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Polychlorinated dibenzo-p-dioxins/dibenzofurans (PCDD/Fs) and polychlorinated dibenzothiophenes/
thianthrenes (PCDT/TAs) are two groups of dioxin-like compounds with oxygen and sulfur substitution,
respectively. Chlorophenols (CPs) and chlorothiophenols (CTPs) are direct precursors in PCDD/F and
PCDT/TA formation. The formation of chlorophenoxy radicals (CPRs) and chlorothiophenoxy radicals
(CTPRs) from chlorophenols (CPs) and chlorothiophenols (CTPs) with O(P) is an important initial step for
the formation of PCDD/Fs and PCDT/TAs, respectively. In this paper, the formation of CPRs/CTPRs from
the complete series reactions of 19 CP/CTP congeners with O(*P) was studied using the density
functional theory (DFT) method. The rate constants of each reaction were calculated using canonical
variational transition state (CVT) theory along with a small-curvature tunneling (SCT) contribution over
a wide temperature range of 600-1200 K. The effect of the chlorine substitution pattern on the
structural parameters, thermochemical properties and rate constants in both CPs and CTPs was
discussed. This study shows that the reactions between CPs and O(°P) can be affected by the chlorine
substitution at the para-position, and the reactions between CTPs and O(*P) are mostly influenced by

both ortho-substitutions. The thiophenoxyl-hydrogen abstraction from CTPs by O(P) is more likely to
Received 26th March 2021

Accepted 7th May 2021 occur than the phenoxyl-hydrogen abstraction from CPs by O(*P). Comparison of the reactivity of CP/

CTPs with O(*P) with our previous work on CP/CTPs with H and OH shows that the order for phenoxyl-
hydrogen abstraction potential is CP + OH > CP + O(P) > CP + H, and the order for thiophenoxyl-
hydrogen abstraction potential is CTP + O(P) > CTP + H > CTP + OH.
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1. Introduction

Polychlorinated  dibenzo-p-dioxins (PCDDs) and poly-
chlorinated dibenzofurans (PCDFs) are two series of typical
persistent organic pollutants (POPs), which are notorious
pollutants with carcinogenic, teratogenic and mutagenic effects
and cause serious public concern.* Polychlorinated thian-
threnes (PCTAs) and polychlorinated dibenzothiophenes
(PCDTs) are two groups of sulfur-substituted structural
analogues of PCDDs and PCDFs, respectively. Due to the
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difference in the number and position of chlorine atoms on the
benzene ring, 75 PCDD/PCTA and 135 PCDF/PCDT compounds
are formed.>* Among them, 2,3,7,8-TeCDD, the “most toxic
poison on earth”, is 1000 times as toxic as potassium cyanide
(KCN).* PCTA/DTs, known as dioxin-like compounds, exhibit
similar toxicity, persistence, lipophilic and physicochemical
properties with PCDD/DFs.° The toxicity of PCTA/DTSs is slightly
less than PCDD/DFs, wherein the toxicity equivalent factors
(TEF) of 2,3,7,8-TeCTA and 2,3,7,8-TeCDT are 0.01 and 0.001,
respectively.” PCDD/DFs and PCTA/DTs have been detected in
various environmental media, such as sediments, waste incin-
eration byproducts, pulp mill wastewater and biological
communities.*® Oxygen- and sulfur-substituted dioxins are
never intentionally synthesized for commercial aim, but are
generated from a variety of combustion or thermal processes as
unwanted byproducts, such as fly ash and stack gas samples
from metal reclamation plant, combustion and heat treatment
processes, utilities and industrial boilers using fossil fuels and
municipal and hazardous waste incinerators and industrial
incinerators.*'**® Sinkkonen et al. reported the concentrations
of trichlorodibenzothiophene (TriCDT), trichlorinated dibenzo-
p-dioxins (TriCDD), tetrachlorodibenzothiophene (TeCDT),
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tetrachlorinated dibenzo-p-dioxins (TeCDD), penta-
chlorodibenzothiophene (PeCDT), pentachlorinated dibenzo-p-
dioxins (PeCDD) and trichlorothianthrene (TriCTA) in the gas
samples from aluminium smelting is 8.944, 7.292, 5.833,
34.027, 1.426, 17.500 and 0.052 ng g ', respectively.”” Buser
reported the concentrations of PCDTs in fly ash was to be up to
55ng g ', at or one magnitude below the concentrations of the
PCDDs and PCDFs." Considering the serious pollution of these
toxic substances to the environment, it is of great significance to
clarify their formation mechanism in the process of combustion
and pyrolysis to reduce their emission in the environment and
harm to human beings.

