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theoretical investigation of
benzothiazole oxidation by OH in air and
the role of O2†

Natalia V. Karimova, a Weihong Wang, a R. Benny Gerber *ab

and Barbara J. Finlayson-Pitts *a

Benzothiazole (BTH) and its derivatives are amongst a group of emerging contaminants that are widely

distributed in the environment due to their extensive use in many different consumer products. In air,

reaction with the hydroxyl radical (OH) is expected to be a major loss process for BTH in the gas phase,

but the kinetics and mechanisms are unknown. Here, we report a combination of experiments and

theory to determine both the rate constant and products of the reaction of OH with the smallest

member of the series, benzothiazole, in the gas phase. The mechanism first involves an attack by OH on

BTH to produce several OHBTH intermediates. This is followed by O2 reactions with OHBTH, leading to

several stable products successfully predicted by theory. Relative rate studies at 1 atm in air and 298 K

using benzene as a reference gave a rate constant for the BTH + OH reaction of 2.1 ± 0.1 × 10−12 (1s)

cm3 per molecule per s, which translates to a lifetime in air of 5.5 days at 1 × 106 OH cm−3. Four

hydroxybenzothiazole products reflecting attack on different carbon atoms of the benzene ring were

measured (n-OHBTH, where n = 4, 5, 6, 7), with the relative product yields well predicted by the

calculated formation energies of the pre-reaction OH/BTH complex. Attack of OH on the –CH of the

thiazole ring leads to the formation of 2-OHBTH, representing a smaller fraction of the overall reaction,

and is shown to proceed through a more complex mechanism than attack on the benzene ring. A

theoretical approach to predicting chromatographic retention times of the products based on solvation

free energies (DGsolv) was successful for most of the products. These studies illustrate how the powerful

combination of experiment and theory can be used to predict products of atmospheric oxidation of

emerging contaminants and ultimately used to assess their impacts on the environment.
Environmental signicance

Benzothiazole (BTH) and its derivatives (d-BTH) are prevalent in consumer products such as automobile tires, articial turf, herbicides and fungicides, leading
to widespread environmental distribution in surface waters, soil, and urban runoff. These compounds pose signicant risks to both human and aquatic health
due to their presence in various environmental media and their ability to bioaccumulate. The smallest member of this group, benzothiazole, is sufficiently
volatile that it is found in the gas phase as well as in airborne particles. Our study addresses the critical gap in knowledge regarding the gas phase degradation of
BTH in the atmosphere, providing essential insights into its environmental fate and guiding future mitigation strategies.
1 Introduction

A class of compounds known as benzothiazoles have widespread
use1 in many different rubber products such as automobile tires
and crumb rubber products2–5 made from tires, as well as in
plastics, antifreeze, herbicides and algicides, tobacco6 and textiles.7
alifornia Irvine, CA 92697, USA. E-mail:

esearch Center, The Hebrew University of

tion (ESI) available. See DOI:

f Chemistry 2024
As a result, they are found widely distributed in the environment,1

as indicated by their detection in human breath8 as well as urine.9,10

The smallest member of this group is benzothiazole (BTH):

Common derivatives of BTH are substituted at the 2-posi-
tion, e.g. with an –OH, –NH2, –SH or –CH3 group. With the
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exception of the methyl-substituted compound, these deriva-
tives have much lower vapor pressures than BTH (0.07 torr at 25
°C)1 and hence tend to be found in condensed phases in the
environment. As summarized in a review by Liao et al.,1 a variety
of toxic effects have been observed for BTH compounds,
including genotoxicity and cytotoxicity from in vitro studies, and
dermatitis, allergic reactions and thyroid hormone-related
effects from in vivo studies.

Benzothiazole has been detected both indoors and outdoors
in particles11–15 and as well as in the gas phase.4,11 In a study in
Albany, New York, Kannan and coworkers11 measured BTH and
some of its derivatives in particles and the gas phase in auto-
mobiles, homes, offices, labs, garages, public places and
barbershops. The highest concentrations of BTH were found in
automobiles, followed by homes and garages, with the vapor
phase concentrations representing more than half of the total
BTH (particles + gas). Gas phase concentrations in these envi-
ronments ranged from 0.2 ppt to 0.3 ppb.11 Outdoors, BTH in
the tens of ppt has been reported,4,11,13 with levels up to ppb
close to sources such as synthetic turf.4 As a result, assessments
of the environmental fates of BTH must include reactions in
both the gas and condensed phases as well as indoors and
outdoors. This must also include the toxicity of the products,
which in most cases, is unknown.1

In the atmosphere, hydroxyl (OH) and nitrate (NO3) radicals
and ozone are the major gas phase oxidants. Reactions of
aromatic molecules with O3 are generally relatively slow, but OH
during the day and NO3 at night can be signicant removal
processes for most organics, including aromatic compounds.
The oxidation of aromatic compounds by OH in the gas phase in
particular has been extensively studied.16–20 While there are
some experimental studies of oxidation of BTH in the aqueous
phase21–24 in processes involving OH radicals, there are no
reports of the gas phase OH–BTH reaction.

