (SO2), sulfur trioxide (SO3), and H2S are the
three principal sulfur-containing pollutants.7−9 The major
sources of SO2 are fossil fuel consumption, power generation,
industrial activities, metal smelting, and petroleum refining.10,11

H2S is another important sulfur species that plays a significant
role in the atmospheric sulfur cycle. The concentrations of H2S
in volcanic regions and geothermal fields are reported to be
about 500 parts per billion (ppb).12,13 It is emitted from oil and
gas producing regions. It has also been reported that H2S is
slowly oxidized to SO2 by a multistep mechanism that ultimately
results in the formation of sulfuric acid (H2SO4), which then
eventually contributes to the formation of aerosols and acid
rain.9 In addition, removal of sulfur compounds from hydro-
carbon sources is used in the synthesis of monomers for mass
produced plastics.14

Received: February 21, 2022
Revised: May 10, 2022
Published: June 27, 2022

Articlepubs.acs.org/JPCA

© 2022 American Chemical Society
4264

https://doi.org/10.1021/acs.jpca.2c01203
J. Phys. Chem. A 2022, 126, 4264−4276

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 A

L
B

A
N

Y
 S

T
A

T
E

 U
N

IV
 N

E
W

 Y
O

R
K

 o
n 

Se
pt

em
be

r 
26

, 2
02

2 
at

 1
4:

38
:2

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Parandaman+Arathala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rabi+A.+Musah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.2c01203&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/126/26?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/26?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/26?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/26?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.2c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf


A large number of VOSCs such as thiosulfinates with the
general formula R−S(O)−S−R (where R = −CH3 or CH3−
(CH2)n−) and other sulfur compounds were detected in the
atmosphere of a beech forest with Allium ursinum as ground
cover.15 The concentrations of these VOSCs were reported to
be in the range of 0.3−7.8 parts per million (ppm), with an
average level of 2.9 ppb.15 The emission of the C2−C6 sulfur
compounds from A. ursinum ranged from∼44 to∼100 μg S m−2

h−1. The highest mean emission rate for organic sulfur species
emitted from a terrestrial plant has been reported to be∼62 μg S
m−2 h−1.15 Dimethyl thiosulfinate (DMTS) and dipropyl
thiosulfinate (DPTS) are the most common VOSCs released
from various Allium genus cash crops15−18 such as garlic and
onions. Therefore, it is important to understand the fate of these
compounds and their oxidation products in the presence of
important atmospheric oxidants such as hydroxyl (OH) and
chlorine (Cl) radicals. Recent computational studies have
reported on the oxidation of DMTS and DPTS with OH and
Cl radicals.19−21 Based on these studies, the atmospheric
lifetimes of DMTS and DPTS with respect to OH and Cl
radicals are very short and their global warming potentials
(GWPs) are negligible. However, various products formed from
the oxidation of these compounds in the presence of OH and Cl
radicals may make significant contributions to global warming,
climate alteration, acid rain, and the formation of secondary
organic aerosols (SOAs).
A recent computational study reported propanesulfinyl

chloride (CH3CH2CH2S(O)Cl, PSICl) as an important
trace constituent produced along with the propanethiyl radical
(PTR) from the oxidation of plant-derived DPTS with the Cl
radical under normal atmospheric conditions.21 This study
found that the reaction resulting in the formation of PSICl +
PTR was a major channel, with branching ratios of up to ∼72−
74% in the temperatures between 200 and 300 K compared to all
other reaction paths associated with the DPTS + •Cl reaction.
Reactions with the Cl radical are considered to be an important
sink for oxidation of atmospheric volatile organic compounds
(VOCs). The rate coefficients for the reaction of Cl radical with
VOCs are often an order of magnitude larger than the same
reactions with the OH radical. Cl radicals are produced in the
atmosphere from heterogeneous reaction cycles involving sea
salt in the marine boundary layer (MBL). The concentrations of
these radicals at the MBL are ∼1−10% those of OH radical
levels. In addition, high levels of nitryl chloride (ClNO2), a Cl
radical source, have been identified in midcontinental areas such
as North America, Central Europe, Western Europe, and
northern China.22−25 Its concentrations were reported to be 1.1
× 105 and 1.3 × 104 molecules cm−3 in areas such as the north
China plain and northern Europe, respectively.26,27 Other
sources of Cl radicals in the atmosphere include HCl, HOCl,
Cl2, BrCl, chlorocarbons, and chlorofluorocarbons, and they
have various natural and anthropogenic origins. Several studies
have also proven that Cl radical reactions can bemore important
than OH radical reactions for hydrocarbons in regional
atmospheres.27,28 This clearly indicates that Cl radicals also
play significant roles in determining the fate of atmospheric
organics in coastal urban and continental areas. For this reason,
it is important to continue to identify and catalog new sources of
Cl radicals.
Terrestrial plant-derived DPTS, when in the presence of Cl

radical in continental areas and the MBL, mainly undergoes
reactions to form PSICl as a major product.21 Because Cl radical
concentrations can reach 10% of that of OH radicals,29 this

pathwaymakes a significantly higher contribution to the removal
of DPTS in regional atmospheres. Therefore, the PSICl product
of the DPTS + Cl radical pathway can be of major significance in
regional atmospheres. While the concentration of PSICl has not
been measured experimentally in atmospheric ambient air, it has
been found to be a key reaction intermediate produced from the
oxidation of DPTS.21 As such, it may contribute to the
environmental sulfur burden. Several atmospheric models have
been developed for a global sulfur cycle, but all of them
underpredict the significant amounts of terrestrial biogenic
sulfur required to balance it.30 This makes the identification of
potential sources of atmospheric sulfur critical. In particular,
sulfur gas flux from living vascular plants to the environment is
an important but little studied part of the global sulfur cycle.31,32

Therefore, PSICl may be an important biogenic organosulfur
compound that contributes to the global sulfur cycle. For this
reason, we embarked on a study of its fate in the atmosphere. In
addition, however, the study of this molecule may be of
relevance to the chemistry of some chemical warfare agents.
There is very limited data available on the reactions of
chlorinated sulfur hydrocarbons and their S- and Cl-based
intermediates in the atmosphere.5 Bis(2-chloroethyl)sulfide
((ClCH2CH2)2S) is a major chemical warfare agent that was
manufactured in the early 1910s.5 Given the relationship
between the structure of PSICl to that of bis(2-chloroethyl)-
sulfide which also contains S- and Cl-atoms, the study of the
oxidative fate of PSICl may provide insights into the chemistry
of bis(2-chloroethyl)sulfide that may prove useful in addressing
its decomposition and that of similar compounds.
The importance of giving consideration to the degradation

