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16 Abstract: Polychlorinated phenoxathiins (PCPTs), polychlorinated dibenzothiophenes (PCDTs),
17 and polychlorinated thianthrenes (PCTAs) are sulfur analogues of polychlorinated dibenzo-p-
18 dioxins and polychlorinated dibenzofurans (PCDD/DFs). Chlorothiophenols(CTPs) and
19 chlorophenols (CPs) are key precursors to form PCTA/PT/DTs, which can form chloro(thio)phenoxy
20 radical, sulfydryl/hydryl-substituted phenyl radical and (thio)phenoxyl diradicals. The available
21 radical/radical PCTA/DT formation mechanism failed to explain the higher concentration of PCDTs
22 than that of PCTAs under the pyrolysis or combustion conditions. Thus in this work, a detailed

23 thermodynamics and kinetic calculations were carried out to investigate the pre-intermediates
24 formation for PCTA/PT/DTs from radial/molecule coupling of 2-C(T)P with their key radical species.
25 Our study found that the radial/molecule mechanism can thermodynamically and kinetically
26 contribute to the gas-phase formation of PCTA/PT/DT/s. The S/C coupling modes to form thioether-
27 (thio)enol intermediats are preferable over the O/C coupling modes to form ether-(thio)enol

28 intermediats. Thus, although the radial/molecule coupling of chlorophenoxy radical with 2-C(T)P
29 have no effect on the PCDD/PTs formation, the radial/molecule coupling of chlorothiophenoxy
30 radical with 2-C(T)P play an important role in the PCDT/PT formation. Most importantly, the pre-
31 PCDT intermediates formation pathways from the coupling of sulfydryl/hydryl-substituted phenyl
32 radical with 2-C(T)P and the coupling of (thio)phenoxyl diradicals with 2-C(T)P are more favorable
33 to pre-PCTA/PT intermediates formation pathways from the coupling of chlorothiophenoxy radical
34 with 2-C(T)P, which can give reasonable explanation for the high PCDT-to-PCTA ratio in the
35 environment.

36 Keywords: PCTA/PT/DTs; Formation mechanism; Radical/molecule coupling; Density functional

37 theory; Rate constant
38

39  1.Introduction

40 Polychlorinated thianthrenes/dibenzothiophenes (PCTA/DTs) are polychlorinated dibenzo-p-
41  dioxins/dibenzofurans (PCDD/DFs) analogues with the oxygen atoms substituted by the sulfur
42 atoms, which have given rise to environmental public and regulatory concern. PCTA/DTs are found
43 as mixtures of 75 PCTA and 135 PCDT isomers, which have similar geochemical behavior, toxicity,
44 persistent, lipophilic and physicochemical properties as PCDD/DFs [1-7]. PCTA/DTs have been
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45  widely detected in the different environmental samples, such as aquatic organisms [8], soil and
46 sediment [9,10], pulp bleaching [11], wastes from petroleum refineries [12], petroleum spills [13],
47  especially in some high temperature pyrolysis or combustion conditions such as incineration of
48 municipal waste and fly ash [14,15], stack gas [16] and metal reclamation industry [17]. The
49  concentrations of PCDTs in fly ash and in stack gas samplesa are found to be much higher than those
50  observed in some pulp mill effluents [18]. Sinkkone et al. reported the concentrations of TCDBTs,
51  TeCDBTs and PeCDBTs in gas phase samples from the aluminium smelter to be in the range of 40~850
52 ng/nm? 9~370 ng/nm? and 1~155 ng/nm?, respectively, and the amount approach the concentration
53 of PCDD/DFs in emissions and wastes [17]. Similar as PCDD/DFs, PCTA/DTs were never
54 intentionally synthesized for commercial purposes, but formed as byproducts from the thermal and
55  combustion conditions. Polychlorinated phenoxathiins (PCPTs) are also one group of chlorinated
56  tricyclic aromatic heterocycles which can be identified as PCDD analogues with one oxygen
57  substituted by sulfur atom or PCTAs with one sulfur substituted by oxygen atom. It is reported that
58  PCPTs have thermodynamic properties, persistence and environmental mobility as PCTA/DTs,
59  which can be viewed as dioxin-like componds [19]. Although corresponding researches pertinent to
60  the formation of PCPTs are not as much as PCDD/DFs and PCTA/DTs, the structural and property
61 resemble of PCPTs with PCDD/DFs and PCTA/DTs reveals their formation possible similarity. For
62  example, PCPTs have been proved to form with PCTAs and PCDTs in combustion experiments [20].
63  Ferrario et al. stated that phenoxathiins can be converted to dibenzofuran by heating with metallic
64  copper at 250 °C [21]. Hence, the information about formation mechanism of PCTA/PT/DTs under
65  combustion and thermal processes are required, which can serve as a basis for minimizing
66 PCTA/PT/DTs emissions and hinder their harm to the human and environment.