We report here the kinetics, products and mechanisms of
this reaction in the gas phase using a unique combination of
experiment and theory. The results of these two approaches
complement and support each other in elucidating atmospheric
fates of BTH, including not only the initial attack of OH on BTH
but also the subsequent steps involving reactions of molecular
oxygen with the OHBTH radical to form stable products.
2 Experimental
2.1 Kinetics

All experiments were conducted at 1 atm and 298 K under dry
conditions. Relative rate studies of the OH oxidation of BTH
(TCI, >96.0%) in the gas phase were carried out in a 40 L Teon
chamber (Fig. S1†) using benzene (EMD Chemicals, OmniSolv®)
as the reference compound. Benzothiazole vapor was added to
the chamber by owing air (Praxair, Ultra Zero) through the
headspace of liquid BTH. Liquid benzene or isopropyl nitrite
(IPN, Karl Industries, Ohio) were subjected to two freeze–pump–
thaw cycles and a known amount of vapor from the headspace
was expanded into an evacuated cell. Benzene and IPN vapor
were then ushed into the chamber using Ultra Zero air.
2178 | Environ. Sci.: Processes Impacts, 2024, 26, 2177–2188
The signal intensities for BTH and benzene were monitored
directly in real time by proton-transfer reaction time-of-ight
mass spectrometry (PTR-ToF-MS, model 8000, Ionicon Analy-
tik) at a ow rate of 100 cm3 min−1 and using H3O

+ as the
proton source. The concentration of BTH or benzene was then
calculated using eqn (A):25

½M� ¼ 109

k
$
22400$m0$Udrift

NA$l2
$
Tdrift

2

T0
2
$

p0
2

pdrift2
$
TRH3O

þ

IH3O
þ

$
Ii$Isoi

TRi

(A)

In eqn (A), [M] is the concentration of BTH or benzene (ppb); k,
the reaction rate constant (2.0 × 10−9 cm3 s−1) between M and
protonated water reagent (H3O

+); m0, the reduced ion mobility,
2.8 cm2 V−1 s−1; Udri, the total voltage of the dri tube, 600 V;
NA, Avogadro's number; l, the length of the reaction chamber,
9.3 cm; Tdri, the dri tube temperature, 333 K; T0 and p0, the
temperature and pressure under standard conditions, 273.15 K
and 1013.25 mbar; pdri, the dri tube pressure (2.2 mbar); Ii
and IH3O

+, the signals measured for the ion of interest (m/z 136
for BTH andm/z 79 for benzene) and the H3

18O+ ion (taken atm/
z 21 with isotopic abundance of 0.002; typical count rate was ∼2
× 106 s−1), respectively; TRi and TRH3O

+, are the transmission
efficiencies of the ions of interest and the H3O

+ ion respectively;
and Isoi, the isotopic abundance of the ion of interest.

The initial concentrations of BTH and benzene in the
chamber were 0.4–0.8 ppm and 0.7–1.7 ppm, respectively.
Irradiation began when both BTH and benzene intensities at
PTRMS were stable (Fig. S2†). Hydroxyl radicals were generated
from the photolysis of IPN (2–3 ppm)26–28 using six blacklights
(Sylvania, 350 Blacklight, F15T8/350BL, 15 W):

(CH3)2CHONO + hn (l < 450 nm) / (CH3)2CHOc + NO (R1)

(CH3)2CHOc + O2 / CH3C(O)CH3 + HO2 (R2)

HO2 + NO / OH + NO2 (R3)

2.2 Products

For product studies, higher concentrations of BTH (∼10–20
ppm) were used to compensate for surface losses, as benzo-
thiazole is a highly adsorptive compound. Aer the reaction, the
contents of the chamber were pumped through a liquid
nitrogen trap. The trapped reaction products were dissolved in
50% acetonitrile (Fisher chemical, HPLC grade) and 50% H2O
(Millipore 18.2 mU cm) for LC-MS/MS analysis (UPLC-ESI-TQD-
MS, Waters and UPLC-HESI-HRMS Orbitrap, Thermo Scientic,
Q Exactive Plus). Parameters for both TQD and Orbitrap used in
this study were similar to those in previous studies using
positive ion mode28 except that the LC gradients were different.
For TQD, the mobile phase was (A) 0.1% formic acid (Fisher
Chemical, Optima, LCMS grade) in water and (B) 0.1% formic
acid in acetonitrile. The gradient of eluents was 15% B initially,
increased to 45% B over 6min and nally to 95% B over 5min. It
was maintained at 95% B for 2.5 min, and then returned to the
initial conditions, where it was held for 3.5 min. For Orbitrap
analysis, the mobile phase consisted of (A) 0.1% formic acid in
water (Fisher Chemical, Optima) and (B) 0.1% formic acid in
This journal is © The Royal Society of Chemistry 2024
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acetonitrile. Eluent B was initially set at 5% for 3 min, increased
to 95% from 3–14 min, held at 95% for 2 min, and returned to
initial conditions linearly over 6 min. Both ow rates were set at
300 mL min−1. For MS/MS analysis in the TQD, the collision
energy was either 20 or 25 eV.