mechanism of PSICl under normal atmospheric conditions
derives in part from the significant amounts of its precursor (i.e.,
DPTS) that are released from onion and garlic cash corps and
that occupy large acreage on farmlands throughout the world.
Thus, PSICl is expected to be formed in the atmosphere from
the DPTS + Cl radical reaction. In addition, chlorocarbons are
important sources of chlorine radicals in the atmosphere, with
photodissociation being a common route to global tropospheric
chlorine radical production.33 These compounds often exhibit
relatively long tropospheric lifetimes mainly because of their
slow decay in the atmosphere and slow reaction rate with the
OH radical.34 Thus, it was of interest to determine whether
PSICl serves as a source of Cl radicals. If it were to diffuse into
the stratosphere, then it could disturb the ozone layer.35 In
addition, the presence of sulfur in PSICl may form sulfate
particles in the atmosphere, which could be useful in reducing
global warming.36 Sulfur compounds have been proposed as
candidates for the geoengineering of a solution to offset climate
change in the Earth’s atmosphere.36−38 Therefore, it is
important to understand the decomposition mechanism and
atmospheric lifetime of PSICl in the presence of the major
atmospheric oxidant OH radical, particularly since reactions of
OH radicals with many volatile organic compounds are found to
be the main sinks in gas phase atmospheric reactions.
In principle, oxidation of PSICl initiated by an atmospheric

OH radical could proceed by abstraction and substitution
pathways. Specifically, the opportunity for these abstraction and
substitution paths occurs because of the presence in PSICl of
methylene (−CH2) and methyl (-CH3) groups and the Cl-atom
attached to the S-atom of the sulfinyl (−S(O)) moiety,
respectively. In addition, the presence of the S-atom within
PSICl, provides another substitution path. The possible
abstraction and substitution paths are indicated as R1, R2a-b,
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R3a-b, R4a-b, and R5−R6, as shown in Figure 1. The abstraction
paths (R1, R2a-b, R3a-b, and R4a-b) in Figure 1 result in the

formation of S- and various C-centered radicals. Molecular
hypochlorous acid (HOCl) accompanies formation of the S-
centered radical, and water (H2O) is formed alongside the C-
centered radicals. In the substitution paths (R5 and R6), OH
radical addition to the S-atom of the sulfinyl group, followed by
Cl−S(O) single bond fission produces propanesulfinic acid
(PSIA) + Cl radical products (R5) while the addition of OH
radical to the C-atom of the−CH2 that is directly attached to the
sulfinyl group followed by cleavage of the C−S(O) single
bond leads to the formation of propanol (CH3CH2CH2OH)
and S(O)Cl radical (R6).
To the best of our knowledge, the atmospheric oxidation

mechanism, energetics, and kinetics of the reaction of PSICl
with the OH radical have not been reported. Therefore, the
complete reaction mechanism, energetics, and kinetics of
various possible paths involved in the PSICl + •OH reaction
were investigated using high level electronic structure methods.
In any molecule + radical reaction in the atmosphere, the
formation of the pre-reactive complex (PRC), transition state
(TS), post-reactive complex (PC), and products steps is
important in understanding the dynamics of the reaction.
Thus, all the reaction paths associated with the PSICl + OH
radical were characterized by optimizing the corresponding
reactants, PRCs, TSs, PCs, and products using both a hybrid
density functional method and second-order Møller−Plesset
(MP2) perturbation theory. We then calculated energies for all
of the stationary points using DFT/ab initio electronic structure
calculations. These high-level quantum chemistry methods have
been successfully used in the investigation of gas phase chemical
reactions such as molecule−radical reactions under atmospheric
conditions. Thermochemical parameters were calculated to
determine the stability of all of the species involved in the various
reaction paths. The rate coefficients were calculated for all the
reaction paths using the Master equation solver for multi-energy

well reactions (Mesmer) kinetic code39 with Eckart tunneling40

correction in the atmospherically relevant temperatures between
200 and 320 K and a pressure of 1 atm. Branching ratio
calculations were performed to assess the percentage contribu-
tion from each reaction path to the overall reaction. The present
work is useful in understanding the fate of PSICl in the presence
of OH radical under atmospheric conditions, and the
atmospheric implications of the results are discussed.

2. COMPUTATIONAL METHODS
All electronic structure calculations in the present work were
performed using Gaussian 16 software.41 The geometry
optimization of all of the key stationary points on the potential
energy surfaces (PESs) for the various possible reaction paths
associated with the PSICl + •OH reaction was performed using
both MP2 perturbation theory42 and M06-2X hybrid density
functional methods.43 M06-2X and MP2 methods have been
successfully used in previous studies for determining the
reaction mechanism, long-range interactions, energy barriers,
thermochemistry, and kinetics with high accuracy for various
important reactions involving sulfur and other com-
pounds.19,44−48 All calculations in this work were performed
using the aug-cc-pV(T+d)Z basis set at both levels of theory to
get accurate geometries, energies, and vibrational frequencies.
This basis set adds tight d functions to the S-atom, which helps
to provide a more accurate rendering of the bonding in S-
containing species.49,50 The harmonic vibrational frequency
calculations for all the key stationary points were also performed
using both levels of theory. Reactants, PRCs, PCs, and products
were identified with all positive vibrational frequencies, and the
TSs were identified with one imaginary (negative) vibrational
frequency. Intrinsic reaction coordinate (IRC)51 calculations
were carried out to ensure that each transition state connected
with its corresponding PRC and PC on the reaction coordinate.
In addition, single-point energy calculations were performed for
all the minima on the PESs to get more accurate energies at cost-
effective coupled-cluster single, double, and triple excitation
(CCSD(T)) methods using the same aug-cc-pV(T+d)Z basis
set on the previously optimized geometries at the M06-2X/aug-
cc-pV(T+d)Z and MP2/aug-cc-pV(T+d)Z levels. This higher
level CCSD(T) method is known to provide benchmark quality
binding energies for noncovalently bound systems.52−54

Furthermore, using this approach, errors of relative energies
and bond energies can often be calculated to within 1 kcal
mol−1.55 The zero-point energies (ZPEs) computed at the M06-
2X/aug-cc-pV(T+d)Z and MP2/aug-cc-pV(T+d)Z levels were
used to correct the corresponding single-point energies for all
the stationary points calculated at the CCSD(T)/aug-cc-pV(T
+d)Z level. In addition, T1 diagnostic calculations were
performed to assess whether the observed results for the single
reference-based CCSD(T) wavefunction were reliable. In
general, stationary points having T1 values larger than 0.02 are
considered to be less reliable and require the further application
of a multireference-based electron correlation procedure.56 In
the present work, T1 values calculated at the CCSD(T)/aug-cc-
pV(T+d)Z level for all the species are provided in Table S1 of
the Supporting Information. The results suggest that, for all of
the species, T1 values are ≤0.02 except for that associated with
transition state (TS6), whose T1 value was found to be ∼0.03
(see Table S1). Thus, the single reference-based CCSD(T)
wavefunction was found to be appropriate in the present work.
The calculated total electronic energies (Etotal) and correspond-
ing zero-point energy (ZPE) corrected electronic energies

Figure 1. Atmospheric oxidation of propanesulfinyl chloride (PSICl)
with the OH radical involving various possible H- and Cl-atom
abstraction paths (R1, R2a-b, R3a-b, and R4a-b) to form the
corresponding C-centered radical products + H2O and an S-centered
radical product + HOCl, respectively, and substitution paths (R5 and
R6) to form the propanesulfinic acid + Cl radical and propanol + SOCl
radical, respectively.
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[Etotal(ZPE)] at various levels of theory are given in Tables S2
and S3. In addition, imaginary frequencies for all the possible
TSs, rotational constants, vibrational frequencies, and the
optimized geometries of all the stationary points at both the
M06-2X and MP2 levels are provided in Tables S4−S8 in the
Supporting Information.