Due to the similarity in structure, source, toxicity and
concentration of PCTA/DTs and PCDD/DFs in the environment,
they have similar formation mechanisms under pyrolysis or
combustion conditions.”* Chlorophenols (CPs) and chlor-
othiophenols (CTPs) are widely recognized to be the main
precursors and intermediates for PCDT/F and PCDT/TA
formation, respectively.”*** CPs are widely used as interme-
diate in herbicide, pesticide, bactericide, drug production and
dye production.”® CTPs are mainly from direct application as
dyes, pesticides, inks, pharmaceuticals and poly vinyl chloride
(PVC).>* CPs are carcinogenic and mutagenic even at trace
levels,*** which have been included in the priority control list of
hazardous substances by the U.S. Toxic Substances Adminis-
tration and the Disease Registry.”* CTPs have slightly lower
toxicity than CPs, which were reported to have strong stimula-
tion to eyes, respiratory mucosa and skin of organisms.”” Under
pyrolysis or combustion conditions, CPs and CTPs can readily
form chlorophenoxy radicals (CPRs) and chlorotriophenoxy
radicals (CTPRs) by abandoning the phenoxyl-H and sulfydryl-
H, respectively, via unimolecular reaction, bimolecular reac-
tion or other possible low-energy pathways (including hetero-
geneous reactions). Unimolecular reactions include the
decomposition of CPs/CTPs and the breaking of O-H/S-H
bonds. The bimolecular reactions include the abstraction
reaction by H, OH, O(*P) or Cl under high temperature.

Under high temperature conditions, PCDD/F and PCTA/DT
formation from CPs and CTPs as precursors contains radical-
radical coupling and radical-molecule coupling.”®*>* Previous
studies presented that radical/radical couplings are thermody-
namically comparable to radical/molecule recombination for
the PCDD/DF and PCTA/DT formation.**~** Therefore, following
the radical/radical routes, a series of theoretical studies on
PCTA/DT formation mechanisms from the coupling of 2-CTPRs,
2,4,5-TCTPRs, 2,4-DCTPRs, and 2,4,6-TCPRs were carried
out.*®?*3*37 These studies showed that the formation of PCDDs
and PCTAs was easier than that of PCDFs and PCDTs, due to the
fact that the PCDDs and PCTAs can form via one elementary
step less than PCDFs and PCDTs and the potential barrier of the
rate-determining step of PCDDs/PCTAs are lower than that of
PCDFs/PCDTs.*®**3%%” However, the existing radical/radical
mechanism cannot make a full explanation on the experi-
mental observations that PCDFs rather than PCDDs are favored
products in the gas-phase PCDD/DF formation from CPs.*** In
addition, this conclusion is in stark contrast to the much higher
concentration of PCDTs than that of PCTAs under the pyrolysis
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or combustion environments.***® Therefore, the radical/
molecule mechanism was reignited, which can give large
contribution to the high PCDF-to-PCDD ratio and PCDT-to-
PCTA ratio.**** In both radical-radical and radical-molecule
couplings, the formation of CPRs/CTPRs from CPs/CTPs is the
initial and most important step in the PCDD/F and PCTA/DT
formations.?®?* Thus, the formation of CPR/CTPRs from CP/
CTPs are need to be first studied.

In recent studies conducted from this laboratory, we have
performed quantum chemistry to investigate the reaction
mechanisms and kinetic properties of the complete series
reactions of CPs/CTPs with H and OH radicals.”*** On the basis
of these studies, we complemented and expanded on our
previous work in this field to continue to study the formation of
CPRs/CTPRs from the complete series reactions of CP/CTP
congeners with O(*P) using the direct density functional
theory (DFT) method. The rate constants were evaluated by the
canonical variational transition-state (CVT) theory with the
small curvature tunneling (SCT) contribution at 600-1200 K.**
The effect of the chlorine substitution pattern on the structural
parameters, thermochemical properties and rate constants in
both CPs and CTPs were examined. The formation potential of
C(T)PRs from C(T)Ps with O(*P) are compared with that of C(T)
PRs from C(T)Ps with H and OH, respectively. The results, as
well as the values in our previous studies in this field, can be
input into environmental dioxin prediction and control models
as important parameters to predict dioxin formation mecha-
nisms and products, reduce dioxin emissions, health risk and
establish dioxin control strategies.

2. Computational method

All the quantum chemistry calculations on the structure opti-
mization, energy calculation and frequency evaluation were
carried out using Gaussian 09 program suite’” using density
functional theory (DFT) method. The structure optimization of
the reactants, transition states and products were performed at
the MPWB1K level* with a standard 6-31+G(d,p) basis set.*® The
vibration frequencies were calculated at the same level to
determine the nature of the stationary point and calculate the
zero-point energy (ZPE) values.”® The complete reactions dis-
cussed in this paper were verified using intrinsic reaction
coordinate (IRC) calculations and the minimum energy path
(MEP) analysis of all transition states.* Meanwhile, a more
flexible basis 6-311+G(3df,2p) is adopted to calculate single-
point energy, potential barrier and reaction enthalpies based
on the optimized geometries. The potential barriers are the
difference between the energy of the transition states and the
reactants, and the react heats are the difference between the
energy of the products and the reactants, both of which involve
the correction for ZPE correction. Transition-states of chlor-
o(thio)phenols and O(*P) treated by one calculation rather than
separated chlorophenol and oxygen treated by two separate
calculations. Chlorophenols and chlorothiophenols with
system charge = 0 and spin multiplicity = 1, chlorophenoxy
radicals, chlorothiophenoxy radicals and OH radical with
system charge = 1 and spin multiplicity = 2, whereas the system

© 2021 The Author(s). Published by the Royal Society of Chemistry
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charge = 2 and spin multiplicity = 3 for transition states and
O(’P). Generally, the spin multiplicity is the number of system
charges plus one.