The following hydroxybenzothiazoles (OHBTHs) and
hydroxybenzoic acids (HBAs) were used for product identica-
tion (OHBTHs) or testing retention times (HBAs): 2-OHBTH
(Thermoscientic, 98%); 4-OHBTH (AA Blocks Inc., 98%); 5-
OHBTH (AA Blocks Inc., 95%); 6-OHBTH (AA Blocks Inc., 95%);
7-OHBTH (J & W PharmLab, LLC, 95%); 2HBA (salicylic acid,
Fisher Science Education, lab grade); 3HBA (Sigma-Aldrich Co.,
ReagentPlus®, 99%); and 4HBA (Thermo Scientic, 99+%).
3 Theoretical approach
3.1 Overview of calculations

The goal of applying theory in this project was to predict the
stable reaction products from the reaction of OH radicals with
BTH, providing insight into the mechanisms that lead to the
experimentally measured products. The calculations were
structured to address three main issues. First, the structures of
intermediates and products, reaction pathways, and transition
states of OH radical attack on BTH were investigated. The
intermediate radicals (n-OHBTH, where n = 2, 4, 5, 6, 7) formed
during the initial attack of OH radicals on BTH undergo further
reactions with oxygen in the gas phase, leading to the formation
of nal products. Oxygen, in its ground electronic state, is
a triplet electronic state. Thus, the second goal is to consider the
role of spin in the reaction, as treating the reactions solely in
terms of a single spin state does not adequately capture the
complexities involved. A third goal is relating chromatographic
retention times with the identity of different products. The
hypothesis is that solvation free energy (DGsolv) is a key
parameter determining the sequence in which products elute
from a reversed-phase liquid chromatography column and that
molecules with more negative solvation-free energies in water
will have higher polarity and, consequently, elute earlier.
3.2 Spin-state issue

Density Functional Theory (DFT) is a powerful computational
tool in quantum chemistry for investigating the electronic
structure of molecules, ions, radicals and their reactions.29–35

While DFT has been successful in studying various reaction
mechanisms and optical properties,36–42 complex open-shell
systems can be challenging for DFT and may require the
application of more expensive approaches such as the multi-
reference method CASPT2 (Complete Active Space Second-
Order Perturbation Theory).43,44 CASPT2, despite its effective-
ness, is computationally costly and challenging to apply.
Another alternative approach is Constrained Density Functional
Theory (CDFT), where spin contamination is explicitly
controlled.45,46 Application of CDFT47 facilitated addressing the
spin issue for systems in a doublet state with an oxygen mole-
cule. The issues encountered with DFT for systems involving O2

molecules are detailed in Text S1 in ESI,† which also presents
This journal is © The Royal Society of Chemistry 2024
comparative calculations using both DFT and CDFT to examine
the interaction between BTH and the OH radical. These calcu-
lations focused on the geometries of pre-reaction complexes,
transition states, and post-reaction complexes across ve
different attack modes. The results demonstrated that CDFT is
highly effective for modeling interactions between the OH
radical and the BTH molecule. Despite minor discrepancies in
energy stabilization, the strong agreement in energy barriers
and structural geometries between DFT and CDFT supports the
continued use of CDFT for further computational investigations
of these reactions.

To determine the transition barrier between the complexes
in quartet (three unpaired electrons) and doublet states (one
unpaired electron), the potential energy surfaces (PESs) were
calculated. These calculations focused on the interaction of O2

with the OHBTH intermediate radical in both states. The energy
barrier for the transition from the quartet to the doublet state
was identied by analyzing the crossing point of these two
curves. Python code was used to calculate the crossing point of
the two curves, representing PESs for quartet and doublet
states, by interpolating their values using ‘interp1d’ from the
SciPy library.

3.3 Methods

All DFT calculations were performed with the B3LYP hybrid
functional48 and 6-311+G* basis set using the Q-Chem49

program. It has been previously shown that the B3LYP function
provides reasonable results for organic systems in the gas phase
and in solution.29–34 Additionally, the DFT-D3 dispersion
corrections from Grimme were applied.50,51 In this paper, the
abbreviation B3LYP-D/6-311+G* is used for this level of theory.
The Hessianmatrix's negative eigenvalues were examined for all
stationary points. Finally, the energy of all stationary points on
the PESs was rened by the B2PLYP/6-311++G** method. To
address the spin issue in the system with O2, the CDFT
approach was used consistently for every molecule and
complex. Table S1† lists the charges, multiplicities, and spin
constraints for each system used in these calculations.