3. RESULTS AND DISCUSSION
The study of the atmospheric removal process for PSICl in the
presence of OH radical was investigated by first determining its
most stable conformer. Accordingly, conformational analysis of
PSICl was performed by rotating its two adjacent C−C and one
C−S single bonds through their corresponding dihedral angles.
This process leads to various stable conformers, all of which
were optimized at both the M06-2X/aug-cc-pV(T+d)Z and
MP2/aug-cc-pV(T+d)Z levels. The more stable geometries
observed at the MP2/aug-cc-pV(T+d)Z and M06-2X/aug-cc-
pV(T+d)Z levels are shown in Figure 2 and Figure S1 of the

Supporting Information, respectively. The relative energies of
the most stable conformers were estimated at both the M06-2X
and MP2 levels using the same aug-cc-pV(T+d)Z basis set and
are provided in Table S9 of the Supporting Information. The
results from Table S9, Figure 2, and Figure S1 indicate that
structure PSICl-III is the most stable conformer. The relative
energies observed in the present calculations at both the M06-
2X and MP2 levels indicate that structures PSICl-I, PSICl-II,
and PSICl-IV are ∼0.2, ∼1.0, and ∼0.5 kcal mol−1 higher in
energy than structure PSICl-III, respectively. Therefore, the
most stable conformer of propanesulfinyl chloride (i.e., structure
PSICl-III) was used in the present calculations to investigate its
atmospheric removal mechanism in the presence of OH radical.
3.1. Stationary Points on the Potential Energy

Surfaces and Energetics. The molecular structure of PSICl
contains a propyl moiety and a Cl-atom directly attached to the
S-atom of the sulfinyl (S(O)) group. Its interaction with the
atmospheric OH radical is expected to occur primarily through
H-atom abstraction and substitution pathways, as delineated in
Figure 1. The abstraction by the OH radical of H- and Cl-atoms

linked to the C-atoms of the propyl and S(O) groups of
PSICl, respectively, was investigated. In Figure 3, the transition

state for abstraction of the Cl-atom from PSICl is labeled as TS1.
As the four H-atoms contained within the two −CH2 groups in
PSICl are all different from one other, four TSs labeled TS2a,
TS2b, TS3a, and TS3b emerge. With reference to the −CH3
moiety of PSICl, theM06-2X/aug-cc-pV(T+d)Z andMP2/aug-
cc-pV(T+d)Z level calculations indicated that two of the H-
atoms are the same and distinguished from the third. Thus, the
results suggest only two different TSs for abstractions involving
the −CH3 group, and these are labeled as TS4a and TS4b in
Figure 3. Therefore, overall, there are a total of six different H-
abstraction TSs and one Cl-abstraction TS that are possible for
the PSICl + OH radical reaction. These are all labeled as shown
in Figure 3.
The abstraction pathways (R1−R4a-b) given in Figure 1 lead

to the formation of C- and S-centered radical products. The
products formed from reaction pathway R1 are labeled P1
((CH3CH2CH2S

•(O)) + hypochlorous acid (HOCl)). The
products formed from the abstraction pathways R2a-b, R3a-b,
and R4a-b are labeled P2 (CH3-CH2-C

•H−S(O)Cl) + water
(H2O), P3 (CH3−C•H−CH2-S(O)Cl) + H2O, and P4
(C•H2−CH2−CH2−S(O)Cl) + H2O, respectively (see
Figure 1).
Similarly, substitution pathways (R5 and R6) are also possible

for the PSICl + OH radical reaction (see Figure 1). The
transition state and corresponding products for the addition of
OH radical to the S-atom of the sulfinyl moiety, followed by
S(O)−Cl single bond cleavage, leading to PSIA andCl radical
through substitution channel R5 are labeled TS5, P5, and

•Cl,
respectively. The remaining transition state and products
formed from OH addition to the C-atom of the −CH2 moiety,
followed by C−S(O) single bond cleavage, leading to the
formation of propanol and the S(O)Cl radical through
substitution channel (R6) are labeled TS6, P6, and SOCl,
respectively.
The relative energies of all the key stationary points present on

all PES profiles associated with the PSICl + OH radical reaction
obtained at both the CCSD(T)/aug-cc-pV(T+d)Z//M06-2X/
aug-cc-pV(T+d)Z (designated as CCSD(T)//M06-2X) and
CCSD(T)/aug-cc-pV(T+d)Z//MP2/aug-cc-pV(T+d)Z (des-
ignated as CCSD(T)//MP2) levels are given in Table 1. The
results from Table 1 indicate that the relative energies at both

Figure 2. Stable conformations of propanesulfinyl chloride (PSICl)
optimized at the MP2/aug-cc-pV(T+d)Z level. The black, white,
yellow, red, and green colors represent carbon, hydrogen, sulfur,
oxygen, and chlorine atoms, respectively. The PSICl-III shown in the
black box is∼0.2,∼1.0, and∼0.5 kcal mol−1 more stable than structures
PSICl-I, PSICl-II, and PSICl-IV, respectively, as indicated by the
energies listed in Table S9.