67 A careful examination of the literature shows that two heterogeneous PCTA/DT formaition
68  pathways were proposed: formation reactions from elemental carbon, sulfur and chlorine and sulfur-
69  containing pesticides [22] and formation reactions from chemical precursors [23-27], which is the
70 most direct route to the formation of PCTA/DTs. Among different precursors, chlorothiophenols
71 (CTPs) are demonstrated to be the most important precursors of PCTA/DTs, which is consistent with
72 the widely recognized fact that chlorophenols (CPs) are identified to be predominant precursors of
73 PCDD/DFs [23,24,28]. CTPs are used in large quantities in various chemical industries, such as in
74  manufacturing of dyes, insecticides, printing inks, pharmaceuticals, and polyvinyl chloride [29],
75  while CPs are released from direct application as biocides, leaching from wood products, synthesis
76  during bleaching operations, and emissions from operating facilities [30,31]. Under high-temperature
77  conditions, CTPs can readily form chlorothiophenoxy radical (CTPRs) as well as sulfydryl-
78  substituted phenyl radical and the thiophenoxyl diradical by losing the sulfydryl-H, the H/Cl atom
79  combine to the carbon in the adjacent position of the carbon with -SH group, and both the sulfydryl-
80 H and the ortho-substituted H/Cl, respectively, via abstraction reactions by H, OH, Cl, or O(°P)
81  radicals. Although sulfydryl-substituted phenyl radicals and thiophenoxyl diradicals have not yet
82  been detected in combustion and thermal processes, their oxygenated counterparts hydroxyl-
83  substituted phenyl radicals and phenoxyl diradicals have been identified and proposed to be
84  potential precursors from PCDD/DF formation [32-35]. Yu et al. and Pan et al. has carried out
85  theoretical studies and proved the formation feasibility of sulfydryl-substituted phenyl radicals and
86  thiophenoxyl diradicals from CTPs and that of hydroxyl-substituted phenyl radicals and phenoxyl
87  diradicals from CPs, and proved their energetically favorable contribution to PCTA/DT and
88  PCDD/DF formation, respectively [27,36].

89 Similar as the formation of PCDD/DFs from CPs precursor, the homogeneous gas-phase
90 formation of PCTA/DTs was proposed that involve radical/radical condensation of CTPRs and
91 radical/molecule recombination of CTPR and CTP [23-25,37-40]. Dar et al. have presented that
92  radical/radical coupling are thermodynamically comparable over radical/molecule recombination for
93 the PCTA/DT formation [23,24]. Therefore, following the radical/radical routes, a serious theoretical
94 studies on PCTA/DT formation mechanisms from the coupling of 2-CTPRs, 2,4,5-TCTPRs, 2,4-
95  DCTPRs and 2,4,6-TCPRs were proposed by Dar et al. and our group [23-26]. These studies found
96  that the the PCTA formation was much easier than the PCDT formation owning to the fact that the
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97  PCTA formation can occur via one less elementary step than PCDT formaion and the potential barrier

98  of the rate-determining step of PCTA formation is about 10 kcal/mol lower than that the PCDT