The rate constants of the elementary reaction involved in this
paper were calculated in the temperature range of 600-1200 K
using the canonical variational transition-state theory (CVT)
with the small curvature tunneling contribution (SCT).*® The
CVT theory was used to obtain the minimum reaction rate
constant at a given temperature (7) by changing the position of
the generalized transition state segmentation plane (that is, by
changing the reaction coordinates).** The separation surface in
CVT theory can be obtained by

KVT(T) = KOT(T, 5T mink®T (T, 5) (1)

where the generalized transition-state theory rate constant at
the separation surface s is

oky QT(T,s) e @)

W ONT)

where ¢ is symmetry factor, kg is Boltzmann's constant, % is
Planck's constant, Q%(T) is the reactant partition function per
unit volume, except symmetry numbers for rotation, Q%*(T,s) is
the partition function of the generalized transition state at
Vmep(s) with a local zero of energy and all rotational symmetry
numbers set to unity. To calculate the rate constants, 40 non-
stationary points near the transition state along the minimum
energy path (20 points on the reactants side and 20 points on
the product side) were selected for frequency calculations at the
MPWB1K/6-31+G(d,p) level. The parameters such as energy
data, matrices of force constants, hessian matrixes, coordinates
of each stationary points and non-stationary points were ob-
tained from the Gaussian 09 program output files and were
input into the Polyrate input files automatically by our self-
compile program. All the CVT/SCT rate constant calculations
were carried out using the Polyrate 9.7 program.>

KST(T,5) =

3. Results and discussion

According to different substitution pattern, CPs and CTPs
contain 19 congeners respectively, including three
monochlorophenols/monochlorothiophenols (2-C(T)P, 3-C(T)P
and 4-C(T)P), six dichlorophenols/dichlorothiophenols (2,3-
DC(T)P, 2,4-DC(T)P, 2,5-DC(T)P, 2,6-DC(T)P, 3,4-DC(T)P and 3,5-
DC(T)P), six trichlorophenols/trichlorothiophenols (2,3,4-TC(T)
P, 2,3,5-TC(T)P, 2,3,6-TC(T)P, 2,4,5-TC(T)P, 2,4,6-TC(T)P, 3,4,5-

_H H
Cl Cl
H H
H H
syn CP anti CP

Fig.1 Syn- and anti- configurations of CP and CTP.
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TC(T)P), three tetrachlorophenols/tetrachlorothiophenols
(2,3,4,5-TeC(T)P, 2,3,4,6-TeC(T)P and 2,3,5,6-TeC(T)P) and
pentachlorophenols/pentachlorothiophenols (PC(T)P). Due to
the asymmetry of chlorine substituents, there are syn- and anti-
configurations for 2-C(T)P, 3-C(T)P, 2,3-DC(T)P, 2,4-DC(T)P, 2,5-
DC(T)P, 3,4-DC(T)P, 2,3,4-TC(T)P, 2,3,5-TC(T)P, 2,3,6-TC(T)P,
2,4,5TC(T)P, 2,3,4,5TeC(T)P and 2,3,4,6-TeC(T)P. The
hydrogen atom on OH/SH of the syn-configuration faces the
closed neighboring Cl, and the hydrogen atom on OH/SH of the
anti-configurations face the neighboring H (Fig. 1). In the syn-
configurations, weak intramolecular hydrogen bonds are
formed, and in the anti-configurations, intramolecular
hydrogen bonds exist only in the substituted CPs/CTPs with
chlorine substituent at both ortho-positions. The syn-configu-
ration has lower energy than the corresponding anti-configu-
ration, suggesting a stabilization effect of intramolecular
hydrogen bonds. Thus, the substituted CPs/CPTs in this paper
all adopt syn-configurations.

3.1. Conformation analysis

The formation of CPRs/CTPRs from the reactions of CPs/CTPs with
O(®P) proceeds via a direct abstraction mechanism. The optimized
structures and bond lengths of the transition states for the
abstraction reaction from CPs and CTPs with O(’P) at the
MPWB1K/6-31+G(d,p) level are depicted in Fig. 2 and 3, respec-
tively. The corresponding CPs/CTPs and CPRs/CTPRs structures
parameters provided from previous studies are listed in Fig. S1-S4
of ESL1#* Our previous work has shown that the optimized
geometries and the calculated vibrational frequencies of phenol at
MPWB1K/6-31+G(d,p) level are in good agreement with the
experimental values,® and the relative error remains within 1.5%
for the geometrical parameters and 8.0% for the vibrational
frequencies. The S-H bond length (1.333 A) and C-S bond length
(1.761 A) of thiophenol obtained in our work at MPWB1K/6-
31+G(d,p) level are in good agreement with the experimental
values of 1.333 A and 1.773 A with the discrepancy less than
1.0%.® That means the theoretical calculation are reliable. When
the O(*P) attack CPs/CTPs, the C-O/C-S bond lengths in CPs/CTPs
are reduced, and the O-H/S-H bond lengths in CPs/CTPs are
elongated. The bond length parameters of C-O/C-S and O-H/S-H
bonds in CPs/CTPs and corresponding transition states, the bond
length change values and the bond length change ratio of the
transition states with respect to CPs/CTPs are presented in Tables
S3 and S4 of ESI, respectively.