Figure 3. Labeling of the seven possible distinct Cl- and H-atom
abstractions from the propanesulfinyl chloride by the OH radical,
leading to transition states. The symbols are defined as follows: TS1:
transition state for Cl-atom abstraction; TS2a, TS2b, TS3a, TS3b,
TS4a, and TS4b: transition states for H-atom abstraction.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c01203
J. Phys. Chem. A 2022, 126, 4264−4276

4267

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c01203/suppl_file/jp2c01203_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01203?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the CCSD(T)//M06-2X andCCSD(T)//MP2 levels for PRCs,
TSs, PCs, and products exhibit maximum deviations of ∼0.3,
∼0.5,∼2.5, and∼0.6 kcal mol−1, respectively. This suggests that
the relative energies obtained at both levels of theory were in
reasonably good agreement with one another (see Table 1). We
also noted that the transition state for the substitution channel
(R5) in Figure 1 was not identified at the M06-2X and B3LYP
levels when the 6-31+G(d,p), 6-311++G(2d,2p), aug-cc-pVTZ,
and aug-cc-pV(T+d)Z basis sets were used. However, we
identified this important transition state at the MP2/aug-cc-
pV(T+d)Z level. Therefore, the results obtained at the
CCSD(T)//MP2 level were used for the energies and in the
rate coefficient calculations to facilitate direct comparison with
other possible pathways involved in the PSICl + OH radical
reaction.
3.1.1. Abstraction Paths.We now present our results for the

abstraction paths (R1−R4a-b) associated with the PSICl + OH
radical reaction (see Figure 1). The potential energy profiles
containing all the key stable minima such as reactants, PRCs,
TSs, PCs, and products for all possible H- and Cl-abstraction
pathways are labeled R1−R4a-b and are shown in Figure 4. The
energies of all the stationary points calculated at the CCSD(T)/
aug-cc-pV(T+d)Z//MP2/aug-cc-pV(T+d)Z level are also
displayed in Figure 4, and all of the values are calculated relative
to the energy of the starting PSICl + •OH reactants. Table 1

contains relative energies, enthalpies, and free energies
calculated at 298 K for all the key stationary points present on
all possible PESs associated with the PSICl + OH radical system.
The optimized geometries of all the minima obtained at the
MP2/aug-cc-pV(T+d)Z level are shown in Figure 5. The
important bond lengths (Å), bond angles, and hydrogen
bonding interactions are shown for all the structures (see Figure
5). All of the possible H- and Cl-atom abstraction paths initially
proceed through the formation of stable van der Waals
complexes (PRCs) such as PRC1, PRC2, and PRC3 from the
association of two reactants through hydrogen bonding
interactions. The hydrogen bonding interaction in PRC1 is
mainly between the O-atom of the OH radical and the H-atom
of the center methylene moiety of PSICl, with a bond length of
2.61 Å, and bonding between the H-atom of the OH radical and
O-atom of PSICl with a bond length of ∼1.92 Å (see Figure 5).
In PRC2, hydrogen bonding occurs between the O-atom of the
OH radical and the two H-atoms of the propyl moiety of PSICl,
with bond lengths of 2.65 and 2.81 Å, respectively. Hydrogen
bonding is also observed between the H-atom of the OH radical
and the O-atom of PSICl, with a bond length of ∼1.94 Å.
Similarly, hydrogen bonding interactions were also seen in
PRC3, with bonding between the O-atom of the OH radical and
the H-atoms of the −CH2−CH3 moiety of PSICl with bond
lengths of 2.87 and 2.88 Å, respectively, and bonding between

Table 1. Zero-Point Energy (ZPE) Corrected Energies, Enthalpies, and Free Energy Changes Calculated for the Various Paths
Associated with the Propanesulfinyl Chloride (PSICl) + OH Radical Reaction at Various Levels of Theorya

CCSD(T)/aug-cc-pV(T+d)Z//MP2/aug-cc-pV(T+d)Z CCSD(T)/aug-cc-pV(T+d)Z//M06-2X/aug-cc-pV(T+d)Z

pathway stationary point Δ(E + ZPE)b ΔH(298 K)b ΔG(298 K)b Δ(E + ZPE)c ΔH(298 K)c ΔG(298 K)c

R1 PSICl + •OH 0.0 0.0 0.0 0.0 0.0 0.0
PRC1 −4.9 −5.2 2.0 −4.6 −5.0 3.1
TS1 10.4 9.7 2.0 8.1 7.6 15.9
PC1 −7.0 −7.4 −0.3 −7.0 −7.4 −0.2
P1 + HOCl 1.4 1.0 −1.4 0.8 0.4 −2.0

R2a PRC2 −5.2 −5.6 2.2 −5.0 −5.5 3.0
TS2a 0.5 −0.3 8.9 0.5 −0.3 9.0
PC2 −24.6 −24.4 −18.2 −24.4 −24.2 −17.3
P2 + H2O −19.4 −19.0 −21.4 −19.8 −19.2 −22.6

R2b PRC3 −3.1 −3.2 4.0 −3.0 −3.1 4.0
TS2b 0.9 0.1 9.2 0.8 0.1 9.1
PC3 −23.9 −23.6 −17.3 −24.2 −23.8 −17.4

R3a TS3a −1.6 −2.5 7.0 −1.5 −2.4 7.0
PC4 −26.1 −25.9 −19.1 −26.0 −25.8 −18.9
P3 + H2O −20.7 −20.2 −22.2 −20.7 −20.2 −22.3

R3b TS3b 0.4 −0.3 8.5 0.7 0.0 8.8
PC5 −24.2 −23.7 −17.5 −24.2 −23.6 −17.7

R4a TS4a 2.6 2.1 9.3 2.8 2.2 9.9
PC6 −20.2 −19.6 −13.5 −17.4 −16.7 −12.1
P4 + H2O −16.4 −15.8 −17.9 −16.3 −15.7 −18.0

R4b TS4b 1.5 0.9 9.1 1.8 1.0 9.5
PC7 −20.2 −19.6 −13.5 −18.9 −18.4 −11.8

R5 PRC4 −4.1 −2.9 3.1
TS5 −3.0 −4.7 3.6
PC8 −27.3 −28.4 −18.5
P5 +

•Cl −13.2 −13.8 −11.9
R6 TS6 18.1 17.4 26.4 17.6 16.9 25.7

PC9 −39.2 −39.2 −33.6 −38.9 −38.9 −33.3
P6 + SOCl −36.4 −37.1 −39.5 −36.9 −37.6 −40.0

aAll values are in kcal mol−1. bValues computed at the CCSD(T)/aug-cc-pV(T+d)Z//MP2/aug-cc-pV(T+d)Z level with zero-point corrections,
enthalpy, and free energy corrections obtained at the MP2/aug-cc-pV(T+d)Z level. cValues computed at the CCSD(T)/aug-cc-pV(T+d)Z//M06-
2X/aug-cc-pV(T+d)Z level with zero-point corrections, enthalpy, and free energy corrections obtained at the M06-2X/aug-cc-pV(T+d)Z level.
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the H-atom of the OH radical and Cl-atom of PSICl with a bond
length of ∼2.44 Å. The binding energies of PRC1, PRC2, and
PRC3 were estimated to be 4.9, 5.2, and 3.1 kcal mol−1,
respectively, below those of the starting reactants. This can be
clearly seen at the entrance channels of each reaction path (see
Figure 4). The reason for the greater stability of these complexes
is mainly due to the presence of hydrogen bonding interactions.
The reaction then proceeds from PRC1 to form two transition
states (TS1 and TS4a) with barrier heights of 10.4 and 2.6 kcal
mol−1, respectively. The optimized structures for PRC1 and TS1
in Figure 5 show that the rotation of the OH group in PRC1
occurs in such a way that it abstracts the Cl atom of PSICl. The
structures of PRC1 and TS4a indicate that the O-atom of the
OH radical from PRC1 abstracts the H-atom of the methyl
group as shown in TS4a (see Figure 5). These two reaction TSs
further proceed to form their corresponding post-reactive
complexes (PC1 and PC6) on the PESs with energies of −7.0
and −20.2 kcal mol−1, respectively. PC1 and PC6 then undergo
decomposition to form final products [P1 (CH3CH2CH2S