To predict theoretically the solvation free energy (DGsolv), the
geometries of all ve n-OHBTH products (n = 2, 4, 5, 6, and 7)
were optimized in an aqueous solution using the polarizable
continuummodel (IEFPCM)52,53 with the DFT method B3LYP-D/
6-311+G*. Solute cavities are constructed from a union of atom-
centered spheres whose radii are 1.35 times the atomic van der
Waals radii.33

4 Results and discussion
4.1 Experimental results

4.1.1 Kinetics. As described elsewhere,54 the ratio of rate
constants for the reactions of OH with BTH (kBTH) and (kbenzene)
can be obtained by following the simultaneous decay of BTH
and benzene in the Teon chamber upon irradiation in
a mixture of isopropyl nitrite to generate OH:

BTHþOH �!kBTH products (R4)
Environ. Sci.: Processes Impacts, 2024, 26, 2177–2188 | 2179
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Table 1 Relative rate constants for the reactions of OH radicals with
BTH at 298 K and 1 atm pressure in air using benzene as the reference
compound

Experiments [BTH]0 (ppm) [Benzene]0 (ppm) kBTH–OH/kBenzene–OH

1 0.5 1.2 1.93
2 0.8 0.7 1.83
3 0.6 1.7 1.71
4 0.4 1.6 1.71
5 0.6 1 1.69
6 0.6 1.3 1.81
7 0.6 1.5 1.69

Average 1.77
1s 0.09

Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 2
4 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
 - 

Ir
vi

ne
 o

n 
3/

29
/2

02
5 

11
:2

8:
11

 P
M

. 
View Article Online
BenzeneþOH ��!kbenzene
products (R5)

ln([BTH]0/[BTH]t) = (kBTH/kbenzene) ln([benzene]0/[benzene]t) (B)

Fig. 1 shows a plot of typical relative rate data in the form of
eqn (B). The relative rate constants measured at 298 K and 1 atm
pressure in air are summarized in Table 1. Using a rate constant
of (1.2 ± 0.15) × 10−12 cm3 per molecule per s for the benzene–
OH reaction (also at 1 atm and 298 K),55 the absolute rate
constant for the BTH–OH reaction was calculated to be 2.1± 0.3
× 10−12 cm3 per molecule per s. The uncertainty is determined
largely by that in the rate constant for the reference reaction.
The similarity in rate constants for BTH and benzene is
reasonable because as discussed below, OH attack on the
benzene ring of BTH dominates the reaction. The reported OH–

BTH rate constants in the aqueous phase cover a wide range,
(0.95–8.61) × 109 M−1 s−1, or in comparable units to those used
in the gas phase, (1.6–14.3) × 10−12 cm3 per molecule per s.21–23

The lower end of the range is similar to the gas phase value
measured in the present studies.

Concentrations of the OH radical outdoors typically peak
around 107 cm−3 at mid-day.54 Indoors, concentration can reach
over 106 molecules per cm3.56–58 Using our rate constant, the
atmospheric lifetime of BTH due to reaction with OH radicals
was calculated to be ∼13 hours to 5.5 days over these OH
concentrations.

4.1.2 Products. The OH radical can attack BTH at ve
different carbon sites, producing hydroxybenzothiazole
(OHBTH) isomers that have parent peaks in the mass spectrum
at m/z 152. The exact mass of 152 was conrmed as OHBTH
isomers from the Orbitrap analysis. Fig. 2 shows the chro-
matogram of these products and their assigned structures. The
MS/MS spectra of the peaks at different retention times (RT) are
shown in Fig. S3.† All OHBTH isomers were conrmed by
comparing the retention times (Fig. 2) and their MS/MS frag-
mentation patterns (Fig. S3†) with those of the standards. Bor-
owska et al.23 reported similar products for the reaction of OH
with BTH in aqueous solution, along with some ring-opening
Fig. 1 Typical relative rate data for the reactions of OH radicals with
BTH and benzene at 298 K and 1 atm pressure in air.

2180 | Environ. Sci.: Processes Impacts, 2024, 26, 2177–2188
products from further oxidation. These products are also
consistent with OH oxidation of other aromatic compounds at
room temperature, where, for example, phenol is a major
product of the OH–benzene reaction.17,59–62 Relative product
yields of each OHBTH are summarized in Table 2. Other than
OHBTHs, some nitrobenzothiazoles were also observed (Fig. S4
and S5†). Since IPN was the source of OH radicals, nitrogen
dioxide (NO2) was generated in reaction (R3), and its reaction
with alkyl radicals can form nitrobenzothiazoles.
4.2 Theoretical results

4.2.1 Overview. The attack of hydroxyl radicals (OH) on ve
distinct carbon atoms (C2, C4, C5, C6, and C7) of the BTH
molecule was investigated, revealing a reaction that proceeds
through two main steps (Fig. 3). In the rst step, the hydroxyl
radical adds to the BTH molecule, forming an intermediate
radical species, n-OHBTH (where n = 2, 4, 5, 6, and 7). The
existence of the adduct in the case of the OH/benzene reaction
has been observed spectroscopically.63,64 In the second step, the
n-OHBTH intermediate radical undergoes hydrogen abstraction
by O2, forming the nal product and a peroxy-radical (HO2).
This process involves a spin change in the oxygen molecule,
highlighting the complexity and importance of spin dynamics
in the reaction mechanism. Theory thus agrees with the
experiments in that the presence of O2 is crucial for the oxida-
tion reactions of aromatics in the atmosphere.