_H H
Cl Cl
H H
H H
syn CTP anti CTP
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Fig. 2 MPWBI1K/6-31+G(d,p) optimized geometries of the transition states for the phenoxyl-hydrogen abstraction from phenol and CPs by
O(*P). Distances are in angstroms. Gray sphere, C: white sphere, H; yellow sphere, S; green sphere, CL.

In Fig. 2, for a given number of chlorine substitutions of CPs, example, the O-H bond lengths of TS(2,3-DCP), TS(2,5-DCP),
the O-H bonds in para-substituted transition states are shorter TS(2,6-DCP) and TS(3,5-DCP) are 1.094, 1.096, 1.088 and 1.095
than those without chlorine substitution at para-position. For A, respectively, which are larger than those of TS(2,4-DCP) and

17686 | RSC Adv, 2021, N, 17683-17693 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 MPWBI1K/6-31+G(d,p) optimized geometries of the transition states for the thiophenoxyl-hydrogen abstraction from thiophenol and
CTPs by O(*P). Distances are in angstroms. Gray sphere, C; white sphere, H; yellow sphere, S; green sphere, CL.

TS(3,4-DCP) (1.083 A and 1.081 A). The increase in length of the ~reactants are the most important aspect of the geometric

O-H bond being broken and the elongation of the O-H bond structure of the transition state. As shown in Fig. S3,T the O-H
being formed with respect to its equilibrium value in the growth ratios from para-substituted transition states are

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 11, 17683-17693 | 17687
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consistently larger than those from other structures. For
example, the O-H bonds in TS(2,3-DCP), TS(2,5-DCP), TS(2,6-
DCP) and TS(3,5-DCP) are 14.1%, 14.3%, 13.5% and 14.7%
longer than the corresponding equilibrium values of O-H
bonds in CPs, and the O-H bonds are elongated by of 12.9% and
13.2% in TS(2,4-DCP) and TS(3,4-DCP).

In Fig. 3, for a given number of chlorine substitutions of CPs,
the S-H bonds in the transition states with two ortho substitutions
are longer than those without ortho-substitution or with one ortho-
substitution. For example, the S-H bond length in TS(2,6-DCTP)
has relative longer distance (1.428 A) compared to the values of
1.404-1.425 A from TS(2,3-DCTP), TS(2.4-DCTP), TS(2,5-DCTP),
TS(3,4-DCTP) and TS(3,5-DCTP). The S-H bonds in TS(2,3-DCP),
TS(2,4-DCP), TS(2,5-DCP), TS(3,4-DCP), and TS(3,5-DCP) are
starched by 5.33-6.98%, and the S-H bond is 7.13% longer than
the corresponding equilibrium values of S-H bond in 2,6-CPs.

3.2. Thermomechanical analysis

The potential barriers AE* (in kcal mol '), reaction heats AH
(in keal mol ™, 0 K) and imaginary frequencies (in cm ") of the
transition states for the thiophenoxyl-hydrogen abstraction
from CPs and CTPs by O(*P) at the MPWB1K/6-311+G(3df,2p)//
MPWB1K/6-31+G(d,p) level are depicted in Tables 1 and 2,
respectively. The formation of CPRs/CTPRs from the reactions
of CPs/CTPs with O(’P) is strongly exothermic. The reaction
heats for C4H;OH + O(*°P) — C¢HsO + OH were studied by Cox
et al. through experiment.®® The value of —13.38 kcal mol*
reported by Cox are in agreement with the value of
—13.31 kecal mol ™" calculated in this work.> This can be infer-
red that calculation accuracy can be expected for the species
involved in this study.

Table 1 Potential barriers AE* (in kcal mol™), reaction heats AH
(in kcal mol™2, 0 K), and imaginary frequencies (in cm™?) of the tran-
sition states for the phenoxyl-hydrogen abstraction from phenol and
CPs by O(P)

AE AH v
Phenol 5.45 —13.31 22721
2-CP 7.52 —11.34 2550i
3-CP 8.20 —12.26 24241
4-CP 5.11 —14.50 2273i
2,3-DCP 8.26 —10.57 25761
2,4-DCP 6.97 —12.70 2496i
2,5-DCP 8.25 —10.48 2613i
2,6-DCP 7.59 —12.66 2551i
3,4-DCP 5.95 —13.50 24251
3,5-DCP 6.03 —11.14 2513i
2,3,4-TCP 7.42 —11.90 25691
2,3,5-TCP 9.06 ~10.74 2691i
2,3,6-TCP 8.11 —12.15 26451
2,4,5-TCP 7.62 —11.90 2652i
2,4,6-TCP 6.90 —13.96 2599i
3,4,5-TCP 8.54 —12.47 2500i
2,3,4,5-TeCP 8.29 —11.10 2712i
2,3,4,6-TeCP 7.68 ~11.93 2669i
2,3,5,6-TeCP 8.50 ~12.90 2710i
PCP 8.00 —12.88 2700i
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Table 2 Potential barriers AE* (in kcal mol™), reaction heats AH
(in kcal mol™, 0 K), and imaginary frequencies (in cm™) of the tran-
sition states for the thiophenoxyl-hydrogen abstraction from thio-
phenol and CTPs by O(P)