•(
O)) + HOCl] and [P4 (•CH2CH2CH2S(O)Cl) + H2O],
which are located on the PES with corresponding energies of 1.4
and −16.4 kcal mol−1, respectively. The formed second pre-
reactive complex (PRC2) leads to the formation of two
transition states (TS2a and TS3a) with corresponding barrier
heights of 0.5 and −1.6 kcal mol−1 above and below that of the
starting reactants, respectively. These two TSs further proceed
to form their corresponding post-reactive complexes (PC2 and
PC4) with energies of−24.6 and−26.1 kcal mol−1, respectively.
The formed PCs then lead to the formation of [P2
(CH3CH2C

•HS(O)Cl) + H2O] and [P3 (CH3C
•HCH2S-

(O)Cl) + H2O] bimolecular products at −19.4 and −20.7
kcal mol−1, respectively. The remaining pre-reactive complex
(PRC3) proceeds to form three different transition states
(TS2b, TS3b, and TS4b) with corresponding barrier heights of
0.9, 0.4, and 1.5 kcal mol−1, respectively, which are located above

the starting reactants. The formed TSs are connected with the
corresponding PC3, PC5, and PC7, with energies of −23.9,
−24.2, and −20.2 kcal mol−1, respectively. The reaction paths
further lead to the formation of the final products [P2
(CH3CH2C

•HS(O)Cl) + H2O], [P3 (CH3C
•HCH2S(

O)Cl) + H2O], and [P4 (•CH2CH2CH2S(O)Cl) + H2O]
with corresponding energies of −19.4, −20.7, and −16.4 kcal
mol−1, respectively. Based on the energies of all the transition
states provided in Figure 4, abstraction of the H-atom via TS3a
has the lowest barrier and is the most dominant compared to all
the possible H- and Cl-atom abstraction paths involved in the
PSICl + •OH reaction.

3.1.2. Substitution Paths. We now present the energetics of
the possible substitution channels associated with the PSICl +
OH radical reaction. The potential energy profiles involving
important stationary points obtained at the CCSD(T)/aug-cc-
pV(T+d)Z//MP2/aug-cc-pV(T+d)Z level are shown in Figure
6. The energy values for all the stationary points displayed in
Figure 6 were estimated relative to the energy of the starting
reactants. The PES profiles for the substitution channels R5 and
R6 (see Figure 1) proceed similar to the abstraction path
described above. The results in Figure 6 suggest that the
association of PSICl and the OH radical initially forms a stable
pre-reactive complex (PRC4) with a binding energy of∼4.1 kcal
mol−1 below that of the starting reactants. The stability of this
complex is due to the formation of a two-center−three-electron
(2c-3e) bond between the lone pair electrons of the S-atom of
PSICl and the single-electron occupied p-orbital of the OH
radical. Similar 2c-3e bonded complexes have been reported in
previous studies of OH··DMS and OH··DMSO reactions.57−59

PRC4 then proceeds further to produce stable PC8 with an
energy of−27.3 kcal mol−1 through TS5, with a barrier height of
−3.0 kcal mol−1 below the energy of the starting reactants. The
structure of TS5 shown in Figure 5 indicates that the addition of
the OH radical to the S-atom of the sulfinyl (−S(O)) moiety
to form a new single bond is followed by cleavage of the Cl−
S(O) single bond. The bond formation and bond cleavage are
illustrated with dotted lines in the transition state structure
(TS5) (see Figure 5). The reaction then continues to form
propanesulfinic acid (P5) + Cl radical products with an energy of
−13.2 kcal mol−1. The negative barrier height for this reaction
indicates that this pathway is accessible at normal atmospheric
temperatures and pressures. We also calculated the energies for
all the key stationary points on the PES involving the
substitution channel (R6) to form propanol (P6) + S(O)Cl
radical products at the CCSD(T)//MP2 level (see Figures 1 and
6). Similar to the other reaction paths, the PSICl + OH radical
results in PRC1, which then leads to transition state (TS6) with
a barrier height of 18.1 kcal mol−1 above that of the starting
reactants. The structure of TS6 in Figure 5 clearly suggests that
the O-atom of the OH radical attacks the C-atom of the
methylene moiety, which is attached directly to the sulfinyl
group of PSICl, by forming a new C−O single bond followed by
the cleavage of the C−S(O) single bond. The reaction then
continues to form PC9 at −39.2 kcal mol−1, which then
undergoes dissociation to produce propanol (P6) + S(O)Cl
radical bimolecular products at−36.4 kcal mol−1 (see Figure 6).
The higher barrier for this reaction suggests that it may occur
only under high-temperature conditions. Overall, based on the
energetics of all of the possible reaction paths discussed above, it
is the formation of propanesulfinic acid (P5) + Cl radical
products from the substitution channel that proceeds through
TS5 that is most dominant when compared to the other possible

Figure 4. Potential energy profiles for all possible abstraction paths
associated with the PSICl + •OH reaction obtained at the CCSD(T)/
aug-cc-pV(T+d)Z//MP2/aug-cc-pV(T+d)Z level. The symbols are
defined as follows: PRC1−PRC3 (pre-reactive complexes); TS1, TS2a,
TS2b, TS3a, TS3b, TS4a, and TS4b (transition states); PC1−PC7
(post-reactive complexes); and P1−P4 (S-atom and C-atom centered
radical products).
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abstraction and substitution paths available to the PSICl + OH
radical system.
Thermodynamic parameters such as enthalpy (ΔH) and