This is consistent with studies that have demonstrated that
reactions between aromatic molecules such as benzene or 3-
methylpyrrole typically occur via the initial addition of OH to
the aromatic ring: the addition of OH radical is favored over
direct H-abstraction in all cases.42

The proposed mechanisms for all ve reactive sites are
shown in Fig. 3. While the initial steps are consistent across all
reactions, the reaction involving the C2 carbon atom shows
signicant differences from C4–7 due to its unique position
between the sulfur (S) and nitrogen (N) atoms of the thiazole
ring. Thus, the formation of the 2-OHBTH product proceeds
through an initially less energetically favorable structure, which
then isomerizes to the nal product. This additional complexity
explains why the OH attack at the BTH on the C2 site involves
extra steps in the reaction pathway as detailed below.
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Extracted ion chromatograms (EIC) of BTH–OH reaction products form/z 152 from TQD of (A) products of the reaction of OH with BTH
and (B) OHBTH standards (500 ng ml−1 each) in 50 : 50 ACN/water.

Table 2 Experimental relative yields of each OHBTH product from the
reactions of OH radicals with BTH at 298 K and 1 atm pressure in air,
assuming total OHBTH yield is 1

Experiments 2-OHBTH 4-OHBTH 5-OHBTH 6-OHBTH 7-OHBTH

1 0.06 0.14 0.13 0.30 0.37
2 0.07 0.23 0.09 0.27 0.34
3 0.07 0.15 0.14 0.37 0.27
4 0.06 0.15 0.11 0.30 0.38
5 0.05 0.08 0.19 0.38 0.30
Average 0.07 0.17 0.12 0.31 0.33
1s 0.01 0.05 0.03 0.05 0.05
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The C5 pathway is representative of similar reactions at the
C4, C6, and C7 positions and thus we focus on the C5 and C2
attack positions to highlight the differences in reaction mech-
anisms based on the carbon atom's position within the BTH
molecule. Detailed treatment of the reactions at sites 4, 6 and 7
is found in the ESI.†

4.2.2 OH attack on C5 of the benzene ring. Fig. 4 illustrates
the energetics of these reactions and the structures of stationary
points on the potential energy surfaces (PESs) for the attack at
C5 (see Fig. S6† for the attack at all ve positions). This inter-
action initially forms a stable 5-BTH/OH (1) complex with the
oxygen atom of the hydroxyl radical coordinated to C5 with
distance of 2.42 Å. The H-atom of the hydroxyl radical in this 5-
BTH/OH complex (1) is oriented toward the benzene ring
center. The binding energy is −3.8 kcal mol−1 (Table S6†).
This journal is © The Royal Society of Chemistry 2024
Following the reaction coordinate, the 5-BTH/OH system (1)
passes to the transition state TS1, in which the O-atom of
hydroxyl radical moves closer to the C5-atom (Fig. 4A and S6†).
The activation barrier for the addition of the OH to the BTH
molecule is 3.8 kcal mol−1 (Fig. 4 and Table S6†) and leads to the
formation of stable intermediate radical, 5-OHBTH (2), as illus-
trated in Fig. 4A and B. This process contributes to an additional
system stabilization of −12.5 kcal mol−1 (Fig. 4A and Table S6†).

The reaction continues when the intermediate radical 5-
OHBTH (2) interacts with O2 to form a stable 5-OHBTH/3O2 (3)
complex with three unpaired electrons (quartet state, Fig. 4A
and B). The oxygen molecule is located above the benzene ring
of the 5-OHBTH radical, oriented towards the hydrogen atom
attached to the carbon center bonded to the OH group. The
coordination of O2 to the 5-OHBTH radical additionally stabi-
lizes the system, with a binding energy of 3.6 kcal mol−1.

Hydrogen abstraction in the quartet state complex, 5-
OHBTH/3O2, was found not to be energetically favorable. The
system energy experiences a signicant increase, while the
distance decreases between O2 and the H-atom, rising by more
than 20 kcal mol−1. This substantial energy increase suggests
that the reaction pathway involving H-abstraction by O2 in the
triplet state may not be a viable route for the formation of the
nal product. However, if two of the three unpaired electrons in
the n-OHBTH/3O2 complex (3 in Fig. 4A and B) pair up, leaving
only one unpaired electron, the complex transitions to a doublet
state. In this conguration, the oxygen molecule becomes more
Environ. Sci.: Processes Impacts, 2024, 26, 2177–2188 | 2181
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Fig. 3 Proposed mechanism for the reaction of OH with BTH via the initial attack on different carbon sites.
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reactive, and spontaneously attaches to one of the carbon atoms
of the benzene-ring, forming n-OHBTH–OO radical (4 in Fig. 4A
and B). Fig. 4B illustrates an example of this sequence of
structures for C5-attack. It was found that the preferred sites for
O2 addition correspond to the regions of highest spin density
values on the 5-OHBTH (2) intermediate (Table S8†).