AE AH v
Thiophenol 1.63 —12.12 5061
2-CTP 2.51 —12.39 531i
3-CTP 2.28 —11.90 5761
4-CTP 1.52 —21.46 523i
2,3-DCTP 2.42 —13.15 1192i
2,4-DCTP 2.15 —19.70 10461
2,5-DCTP 2.47 —11.03 1199i
2,6-DCTP 3.78 —13.64 1292i
3,4-DCTP 2.84 —20.65 5861
3,5-DCTP 2.76 -11.71 651i
2,3,4-TCTP 4.38 —19.06 1136i
2,3,5-TCTP 2.66 —13.06 1227i
2,3,6-TCTP 3.32 —10.99 1320i
2,4,5-TCTP 2.81 —18.90 1053i
2,4,6-TCTP 3.62 —18.08 12561
3,4,5-TCTP 3.17 —20.09 642i
2,3,4,5-TeCTP 3.39 —18.53 1155i
2,3,4,6-TeCTP 3.65 —17.61 13071
2,3,5,6-TeCTP 4.28 —14.44 1366i
PCTP 4.63 —16.94 13271

From Table 1, the potential barriers are significantly corre-
lated with the position of the chlorine substitution at the
phenolic ring, but not with the number of chlorine substituents.
For example, for monochlorophenols, the potential barriers of
phenoxyl-hydrogen abstraction from 2-CP (7.52 kcal mol ") and
3-CP (8.20 kcal mol ") are higher than that from 4-CP
(5.11 keal mol ). For trichlorophenols, the potential barriers of
the phenoxyl-hydrogen abstraction from 2,3,5-TCTP
(9.06 kcal mol ™) and 2,3,6-TCTP (8.11 kcal mol ™) are higher
than those from 2,3,4-TCTP (7.42 kcal mol™"), 2,4,5TCTP
(7.62 keal mol™") and 2,4,6-TCTP (6.90 keal mol "), except for
3,4,5-TCTP (8.54 keal mol ™). Obviously, for a given number of
chlorine substitutions, the potential barriers for the phenoxyl-
hydrogen abstraction from the para-substituted CPs are
consistently higher than those for other structural conformers.
The chlorine substitution at the para-position can lower the
barrier heights of phenoxyl-hydrogen abstraction from CPs by
O(’P). The conclusion is different from the result in our
previous study of CPs with H that phenoxyl-hydrogen abstrac-
tion from CPs by H are strongly dominated by the chlorine
substitution at the ortho-position of CPs, and intramolecular
hydrogen bonding appears to stabilize the CTPs and reduce the
reactivity of O-H bonds in CPs with the ortho-substitution.** All
the transition states have one and only one imaginary
frequency. The values of the imaginary frequencies of transition
states from reactions of CPs with O(*P) are shown in Table 1.
From Table 1, for a given number of chlorine substitutions, the
imaginary frequencies for the para-substituted transition states
are smaller than those without para substitution. For tri-
chlorophenols, the imaginary frequencies of the transition
states for 2,3,4-TCP, 2,4,5-TCP, 2,4,6-TCP and 3,4,5-TCP are
25691 em™', 2652i em™', 2599i em™' and 2500i cm?,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively, whereas the values for 2,3,5-TCP and 2,3,6-TCP are
2691i em ™' and 2645i cm ™", respectively. The chlorine substi-
tution at the para-position can lower the value of the imaginary
frequency, that is, the value change of the imaginary frequency
has the same trend with the value of potential barrier.

From the reactions of CTPs with O(*P) in Table 2, for a given
number of chlorine substitutions, the potential barriers for the
thiophenoxyl-hydrogen abstraction from CTPs with both ortho-
substitutions (substitutions at two and six points) by O(*P)
consistently are higher than those from CTPs without ortho-
substitution or with only one ortho-substitution by O(*P). For
example, for dithiochlorophenols, the potential barriers of the
thiophenoxyl-hydrogen abstraction from 2,6-DCTP
(3.78 kcal mol™") is higher than those from 2,3-DCTP
(2.42 keal mol %), 2,4-DCTP (2.15 keal mol %), 2,5-DCTP
(2.47 keal mol™"), 3,4-DCTP (2.84 kcal mol™ ") and 3,5-DCTP
(2.76 keal mol ). For tetrathiochlorophenols, the potential
barriers of the thiophenoxyl-hydrogen abstraction from 2,3,4,6-
TeCTP (3.65 keal mol ') and 2,3,5,6-TeCTP (4.28 kcal mol ™) are
higher than those from 2,3,4,5-TeCTP (3.39 kcal mol™"). This
indicates that the chlorine substitutions at both ortho positions
of CTPs increase the strength of the S-H bonds and decrease its
reactivity. The imaginary frequency analysis can reconfirm the
conclusion above. For example, for tetrathiochlorophenols, the
imaginary frequencies of the transition states for 2,3-DCTP, 2,4-
DCTP, 2,5-DCTP, 3,4-DCTP and 3,5-DCTP are 1192i cm™},
1046i cm™*,1199i em ™, 586i cm ™" and 861i cm™?, respectively,
which is smaller than that for 2,6-DCTP of 1292i cm ™. The CTP
transition states from chlorine substitutions at both ortho
positions can enhance the imaginary frequencies.