Gibbs free energy (ΔG) at 298 K for all of the minima on the
PESs associated with all possible abstraction and substitution
pathways were calculated at the CCSD(T)//M06-2X and
CCSD(T)//MP2 levels. Table 1 displays the computed values
for all of the stationary points relative to the starting reactants.
The values of enthalpy and Gibbs free energy changes for all the
stationary points at both levels agree reasonably well with each
other (see Table 1). The results from Table 1 suggest that the
reaction free energies for the abstraction of the H-atom through
R2a, R2b, R3a, R3b, R4a, and R4b are more spontaneous than
those for the abstraction of the Cl-atom from PSICl that
proceeds through R1. The changes in Gibbs free energy (ΔG)
for these reactions through R2a, R2b, R3a, R3b, R4a, and R4b
were found to be−21.4,−21.4,−22.2,−22.2,−17.9, and−17.9
kcal mol−1, respectively, computed at the CCSD(T)//MP2
level. The change in enthalpy (ΔH) for the H-atom abstraction

channels associated with the PSICl + OH radical reaction that
proceeds through R2a, R2b, R3a, R3b, R4a, and R4b was found
to be more exothermic than the abstraction of the Cl-atom from
PSICl through R1. This clearly suggests that the abstraction of
the H-atom from the C-atom of the propyl moiety of PSICl is
more exothermic and highly favored than the Cl-atom
abstraction associated with the PSICl + OH radical reaction.
The reaction enthalpies for the substitution channels via R5 and
R6 were found to be −13.8 and −37.1 kcal mol−1, respectively.
The free energies for the same reactions were found to be−11.9
and −39.5 kcal mol−1, respectively, which suggests that these
reaction paths are exothermic and spontaneous in nature.

4. THEORETICAL KINETIC ANALYSIS
Master equation solver for multi-energy well reactions (Mesmer
v.5.2) software39 was used to calculate the rate coefficients for all
possible abstraction and substitution paths investigated in the
present work. Several previously reported studies have used this
code in determining the rate coefficients for various atmospheri-

Figure 5. MP2/aug-cc-pV(T+d)Z level-optimized geometries of the pre-reactive complexes (PRCs), transition states (TSs), product complexes
(PCs), and products for all possible reaction paths involved in the propanesulfinyl chloride + OH radical reaction. The black, yellow, white, green, and
red colors represent carbon, sulfur, hydrogen, chlorine, and oxygen atoms, respectively. The bond lengths (in Å) calculated at the MP2/aug-cc-pV(T
+d)Z level are shown.
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cally important reactions60−62 as well as reactions of sulfur
compounds with OH radicals.19,20 A detailed description of
Mesmer is given in our previous work19 and studies from other
groups.39,60,63 Mesmer solves the Master equation to provide
phenomenological rate coefficients for the system using the
subsequent eigenvalue−eigenvector analysis.64 The zero-point
energy (ZPE) corrected CCSD(T) energies of all the species
shown on the PESs were obtained from the quantum chemical
calculations conducted in this work, and these values were used
for the kinetic modeling.
The PES profiles observed here indicate that the association

of PSICl and OH radical reactants in all possible abstraction and
substitution paths primarily form barrierless hydrogen bonded
PRCs. No definitive transition state structures were located for
the association of PSICl and the OH radical to form the
corresponding pre-reactive complexes (such as PRC1, PRC2,
PRC3, and PRC4). Therefore, these entrance channels may be
barrierless. This was confirmed through a relaxed scan by
decreasing the bond lengths between the O-atom of the OH
radical and the H-atom or S-atom of PSICl in the starting
reactants leading to the formation of their corresponding PRCs.
The calculations indicated that the potential energy decreased
on the reaction coordinate until the formation of the
corresponding PRCs from their initial reactants. This suggests
that the entrance channels are barrierless. The PRCs then lead to
post-reactive complexes (PCs) via their corresponding tran-
sition states (TSs). The formed PCs then undergo decom-
position to produce the corresponding final products. The
calculation of rate coefficients for barrierless reaction steps is
always difficult, and it requires advanced methods such as
variational transition state theory (VTST) to find the dividing
position between reactants and PRCs that minimize the
dissociation rate coefficient. This is because the location of the
transition state is not fixed, and it varies along the reaction
coordinate as a function of energy. Mesmer handles the
barrierless reaction steps shown at the entrance and exit
channels of all the reaction paths on the PES (see Figures 4 and

6) using the inverse Laplace transform (ILT) approach to obtain
the microcanonical rate coefficients (k(E)). For barrierless
association reactions, Mesmer uses the ILT approach to
calculate microcanonical rate coefficients. The expression that
Mesmer transforms is the modified Arrhenius equation

=∞
−( )k T A( ) eT

T

n
E RT/

0

a . In this expression, k∞(T) is the rate

coefficient at the high pressure limit, A represents the pre-
exponential factor, T is the reaction temperature, T0 is the
reference temperature, n is the modified Arrhenius parameter,
and Ea is the activation energy. In the present calculations, T0
was defined as 298 K. The Arrhenius pre-exponential factor (A)
used for the present rate calculations was 1.0 × 10−11 cm3

molecule−1 s−1 for the entrance and exit channels of the
abstraction and substitution paths. The calculations using this
value provided rate coefficients for the PSICl + OH radical
reaction, which agreed well with experimentally measured rate
coefficients for reactions of similar compounds with the OH
radical.65 In addition, rate coefficients were also monitored as a
function of variations in A by up to 2 orders of magnitude. We
observed that the rate coefficients changed by∼2−3 times in the
studied temperature range. The association reaction steps were
found to be barrierless, and therefore, the activation energy (Ea)
is small; it was assumed to be 0 kcal mol−1 in the ILT
calculations. The temperature dependence for all possible
reaction paths associated with the PSICl + OH radical reaction
was determined using the modified Arrhenius parameter (n). Ea
and n were set to 0 kcal mol−1 and 0.1, respectively, in the
present calculations. The results using these values and the
ground level atmospheric OH radical concentration suggest that
the association of the OH radical and PSICl to form the
corresponding PRCs occurs on the time scale of some tens of
nanoseconds. The rate coefficients for the reactions associated
with the conversion of PRCs to PCs through tight transition
states were calculated using Rice−Ramsperger−Kassel−Marcus
(RRKM) theory. In addition, the Eckart tunneling40 approach
was used to account for the tunneling contributions for all the
reaction paths in the studied temperature range.
The single-exponential down model (ΔEdown) was used in the

Mesmer rate calculations to account for the collision energy
transfer between the nitrogen (N2) bath gas and the modeled
species involving all possible reaction paths. The energy transfer
parameter in the single exponential down model for all the
reaction paths was set to ⟨ΔEd⟩ = 200 cm−1. We used this value
based on analogous atmospheric reactions with OH radicals that
have been reported in the literature.44,66 In addition, Mesmer
rate calculations require Lennard-Jones (L-J) parameters (ε and
σ). The depth of the potential well (ε) and the finite length
where the potential is zero (σ) for the PRCs and PCs involved in
all the abstraction and substitution paths and the buffer gas were
taken from previous reports. Specifically, L-J parameters of σ =
3.9 Å and ε = 48 K39 were used for the nitrogen buffer. The
PRCs and PCs were assumed to have the same L-J parameter
values as n-heptane, with σ = 4.42 Å and ε = 306.5 K.67 These
values were used because of the similarity of the size of all the
adducts present in the PSICl + OH radical reactions with that of
n-heptane. It should be noted that we also considered the L-J
parameters for n-hexane and n-octane (in comparison to n-
heptane) for the PRCs and PCs but found that the variations in
the rate coefficients for all reaction paths were insignificant
(hence the use of n-heptane).