99  formation [23-26]. However, this conclusion failed to give reasonable explanation for the much
100 higher concentration of PCDTs than that of PCTAs under the pyrolysis or combustion conditions
101 [16,17]. For instance, the concentration of tetrachlorobenzothiophene (TeCDT) was detected to be
102 approximately 5~40 times greater than that of tetrachlorothianthrene (TeCTA) in stack gas samples
103 from waste incineration samples [16]. Sinkkone et al. observed that the mean concentrations of
104  trichlorobenzothiophene (TCDT) (8.944 ng/g) in some ash and slag samples was much higher than
105  that of triachlorothianthrene (TCTA) (0.052 ng/g) [17]. This great discrepancy prompted us turn our
106  attention back to the the radical/molecule mechanism, which has long been overlooked to the
107  PCTA/DT formation and may be contribute to the high PCDT-to-PCTA ratio. Firstly, the
108  radical/molecule mechanism from 2-CTPR with 2-CTP was calculated using B3LYP method by Dar
109 et al. [23,24], which ignored the electron correlation and may overestimate the energy values.
110 Secondly, recent research by Pan et al. found that the radical/molecule mechanisms from phenyl
I11  radicals and phenoxyl diradicals with 2-CP solely lead to the formation of PCDF, which greatly well
112 account for the experimental observation of the high PCDF-to-PCDD ratio from CPs as precursors
113 both in gas-phase and particle mediated conditions [41]. Along the same line of inquiry, the
114 radical/molecule mechanisms from sulfydryl-substituted phenyl and thiophenoxyl diradicals with
115  CTPs were inspired to be further studied and compared with the oxygen substituted reactions.
116 Thirdly, considering the structure and property similarity of PCPTs with PCTA/DDs and the
117 coexistence of CTPs and CPs, it is of significance to study the PCPT formation from cross-
118  consendation from CPs with CTP relative radicals or CTPs with CP relative radicals. High correlation
119  between the PCTA/DTs, PCDD/DFs and PCPTs revealed their similar formation mechanism
120 [14,20,21,42,43]. As far as we know, there is no information available on the radical/molecule
121 mechanisms for the PCTA/DT formation from sulfydryl-substituted phenyl and thiophenoxyl
122 diradicals with CTPs, as well as the radical/molecule mechanisms for the PCPT formation from CP
123 and CTP as precursors.
124 Therefore, in this study, we present a systematic theoretical study on the initial pathways of
125  PCTA/PT/DT formation from the condensation reactions of 2-CP/2-CTP with chlorinated phenoxy
126  radical 2-chlorophenoxy (CPR1) and chlorinated thiophenoxy radical 2-chlorothiophenoxy (CTPR1),
127 phenyl radicals 2-hydroxylphenyl (PR2) and 2-sulfydrylphenyl (TPR2), chlorinated phenyl radicals
128  2-hydroxyl-3-chloro-phenyl (CPR2) and 2-sulfydryl-3-chloro-phenyl (CTPR2), phenoxyl diradical
129  (PDR) and thiophenoxyl diradical (TPDR), chlorinated phenoxyl diradical (CPDR) and chlorinated
130  thiophenoxyl diradical (CTPDR) (shown in Figure 1). 2-CTP and 2-CP were selected as model
131  compounds because they are simplest and most representative CTPs and CPs precursors to produce
132 PCTA/PT/DT/DFs. The kinetic data and rate constants were evaluated over a wide temperature range
133 of 600~1200 K and fitted into Arrhenius formulas to improve and optimize PCTA/DT formation
134 mathematic models. This work provides new mechanism for the formation of PCTA/DTs to explain
135  the higher concentration of PCDTs than that of PCTAs in the environment, and explores plausible
136 mechanism for the formation of dioxin-like componds PCPTs. The contribution to PCTA/PT/DT/DF
137 formation from different radical/molecule condensation reactions was sorted and compared with
138  radical/radical mechanism from self-coupling of 2,4-dichlorothiophenoxys (2,4-DCTPRs) in our
139 previous work [26] and the formation of PCDD/DFs from oxygen substituted precursors [41].

140 2. Results

141 2.1. Formation of radical species C(T)PR1, C(T)PR2, C(T)PDR, (T)PR2 and (T)PDR from 2-CTP and 2-CP
142 molecules

143
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165 Figure 1. Formation of radical species C(T)PR1, C(T)PR2, C(T)PDR, (T)PR2 and (T)PDR embedded
166 with the potential barriers AE (in kcal/mol) and reaction heats AH (in kcal/mol) from reactions of 2-
167 CTP (a) and 2-CP (b) with H/OH radicals, respectively. AH is calculated at 0 K.
168 The formation of 2-chlorothiophenoxy (CTPR1), 2-sulfydryl-3-chloro-phenyl (CTPR2),

169  chlorinated thiophenoxyl diradical (CTPDR), 2-sulfydrylphenyl radical (TPR2), thiophenoxyl
170 diradical (TPDR) derived from 2-chlorothiophenol (2-CTP) and the formation of 2-chlorophenoxy
171  (CPR1), 2-hydroxyl-3-chloro-phenyl (CPR2), chlorinated phenoxyl diradical (CPDR), 2-
172 hydroxylphenyl radical (PR2), phenoxyl diradical (PDR) derived from 2-chlorophenol (2-CP) are the
173 initial and key step in the radical/molecule formation of PCTA/PT/DT/DFs. In combustion and
174  thermal processes, these radicals may be generated by means of H or Cl extraction reactions of 2-
175  C(T)P by the active radicals H, OH, Cl or O(*P) which exist abundantly in high temperature
176 conditions. The potential barriers (AE) and the reaction heat (AH) which were calculated at the
177  MPWBIK/6-311+G(3df,2p)//MPWB1K/6-31+G(d,p) level operating in the formation of C(T)PR1,


http://dx.doi.org/10.20944/preprints201902.0237.v1
http://dx.doi.org/10.3390/ijms20071542