To nd the barrier for formation of possible 5-OHBTH–OO
intermediates (4), the potential energy surfaces (PESs) of the O2

interaction with the 5-OHBTH radical (2) were calculated in
both states: quartet and doublet. By analyzing the crossing
point of these two curves, the approximate energy barrier TS2
for the system's transition from the quartet to the doublet state
was identied: 5-OHBTH/3O2 (3) (three unpaired electrons,
quartet state) / 5-OHBTH–OO (4) (one unpaired electron,
doublet state), Fig. S7A.† Only two structures per isomer where
the O2 molecule attaches to the carbon atoms adjacent to the
carbon with OH group are formed with reasonable barriers
(TS2). These sites are marked by the green circles in Fig. 5. A
crossing between the quartet and doublet curves on the
potential energy surfaces (PESs) was not observed for structures
where O2 attaches to the carbon atom directly opposite the OH
group on the benzene ring, highlighted by red circles in Fig. 5.
2182 | Environ. Sci.: Processes Impacts, 2024, 26, 2177–2188
Therefore, only 5-OHBTH–OO (4) structures where O2 is
attached to carbon atoms adjacent to the one bonded to the OH
group will be considered for subsequent steps of the reaction.
These structures are illustrated in Fig. S8.†

Following the reaction pathway, these two 5-OHBTH–OO (4)
structures evolve into the transition states TS3, characterized by
the detachment of the OO-fragment from the phenyl ring and
its closer approach to the H-atom, accompanied by an elonga-
tion of the (C5–H) bond (Fig. 3 and 4). Consequently, the
product can follow one of two possible reaction pathways (Table
S6†). It was found that for the C5 attack, the pathway with the
lowest barriers involves O2 attaching at the C6 site (Fig. 4A and
B). This mechanism requires a relatively high barrier of
8.2 kcal mol−1 for the O2 addition stage but benets from
a lower barrier of 7.2 kcal mol−1 for the subsequent hydrogen
abstraction (Table S6†). This comparative analysis underscores
the nuanced interplay between stability and reactivity in these
chemical systems, highlighting the critical inuence of struc-
tural and energetic dynamics on the reaction pathways.

4.2.3 OH attack on C2 in the thiazole ring. The interaction
of OH with BTH also forms a stable 2-BTH/OH (10) complex
with the oxygen atom of the hydroxyl radical coordinated to the
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A) Stationary points on the PESs of the reaction between BTH and the hydroxyl-radical. The method is (CDFT-B2PLYP/6-311++G**//
B3LYP-D/6-311+G*). For the C5 attack, the stationary points are numbered (1–5), with transition states labeled TS1, TS2, and TS3 (in red). The C5
attack scenario also represents cases involving C4, C6, and C7 attacks. For the C2-attack, the stationary points are numbered (10–80) with
transition states labeled TS10–TS60 (in purple). Note: when zero-point energy corrections are applied in a simple harmonic approximation, the
energies of transition states TS20, TS30 and TS40 become lower than those of the related stationary points. (B) Structures of the stationary points
on the PES for the formation of 5-OHBTH. (C) Structures of the stationary points on the PES for the formation of 2-OHBTH. Note: transition state
structures can be found in Fig. S9.†
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C2 atom and with the hydroxyl H atom oriented to the N3 atom
of BTH (formation energy is −4.5 kcal mol−1, Table S7†). As
shown in Fig. 4A and C, 2-BTH/OH (10) reaches the transition
state TS1 with an activation barrier of 3.5 kcal mol−1 and then
rearranges to intermediate radical, 2-OHBTH (20) (Table S7†).
Fig. 5 Oxygen attack sites in the intermediate radical n-OHBTH (n = 2
reactive sites of O2 attack, respectively.

This journal is © The Royal Society of Chemistry 2024
The interaction of O2 with the 2-OHBTH radical (20) leads to
the formation of the stable 2-OHBTH/3O2 complex (30) with 3
unpaired electrons and a binding energy close to the other n-
OHBTH (n = 4, 5, 6, 7) systems, 4.1 kcal mol−1 (Fig. 4A, C and
Table S7†). In this complex, O2 is positioned above the 2-
, 4, 5, 6,7). The green and red circles highlight the reactive and non-

Environ. Sci.: Processes Impacts, 2024, 26, 2177–2188 | 2183
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OHBTH radical (20) in such a way that one oxygen atom is
aligned above the benzene ring. In contrast, the other oxygen
atom is situated above the thiazole ring. This second oxygen
atom is oriented toward a hydrogen atom, with a distance of
2.86 Å.

In the complex 2-OHBTH/3O2, aer one of the unpaired
electrons ips its spin, the system converts to the doublet state,
and the oxygen attacks the 2-OHBTH radical (20). The electron
density distribution analysis in the 2-OHBTH (20) (Table S8†)
pinpoints four potential sites for oxygen attachment: N3, C4,
C6, and C7a (Fig. 5). Computational calculations of the systems
in the doublet state with O2 coordinated at these specic sites
leads to formation of two distinct structures for 2-OHBTH–OO,
one where the oxygen is bonded to the C6 or C7a sites, and
a second one where O2 is coordinated to the N3 atom, structures
2-OHBTH/OO (40) in Fig. 4C. The formation of all these
doublet state systems leads to an energy rise (Fig. 4A and Table
S7†). It was found that only the 2-OHBTH/OO complex (40)
successfully leads to the nal product with reasonable energy
barriers (Fig. 4C and S7B†).