4.1. Rate Coefficients. All of the above-mentioned
parameters such as vibrational frequencies, rotational constants,

Figure 6. Potential energy surface diagram for the substitution channels
involved in the propanesulfinyl chloride + OH radical reaction leading
to various products, computed at the CCSD(T)/agu-cc-pV(T+d)Z//
MP2/aug-cc-pV(T+d)Z level. The symbols are defined as follows:
PRC1 and PRC4 (pre-reactive complexes); TS5 and TS6 (transition
states); PC8 and PC9 (post-reactive complexes); and P5 and P6
(products).
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zero-point corrected energies, the Arrhenius pre-exponential
factor, activation energies, the modified Arrhenius parameter,
the collision energy transfer, and L-J parameters are required as
inputs in the Mesmer code for the determination of temper-
ature-dependent rate coefficients for all the possible reaction
paths involved in the PSICl + OH radical reaction. The
bimolecular rate coefficients (in cm3 molecule−1 s−1) given in
Table 2 for all reaction paths were calculated in the temperatures
between 200 and 320 K and at 1 atm pressure. The data in Table
2 indicate that the abstraction of the H-atom from the middle C-
atom of the propyl group of PSICl that proceeds through the
transition state (TS3a) is a major channel compared to all of the
other possible abstraction paths. For example, the rate
coefficient for this reaction path at 298 K and 1 atm pressure
was estimated to be 4.3 × 10−12 cm3 molecule−1 s−1, which is 1−
8 orders of magnitude larger than those for all the other
abstraction channels.
We also calculated the bimolecular rate coefficients for the

two possible substitution channels in the same studied
temperature range. The obtained rate coefficient values are
also displayed in Table 2. The rate coefficient value for the
substitution reaction via TS5 is 8.2 × 10−12 cm3 molecule−1 s−1

at 298 K, which is ∼1014 times larger than the value of the
substitution reaction via TS6 with a value of 4.6 × 10−26 cm3

molecule−1 s−1 at the same temperature. By comparing the rate
coefficients of all possible abstraction and substitution channels
associated with the PSICl + OH radical reaction, it is apparent
that the reaction that proceeds through TS5 to form PSIA + Cl
radical products is kinetically more dominant. This is because
the rate coefficient value at 298 K for this reaction is ∼2 times
larger than that for the second fastest reaction that occurs via
TS3a (see Table 2). Overall, the energetics and kinetics results
indicate that the interaction of PSICl with theOH radical mainly
proceeds to form PSIA and the Cl radical under normal
atmospherically relevant conditions.
In addition, the overall rate coefficients for the oxidation of the

PSICl + OH radical under atmospherically relevant conditions
were calculated by adding all possible abstraction and
substitution path rate coefficients at each temperature. The
obtained overall rate coefficient values are given in Table 2 and
are plotted in Figure 7 in the temperature range of 200−320 K
and at 1 atm. The results in Table 2 and Figure 7 indicate that the
overall reaction rate coefficients decrease gradually as the
temperature increases from 200 to 320 K. For example, the
calculated overall rate coefficients for the PSICl + OH radical
reaction at 200 and 320 K were estimated to be 2.3 × 10−11 and
1.5× 10−11 cm3 molecule−1 s−1, respectively. The present overall
rate coefficient values for the PSICl + OH radical reaction were
also compared with the values for the PSIA + OH radical
reaction in the same range of temperatures and under identical
pressure conditions (as shown in Figure 7). From the results
shown in Figure 7, it is concluded that the overall rate
coefficients for both the PSICl + OH and PSIA + OH radical
reactions show similar trends in the studied temperature range.
The results also indicate that the overall rate coefficients for the
PSICl + OH radical reaction are ∼5−6 times smaller than the
values reported for the PSIA +OH radical reaction. For example,
the overall rate coefficient calculated for the PSICl + OH radical
reaction at 298 K was ∼5 times smaller than that for the PSIA +
OH radical reaction, which was reported to be∼8.4× 10−11 cm3

molecule−1 s−1 at the same temperature. The reason for the
larger rate coefficients for the PSIA + OH radical reaction as
compared to the values for the PSICl + OH radical reaction is T
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mainly due to the presence of the −OH moiety in PSIA, which
facilitates the labile H-atom abstraction by the OH radical,
which in turn exhibits a very high negative barrier (approx-
imately −4.7 kcal/mol) relative to the PSIA + OH radical
separated reactants. This is not possible in the case of the PSICl
+ OH radical reaction. The results suggest that the OH radical-
facilitated degradation of PSICl is slower than that of PSIA
under atmospherically relevant conditions.
The rate coefficients for all the reaction paths were obtained

by adding the tunneling contributions estimated using the
Eckart tunneling40 method in the studied temperature range.
The obtained tunneling contributions for each of the H- and Cl-
atom abstraction and substitution paths in the temperatures
between 200 and 320 K are displayed in Table S10. The data
indicate that the contribution due to tunneling for each reaction
path decreases with increasing temperature, except for the
substitution reaction path that proceeds via TS5, which is
independent of tunneling in the studied temperature range. This
observation is mainly because the imaginary frequency for this
transition state is below 200 cm−1 (see Table S4).
The temperature and pressure dependent rate coefficients

were calculated for the major reaction path (R5) associated with
the PSICl + OH radical reaction to verify that the reaction
occurs in the temperatures between 200 and 320 K. The bath gas
pressures were varied between 0.1, 1.0, and 10 atm. The

obtained rate coefficients at 0.1, 1.0, and 10 atm are given in
Table S11. The data suggest that the rate coefficients for the
major reaction channel are independent of pressure over the
studied temperature range. For example, the rate coefficients at
298 K when the pressures were varied from 0.1, 1.0, and 10 atm
were estimated to be 8.16 × 10−12, 8.16 × 10−12, and 8.20 ×
10−12 cm3 molecule−1 s−1, respectively.
Branching ratios were calculated to reveal the relative

contributions of each reaction path to the overall reaction for
the PSICl +OH radical system in the studied temperature range.
These are displayed in Table 3. The results suggest that the
addition of the OH radical to the S-atom of the sulfinyl group
followed by S(O)−Cl single bond fission via TS5 leading to
PSIA + Cl radical products contributes most to the overall
reaction. The branching contribution from this pathway is
∼40.8% at 200 K and increases to ∼53.4% at 320 K. The next
highest contributing reaction was found to be the abstraction of
theH-atom by theOH radical via TS3a, with a branching ratio of
∼30.5% at 200 K, which decreased to 25.8% at 320 K. The
branching ratio values in the present studied temperature range
for the abstraction of the Cl-atom via TS1 were found to be
∼1012 to 108 times smaller, and addition of the OH radical to the
C-atom of themethylene group that proceeds via TS6 was found
to be ∼1019 to 1013 times smaller when compared to the
branching ratio values of the major reaction channel that occurs
through TS5. The branching contributions for the other
remaining H-atom abstraction reactions that proceed through
TS2a, TS2b, TS3b, TS4a, and TS4b are ∼1−3 orders of
magnitude smaller than the major reaction that occurs via TS5
(see Table 3).