It is necessary to compare the reactions of CPs and O(*P) with
the reactions of CTPs by O(*P). For a given CP and CTP, the
potential barriers for the phenoxyl-hydrogen abstraction from CP
by O(*P) are about 3.04-6.40 kecal mol ™~ higher than thiophenoxyl-
hydrogen abstraction from corresponding CTP by O(*P). In
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addition, the thiophenoxyl-hydrogen abstractions by O(’P) are
about 0.55-7.62 kcal mol ™" more exothermic than the phenoxyl-
hydrogen abstractions by O(*P), except for 3-C(T)P and 2,3,6-C(T)
P. This means that CTPRs formation from CTPs with O(*P) is more
likely to occur than the CPRs formation from CPs with O(*P).

It is interesting to compare the reaction mechanism of CPs/
CTPs and O(°P) with the reactions of CPs/CTPs and H/OH
radicals.®** The histograms of potential barriers (AE) for the
phenoxyl-hydrogen abstraction from phenol and CPs and CTPs
by O(*P)/H/OH are vividly displayed in Fig. 4 and 5, respectively.
For the phenoxyl-hydrogen abstraction from CPs with H/OH/
O(C’P) in Fig. 4, for a given CP, the potential barriers for the
phenoxyl-hydrogen abstraction from CP by O(*P) are about
3.86-6.96 kcal mol ™" lower than those from CP by H, and about
4.12-8.54 kecal mol " higher than those from CP by OH.*** This
indicates that the order for phenoxyl-hydrogen abstraction
potential is CP + OH > CP + O(*°P) > CP + H.*** In Fig. 5, for
a given CTP, the potential barrier for the thiophenoxyl-hydrogen
abstractions from most CTP by O(*P) are 0.24-1.29 kcal mol ™"
lower than those from CP by H radical (except for 3,4-DCTP,
2,3,4-TCTP, 3,4,5-TCTP, 2,3,4,5-TeCTP and PCTP) and 4.49-
7.16 kcal mol™' lower than those from CTPs by OH.** This
means that the order for thiophenoxyl-hydrogen abstraction
potential is CTP + O(*P) > CTP + H > CTP + OH.*

3.3. HOMO-LOMO orbitals analysis

Tables S5 and S61 present the HOMO and LOMO energies of
reacting species. HOMO-LOMO gap is a critical parameter in
measuring molecular chemical stability.”® Generally, small
HOMO-LOMO gap means lower stability and high activity. In
this study, the HOMO-LOMO energy gap is larger for chlor-
ophenols with chlorine substitution at the para-position than
those without para-substitution for a given number of chlorine
substitutions, which is consistent with the potential barriers.
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Fig.4 Histograms of potential barriers AE* (in kcal mol™2, including ZPE correction) for the phenoxyl-hydrogen abstraction from phenol and CPs
by O(P)/H/OH. For comparison, AE* of CPR formation form CPs with H* and OH* are provided by ref. 44 and 45 respectively.
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Fig.5 Histograms of potential barriers AE* (in kcal mol™2, including ZPE correction) for the thiophenoxyl-hydrogen abstraction from thiophenol
and CTPs by O(P)/H/OH. For comparison, AE* of CTPR formations from CTPs with H** and OH* are provided by ref. 43.

For example, for dichlorophenols, the HOMO-LOMO energy
gap for 2,4-DCP, 3,4-DCP are lower than 2,3-DCP, 2,5-DCP, 2,6-
DCP, 3,5-DCP. Similarly, for a given number of chlorine
substitution, the energy gap for chlorothiophenols with ortho-
substitution are higher than those without ortho-substitution or
with only one ortho-substitution. For example, for tri-
chlorothiophenols, 2,3,6-TCTP, 2,4,6-TCTP have higher HOMO-
LOMO gap than 2,3,4-TCTP, 2,3,5-TCTP, 2,4,5-TCTP, 3,4,5-
TCTP. Generally, the energy gap for CTP is lower than that of
CP. That is in good agreement with the potential barriers.

3.4. Kinetic calculations

The canonical variational transition state theory (CVT) with
small-curvature tunneling (SCT) contribution®® are performed
in this study to calculate the rate constants of series reactions
between CPs/CTPs with O(*P) under the temperature range of 600~
1200 K, as shown in Tables S5 and S6 of ESL{ The temperature
range covers the possible formation temperatures of PCDD/Fs and
PCDT/TAs. An early modelling studied the rate constants of
CeHsOH + O(*P) — C¢H;0 + OH by Emdee,* which agrees well
with the CVT/SCT value in this paper. For example, at 1000 K, the
rate constant is 7.65 x 10~ "> by Emdee, which is consistent with
the value 2.58 x 10~ *® studied by CVT/SCT method. The CVT/SCT