The last step, involving hydrogen-abstraction by O2, results
in the formation of the 2-OHBTH/HOO complex (80). The
reaction pathway from 2-OHBTH/3O2 (30) to the nal 2-
OHBTH/HOO (80) proceeds through the transition state TS20

and the 2-OHBTH/OO complex (40), where O2 is coordinated to
the N3 atom, and further involves several subsequent transi-
tions and reorganizations (Fig. 4A and C). Initially, the 2-
OHBTH/OO complex (40), via transition state TS30, reorganizes
into 2-OHBTH/OO (50), positioning O2 closer (1.96 Å) to the
target H-atom. The oxygen abstracts the H-atom (TS40), forming
the HOO radical and yielding the 2-OHBTH isomer with the OH
group attached to the C2 atom (60). Notably, as the system
transitions from (30) to TS40, the energy rises gradually, with
a total energy difference of 12.6 kcal mol−1 between (30) and (50).
A major stabilization occurs when the 2-OHBTH/HOO (60)
complex is formed, and the energy drops by 40.0 kcal mol−1.
Subsequently, the product 2-OHBTH in complex (60) isomerizes
into a more energetically preferred structure (80) through
a hydrogen transfer from the OH group to the N3 atom. This
hydrogen transition, facilitated by the HO2 radical, involves two
small barriers of less than 1 kcal mol−1, related to the re-
orientation of HO2 around the 2-OHBTH isomer and the
hydrogen transfer itself (Fig. 4A and C).

Thus, the formation of the 2-OHBTH product is a more
complex process, requiring more steps and higher energy
barriers, than the mechanisms for n-OHBTH for n = 4, 5, 6, and
7 where OH attacks one of the carbon atoms of the benzene
ring. The increased complexity and energy requirement high-
light the unique challenges associated with the specic reaction
pathways and molecular interactions in the OH-radical/BTH
systems.
4.3 Experimental and theoretical yields of n-OHBTH

Table 2 summarizes the experimentally measured yields for ve
n-OHBTH products (n= 2, 4, 5, 6, 7). Based on the average yield,
the order of product probability from most to least probable is:
2184 | Environ. Sci.: Processes Impacts, 2024, 26, 2177–2188
7-OHBTH (33%) > 6-OHBTH (31%) > 4-OHBTH (17%) > 5-
OHBTH (12%) > 2-OHBTH (7%).

The Boltzmann distribution was used to calculate the
percentage yield and convert these energy differences into
probabilities:65

Pi ¼ e�Ei=RT

P
e�Ei=RT

$100% (C)

In eqn (C), Pi is the population of the i-compound in the
mixture, Ei is the pre-reaction complex formation energy (Table
S6†), R is the gas constant (1.987 cal mol−1 K−1) and T is the
temperature (298 K). Based on eqn (C), the theoretically pre-
dicted yields of these four products are approximately 35% for
7-OHBTH, 34% for 6-OHBTH, 17% for 5-OHBTH, and 14% for 4-
OHBTH. Thus, the product yields of the OH attack on the
benzene ring depend on the formation energy of the pre-
reaction complex n-BTH/OH (1) (n = 4, 5, 6, 7). The agree-
ment between experiment and theory is excellent, particularly
for 6-OHBTH and 7-OHBTH. While theoretical predictions
suggest a higher yield for 5-OHBTH than 4-OHBTH, the exper-
imental results show the reverse. However, given the experi-
mental and theoretical uncertainties, the overall agreement is
very good. The agreement with the experimental results
supports the equilibrium assumption, which accounts for the
effects of collisions that could alter the species distribution
following formation reactions. Additionally, when the equilib-
rium assumption holds, the population distribution becomes
independent of reaction barriers. In the case of the OH attack
on the C2-atom of the thiazole ring, the pre-reaction complex 2-
BTH/OH (10) has the lowest formation energy
(−4.5 kcal mol−1). This suggests that the product 2-OHBTH
should have the highest yield compared to other products, such
as n-OHBTH (n = 4, 5, 6, 7). However, as discussed above,
forming the 2-OHBTH is a more complex process, requiring
additional steps and higher energy barriers than the mecha-
nisms involved in forming the other products from the attack
on the benzene ring. This increased complexity and higher
energy requirement are consistent with the experimentally
observed smaller yield of the 2-OHBTH product (Table 2).

Rate calculations, such as Rice–Ramsperger–Kassel–Marcus
(RRKM) theory or Transition State Theory (TST), as well as
higher-level methods, demand signicant computational effort
on potential energy surfaces, which extends beyond the scope of
this project. Nevertheless, potential energy barriers offer valu-
able, albeit semi-quantitative, insights into the reaction mech-
anisms and we hope to calculate the rate using the necessary
input on the potential energy surfaces in the future.
4.4 Predicting chromatographic elution order using
solvation energy principles

The elution order of products 6-OHBTH, 7-OHBTH, 5-OHBTH,
4-OHBTH, and 2-OHBTH was determined experimentally by
measuring the retention times of standard samples of these
compounds (Fig. 2). The retention time of these products was
predicted theoretically as well. The theoretical approach is
based on the assumption that solvation free energy (DGsolv) is
This journal is © The Royal Society of Chemistry 2024
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a key parameter determining the sequence in which products
elute from a reversed-phase liquid chromatography column.
This principle leverages the relationship between polarity and
elution order in liquid chromatography, where more polar
molecules typically elute rst. The hypothesis posits that
molecules with more negative solvation energies in water will
have higher polarity and, consequently, elute earlier through
the column.