4.2. Atmospheric Implications. The overall rate coef-
ficients for the PSICl + OH radical reaction in the present
studied temperatures between 200 and 320 K and with an
average tropospheric concentration of [OH]68 = 1.0 × 106

molecules cm−3 were used in calculating the atmospheric
lifetime of PSICl with respect to the OH radical in the same
studied temperature range. The atmospheric lifetime (τ) of
PSICl with the OH radical was computed using equation69−71 τ
= 1/(koverall[OH]). In this equation, koverall represents the overall
rate coefficient for the PSICl + OH radical reaction and [OH]
represents the average tropospheric concentration of the OH
radical. Using the data obtained from the present work, the
atmospheric lifetime of the PSICl with respect toOH radical was
estimated to be∼12−20 h in the temperatures between 200 and
320 K. This suggests that the atmospheric lifetime of PSICl with
respect to its interaction with the OH radical in the atmosphere
is ∼10 times larger than that of its parent molecule dipropyl
thiosulfinate, whose lifetime in association with its reaction with

Figure 7. Comparison of the overall rate coefficients calculated for the
PSICl + OH radical reaction with the available overall rate coefficients
for the PSIA + OH radical reaction44 in the temperatures between 200
and 320 K and a pressure of 1 atm.

Table 3. Calculated Branching Ratios for All the Abstraction and Substitution Paths Involved in the PSICl +OHRadical Reaction
in the Temperatures between 200 and 320 K and a Pressure of 1 atm

T TS1 TS2a TS2b TS3a TS3b TS4a TS4b TS5 TS6

200 1.58 × 10−11 9.3 6.7 30.5 9.3 3.2 0.21 40.8 1.27 × 10−18

220 1.47 × 10−10 8.4 5.9 30.3 8.5 3.1 0.25 43.4 2.21 × 10−17

240 9.97 × 10−10 7.7 5.3 29.7 8.0 3.1 0.30 45.9 3.55 × 10−16

250 2.35 × 10−09 7.3 5.1 29.3 7.7 3.1 0.33 47.1 1.31 × 10−15

260 5.24 × 10−09 7.0 4.9 28.9 7.5 3.1 0.36 48.1 4.55 × 10−15

280 2.23 × 10−08 6.6 4.5 27.9 7.2 3.2 0.44 50.1 4.50 × 10−14

298 7.09 × 10−08 6.2 4.3 27.0 6.9 3.4 0.52 51.7 2.88 × 10−13

300 8.00 × 10−08 6.2 4.3 26.9 6.9 3.4 0.53 51.9 3.50 × 10−13

320 2.48 × 10−07 5.9 4.1 25.8 6.7 3.6 0.64 53.4 2.19 × 10−12
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the OH radical is reported to be ∼2 h.20 Therefore, the
atmospheric lifetime of PSICl with respect to the OH radical is
very short (<1 day) in the present studied temperature range,
and as such, its contribution to global warming is expected to be
negligible. Nevertheless, its effect on global warming is
anticipated to be ∼10 times higher than that of DPTS in
terms of its reaction with the OH radical.
From the energetics, rate coefficients, and branching ratios,

the dominant path is the formation of PSIA +Cl radical products
from the reaction of the PSICl + OH radical. The most plausible
degradation mechanism for the PSICl + OH radical reaction
under atmospherically relevant conditions is proposed in Figure
8. As shown, the mechanism of the PSICl + OH radical reaction

primarily proceeds through the substitution pathway (R5) to
form PSIA + Cl radical products. The oxidation of PSIA with the
OH radical was previously reported by our group.44 The OH
radical abstracts the H-atom from the −OH moiety of PSIA,
leading to the formation of CH3CH2CH2S(O)O• + H2O as
products.44 Subsequent C−S single bond fission in the
CH3CH2CH2S(O)O• (as shown by the arrows) leads to
the formation of sulfur dioxide (SO2) and propyl radical
products (see Figure 8).44 Once formed, the propyl radical is
expected to react with atmospheric oxygen (3O2) to form the
corresponding RO2 adduct (R = propyl radical). There are
pathways available to this adduct which result in different
outcomes. These include those involving internal rotation about
the R−OO single bond, H-atom transfer reactions, reverse
dissociation to form starting reactants, and direct elimination of
the hydroperoxyl (HO2) radical to form propylene. Based on the
literature, it appears that the RO2 radical adduct mainly proceeds
to produce propylene + HO2 radical products.

72

The overall results reveal that, while PSICl itself makes a
negligible contribution to global warming, the products of its
relatively fast reaction with the OH radical fall under the
category of long-lived greenhouse gases and pollutants such as
SO2, Cl radical, HO2 radical, propylene, and water vapor, which
have been shown to have major impacts on the formation of acid
rain and SOA and contribute to global warming.

5. CONCLUSIONS
The OH radical initiated atmospheric oxidation mechanism and
energetics of propanesulfinyl chloride have been studied for the
first time using CCSD(T)//M06-2X and CCSD(T)//MP2

level calculations. The rate coefficients were calculated for all
possible abstraction and substitution pathways using the
Mesmer kinetic code in the temperatures between 200 and
320 K. The results indicate that, among all the possible reaction
channels, the dominant one is the substitution path involving
PSICl + OH radical reactants first forming a weakly bound
PSICl··OH pre-reactive complex, which then undergoes isomer-
ization through a transition state to form a PSIA··Cl post-
reactive complex that leads to the formation of PSIA + Cl radical
products. The computed branching ratios also showed this to be
the major contributor to the overall reaction (i.e., ∼52%) at 298
K temperature and 1 atm pressure. The atmospheric lifetime of
PSICl with respect to its reaction with the OH radical was
calculated to be∼12−20 h in the temperatures between 200 and
320 K. This result further supports the conclusion that this
compound rapidly decomposes in the atmosphere, and as such,
its effect on global warming will be negligible. However, the
results also show that OH radical facilitated atmospheric
degradation of PSICl produces SO2, Cl radical, HO2 radical,
water, and propylene, each of which in its own right may
contribute significantly to global warming, acid rain, and
formation of secondary organic aerosols.
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