Table 3 Arrhenius formulas (in cm® per molecule per s) for the phenoxyl-hydrogen abstraction from phenol and CPs by O(*P) over the

temperature range of 600-1200 K

Reactions

Arrhenius formulas

CeHsOH + O(°P) > CgH;0 + OH

2-CP + O(*P) — 2-CPR + OH

3-CP + O(°P) — 3-CPR + OH

4-CP + O(*°P) — 4-CPR + OH

2,3-DCP + O(*°P) — 2,3-DCPR + OH

2,4-DCP + O(*P) — 2,4-DCPR + OH

2,5-DCP + O(*°P) — 2,5-DCPR + OH

2,6-DCP + O(*°P) — 2,6-DCPR + OH

3,4-DCP + O(*°P) — 3,4-DCPR + OH

3,5-DCP + O(*°P) — 3,5-DCPR + OH
2,3,4-TCP + O(°P) — 2,3,4-TCPR + OH
2,3,5-TCP + O(*°P) — 2,3,5-TCPR + OH
2,3,6-TCP + O(°P) — 2,3,6-TCPR + OH
2,4,5-TCP + O(*°P) — 2,4,5-TCPR + OH
2,4,6-TCP + O(°P) — 2,4,6-TCPR + OH
3,4,5-TCP + O(*°P) — 3,4,5-TCPR + OH
2,3,4,5-TeCP + O(*°P) — 2,3,4,5-TeCPR + OH
2,3,4,6-TeCP + O(*°P) — 2,3,4,6-TeCPR + OH
2,3,5,6-TeCP + O(°P) — 2,3,5,6-TeCPR + OH
PCP + O(*°P) — PCPR + OH

17690 | RSC Adv, 2021, 1, 17683-17693

K(T) = (8.20 x 10712)exp(73266.25/T)
k(1) = (1.08 x 10 )exp(—5669.24/T)
K(T) = (2.01 x 10~ "?)exp(—5422.00/T)
KT) = (3.58 x 10* ?)exp(—4113.82/T)
K1) = (1.47 x 10’12)exp(75737.14/T)
K(T) = (8.20 x 10 "*)exp(—5178.98/T)
K1) = (7.43 x 10* 3)exp(—6000.54/T)
K(T) = (3.97 x 10~ "*)exp(—5201.50/T)
K(T) = (1.59 x 10~ "*)exp(—4310.06/T)
k(T) = (4.41 x 10* %)exp(—4572.52/T)
K(T) = (9.81 x 10* ?)exp(—5870.61/T)
K(T) = (2.04 x 10~ "*)exp(—6226.97/T)
K1) = (1.60 x O’IZ)exp(75673.37/T)
k(T) = (4.01 x 10~ "*)exp(—5920.33/T)
KT) = (7.12 x 10* Yexp(—5659.22/T)
K1) = (1.78 x 10 "?)exp(—5527.17/T)
k(T) = (9.08 x 10~ ")exp(—5934.21/T)
KT) = (7.46 x 10* *exp(—5404.86/T)
K1) = (1.16 x 10~ "*)exp(—5324.11/T)
K(T) = (1.50 x 10~ **)exp(—5733.80/T)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Arrhenius formulas (in cm® per molecule per s) for the thiophenoxyl-hydrogen abstraction from thiophenol and CTPs by O(*P) over the

temperature range of 600-1200 K

Reactions

Arrhenius formulas

Ce¢HsOH + O(°P) — C¢H;0 + OH
2-CTP + O(*°P) — 2-CTPR + OH
3-CTP + O(*°P) — 3-CTPR + OH
4-CTP + O(°P) — 4-CTPR + OH
2,3-DCTP + O(*°P) — 2,3-DCTPR + OH
2,4-DCTP + O(*P) — 2,4-DCTPR + OH
2,5-DCTP + O(°P) — 2,5-DCTPR + OH
(
(P

<

vx_zvx_/

2,6-DCTP + O(*P) — 2,6-DCTPR + OH
3,4-DCTP + O(*°P) — 3,4-DCTPR + OH
3,5-DCTP + O(*P) — 3,5-DCTPR + OH
2,3,4-TCTP + O(°P) — 2,3,4-TCTPR + OH
2,3,5-TCTP + O(°P) — 2,3,5-TCTPR + OH
2,3,6-TCTP + O(°P) — 2,4,6-TCTPR + OH
2,4,5-TCTP + O(*P) — 2,4,5-TCTPR + OH
2,4,6-TCTP + O(°P) — 2,4,6-TCTPR + OH
3,4,5-TCTP + O(*P) — 3,4,5-TCTPR + OH
2,3,4,5-TeCTP + O(°’P) — 2,3,4,5-TeCTPR + OH
2,3,4,6-TeCTP + O(°P) — 2,3,4,6-TeCTPR + OH
2,3,5,6-TeCTP + O(°P) — 2,3,5,6-TeCTPR + OH
PCTP + O(°P) — PCTPR + OH

— =

rate constants are fitted, and the corresponding Arrhenius
formulas are given in Table 3 for the phenoxyl-hydrogen abstrac-
tion from CTPs by O(*P) and Table 4 for thiophenoxyl-hydrogen
abstraction from CTPs by O(°P), respectively.

From Table S5 of ESI,t for a given temperature, the CVT/SCT
rate constants for the phenoxyl-hydrogen abstraction from the
para-substituted CPs by O(°P) are higher than those from other
CPs by O(*P). For example, at 600 K, the rate constants for the
phenoxyl-hydrogen abstraction from 2,3-TCP, 2,5-TCP and 2,6-
TCP are 1.11 x 107 %, 3.62 x 10~ and 7.27 x 10~ *® cm® per
molecule per s, while the rate constants are 1.57 x 10~ '® and
1.29 x 107" cm?® per molecule per s for 2,4-TCP and 3,4-TCP.
This is agreement with the thermodynamic analysis that the
chlorine substitution at the para-position of CPs can decrease
the O-H bond and increase the reaction activity of CPs with
oCP).