To test this, the retention times of three isomers of hydrox-
ybenzoic acid—4HBA, 3HBA and 2HBA—were rst experimen-
tally determined (Fig. S10A†). These HBA measurements were
necessary for theoretical calculations, as they provided addi-
tional reference data for compounds with similar structures,
helping to validate our retention time prediction model. Theory
accurately predicted the elution order for the hydroxybenzoic
acids: 4HBA, followed by 3HBA, and then 2HBA (Fig. S11A†).
However, for the n-OHBTH systems, 2-OHBTH has the lowest
DGsolv, which would place it at the beginning of the elution
sequence, even though it was last in this series experimentally
(Fig. S10A†).

The isomer 2-OHBTH was shown to form a dimer with
a formation energy of −14 kcal mol−1. Calculations for the
dimer improved the performance of the model, but still pre-
dicted that the dimer should elute before the 4-OHBTH isomer
(Fig. S11A†). Another issue relates to the structure of 4-OHBTH,
which, according to experimental data, should appear fourth in
the sequence, just before 2-OHBTH. In the present calculations,
its highest DGsolv value incorrectly places it at the end
(Fig. S11A†).

Comparison of the theoretically predicted DGsolv values for
systems HBA and OHBTH with the experiment indicates that
the DGsolv of both 2HBA and 4-OHBTH are overestimated. This
can be related to the internal hydrogen bonds formed by the
hydroxy-group in these molecules, making the pure IEFPCM
model insufficient to capture all solvent effects (Fig. S11B†). To
address this, the inclusion of external water molecules, which
are present in the mobile phase of the eluting solvent, together
with IEFPCM may be required. However, overall, there is
reasonable agreement between theoretical predictions and
experimental results, demonstrating a relationship between
solvation-free energy and elution order in liquid chromatog-
raphy. This makes DGsolv a useful parameter to help predict
elution order, though with some caution.

5 Summary and conclusions

The reaction of OH with BTH is sufficiently fast (k = 2.1 ± 0.3
(1s) × 10−12 cm3 per molecule per s) that the estimated life-
times of BTH in air range from about 13 hours to 5.5 days over
OH concentrations of 107–106 cm−3. Thus, this reaction repre-
sents a signicant loss process for BTH in air both outdoors and
indoors, and exposures and toxicity of both the parent BTH and
its oxidation products need to be taken into account.

Experiment and theory of the products of the gas phase
reaction of OH radicals with BTH are in excellent agreement
overall. The reaction occurs in two main steps: the addition of
the OH radical to BTH, followed by what is, in effect, a hydrogen
This journal is © The Royal Society of Chemistry 2024
abstraction by O2 to give the nal OHBTH products and HO2

radical. The complex formed by the n-OHBTH intermediate
radical with O2 results in an n-OHBTH/3O2 system with three
unpaired electrons. However, for the reaction to continue, one
of the electrons must ip its spin to pair with another electron,
allowing the system to transition to a double state with a single
unpaired electron.

Signicant differences were identied in the mechanisms
underlying product formation for attack on the benzene ring
compared to attack on the thiazole ring. In the rst case, the
yields of products 4-OHBTH, 5-OHBTH, 6-OHBTH and 7-
OHBTH are consistent with theory predictions based on ener-
gies of formation of the pre-reaction OH/BTH complex.
However, in the case of attack on C2 of the thiazole ring, O2

coordinates to the N3 atom without bonding, unlike the rst
case where it adds to the carbon near the OH group. Addition-
ally, 2-OHBTH formation involves higher energy barriers and
extra steps for reorganization and isomerization. These differ-
ences are due to the unique position of the C2 atom between
the N and S atoms.

The relationships predicted between chromatographic
retention times and free solvation energies (DGsolv) are in
reasonable agreement with experimental data obtained using
standards for hydroxybenzoic acids: 4HBA (1st), 3HBA (2nd),
and 2HBA (3rd). In the case of n-OHBTH where n = 2, 4, 5, 6, 7,
the relative positions of n = 2, 5, 6 and 7 agree with the exper-
iment, but that of 4-OHBTH is incorrect. The free solvation
energies of molecules with internal hydrogen bonds, such as 4-
OHBTH and 2HBA, may be overestimated using the IEFPCM
model.

The combination of experiment and theory used here to
understand BTH oxidation by OH radicals can be applied more
broadly to derivatives of BTH, and other emerging contami-
nants, illustrating the power of this combination in addressing
the environmental fates of compounds for which there are few
data.
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