For the reactions of CTPs with O(*P) of Table S6 of ESI, at
a given temperature, the CVT/SCT rate constants of the
thiophenoxyl-hydrogen abstraction from CTPs with both ortho-
substitutions by O(*P) are lower than those from CTPs without
ortho-substitution or with only one ortho-substitution by O(*P).
For example, at 1000 K, the rate constant is 7.76 x 10~ "* cm® per
molecule per s for the thiophenoxyl-hydrogen abstraction from
2,3,4,6-TeCTP by O(*P), which is higher than the values of 2.64
x 107" and 2.99 x 10™** ecm?® per molecule per s for the
thiophenoxyl-hydrogen abstraction from 2,3,4,5-TeCTP and
2,3,5,6-TeCTP by O(*P), respectively. This perfectly matches the
structural and thermodynamic analysis above that the chlorine
substitutions at both ortho positions of CTPs can enhance the
potential barrier of CTPs with O(’P). For a given chlorine
substitution, the CVT/SCT rate constants for phenoxyl-hydrogen
abstraction from CPs by O(*P) are noticeably smaller than those
thiophenoxyl-hydrogen abstraction of CTPs by O(*P) over the

© 2021 The Author(s). Published by the Royal Society of Chemistry

k(1) = (2.41 x 10’14)exp(—4858.87/T)
K(T) = (3.51 x 10~ "*)exp(—2809.95/T)
KT) = (7.12 x 10~ *)exp(—5178.30/T)
K(T) = (1.50 x 10* ?)exp(—4887.12/T)
K1) = (1.73 x 10* Mexp(—3132.24/T)
K(T) = (6.34 x 10 "*)exp(—2778.06/T)
K(T) = (3.84 x 10~ **)exp(—3574.35/T)
K1) = (1.25 x 10~ '")exp(—3897.24/T)
K1) = (1.41 x 0’11)exp(—1010.34/T)
K(T) = (6.33 x 10~ "exp(—2724.57/T)
KT) = (2.85 x 10* )exp(—3643.04/T)
KT) = (1.41 x 10" Yexp(—3031.77/T)
K(T) = (1.86 x 10* Yexp(—7705.67/T)
K(T) = (3.36 x 10~ "*)exp(—2920.48/T)
K(T) = (8.58 x 10* exp(—3290.82/T)
K(T) = (3.11 x 107 ")exp(—8033.26/T)
K(T) = (2.08 x 10* Yexp(—2062.79/T)
k(1) = (1.70 x 10~ "*)exp(—3182.45/T)
K1) = (8.19 x 0*12)exp(—3662.76/T)
K(T) = (7.80 x 10 '*)exp(—3272.48/T)

whole studied temperature range. For example, at 1000 K, the
CVT/SCT rate constant of the thiophenoxyl-hydrogen abstrac-
tion from 2,3,4-TCP by O(*P) is 2.69 x 10~"* em® per molecule
per s, whereas the value is 7.29 x 10~ '* cm® per molecule per s
for the thiophenoxyl-hydrogen abstraction from 2,3,4-TCTP by
O(’P). This is consistent with thermodynamic analysis that
thiophenoxyl-hydrogen abstraction from CTPs by O(*P) is more
efficient than the phenoxyl-hydrogen abstraction from CPs by
oC’p).

4. Conclusion

In this study, we investigated the reaction mechanism of 19 CP/
CTP congeners with O(*P) radicals by DFT theory and obtained
the structural parameters, thermodynamic calculation and
kinetic data. The rate constants of each reaction were calculated
using CVT/SCT method over a wide temperature range of 600-
1200 K. The effect of the chlorine substitution pattern in reac-
tion of CP/CTPs with O(*P) was discussed. The phenoxyl-
hydrogen/thiophenoxyl-hydrogen abstraction of CP/CTP by
O(’P) was compare with our previous work of phenoxyl-
hydrogen/thiophenoxyl-hydrogen abstraction of CP/CTPs by
H/OH radicals. Three main conclusions are listed as follows:

(1) The potential barriers of CP/CTPs with O(*P) are signifi-
cantly correlated with the position of the chlorine substitution
at the phenolic ring, but not with the number of chlorine
substituents. The chlorine substitution at the para-position of
CPs can decrease the O-H bond and increase the reaction
activity of CPs with O(*P). The chlorine substitutions at both
ortho positions of CTPs increase the strength of the S-H bonds
and decrease its reactivity.
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(2) The thiophenoxyl-hydrogen abstraction from CTPs by
O(’P) is more likely to occur than that phenoxyl-hydrogen
abstraction from CPs by O(*P).

(3) The formation potential of C(T)PRs from C(T)Ps with
O(*P) are compared with that of C(T)PRs from C(T)Ps with H
and OH, respectively. The order for phenoxyl-hydrogen
abstraction potential is CP + OH > CP + O(*P) > CP + H, and
the order for thiophenoxyl-hydrogen abstraction potential is
CTP + O(°P) > CTP + H > CTP + OH.
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