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2019 d0i:10.20944/preprints201902.0237.v1

178  C(T)PR2, C(T)PDR, (T)PR2 and (T)PDR from 2-C(T)P abstracted by the H and OH is given in the
179  Figure 1(a) and (b). In Figure 1, data of sulfydryl/hydroxyl-H abstraction of 2-C(T)P by H and OH
180  were cited from our previous studies at the MPWB1K/6-311+G(3df,2p)//MPWB1K/6-31+G(d,p) level
181  [44-46] Pan et al. and Yu et al. also studied the formation of C(T)PR1, C(T)PR2, C(T)PDR, (T)PR2 and
182  (T)PDR from 2-C(T)P molecules abstracted by H radical at the BB1K/6-311+G(3df,2p)//BB1K/6-
183 311G(d,p) level [27,41]. Similar abstraction reactions by OH radical were added in this study. Notably,
184  Our value at the MPWB1K/6-311+G(3df,2p)//MPWB1K/6-31+G(d,p) level match well with Pan and
185 Yu’'s data at the BB1K/6-311+G(3df,2p)//BB1K/6-311G(d,p) level, and the maximum relative error
186  remains within 1.03 kcal/mol for potential barriers (AE) and less than 0.90 kcal/mol for reaction heats
187  (AH). From this results, the same accuracy can be expected for other species involved in this study.
188  As can be seen in Figure 1, the chlorinated phenoxy/thiophenoxy radicals C(T)PR1 arises from
189  cleavage of or sulfydryl S-H bond or hydroxyl O-H bond from the precursor 2-C(T)P. Moreover, the
190  sulfydryl-substituted/hydroxyl-substituted phenyl radicals (T)PR2 and C(T)PR2 derive from
191  dissociation of the Cl or H atom combine to the carton in the adjacent position of the carbon with the
192 sulfydryl/hydroxyl group. Additionally, the phenoxyl/thiophenoxyl diradicals (T)PDR and C(T)PDR
193 are sourced from loss both of the or sulfydryl-H or hydroxyl-H and the ortho-substituted Cl or H
194  atom. All the optimized geometries for 2-C(T)P and related radicals are shown in Figure 2.
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205 Figure 2. Optimized structures of 2-CP and 2-CTP molecules and related radicals in this paper: 2-
206 chlorophenol (2-CP), 2-chlorophenoxy (CPR1), 2-hydroxyl-3-chloro-phenyl (CPR2), chlorinated
207 phenoxyl diradical (CPDR), 2-hydroxylphenyl radical (PR2), phenoxyl diradical (PDR), 2-
208 chlorothiophenol (2-CTP), 2-chlorothiophenoxy (CTPR1), 2-sulfydryl-3-chloro-phenyl (CTPR2),
209 chlorinated thiophenoxyl diradical (CTPDR), 2-sulfydrylphenyl radical (TPR2), thiophenoxyl
210 diradical (TPDR). All the values are in A.

211 2.2. Formation of pre-intermediates of PCTA/PT/DT/DFs via radical/molecule coupling reactions

212 The radical/radical or radical/molecule recondensation of C(T)P and C(T)PRs plays a crucial role
213 in the the homogeneous gas-phase formation of PCTA/PT/DTs. The radical/molecule coupling
214 reaction routes via cross-condensation of 2-C(T)P molecule with chlorinated (thio)phenoxy radicals
215  C(T)PR1, chlorinated or unchlorinated hydroxyl(sulfydryl)-substituted phenyl radicals
216  C(T)PR2/(T)PR2 and chlorinated or unchlorinated (thio)phenoxyl diradicals C(T)PDR/(T)PDR are
217  exhibited in Figures 3~5, respectively. The potential barrier AE (in kcal/mol) and reaction heats AH
218  (inkcal/mol) are calculated at the MPWB1K/6-311+G(3df,2p)//MPWB1K/6-31+G(d,p) level in Figures
219  3~5. In order to comparing with the PCDD/DF formation from 2-CP and corresponding oxygen
220  substituted radicals from Pan’s study [41], the radical/molecule coupling reaction routes via cross-
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221  condensation of 2-CP with chlorophenoxy radical CPR1, chlorinated or unchlorinated hydroxyl-
222 substituted phenyl radicals CPR2/PR2 and phenoxyl diradicals CPDR/PDR are calculated at
223 MPWBI1K/6-311+G(3df,2p)//MPWB1K/6-31+G(d,p) level and presented in Figures S1. Several typical
224 optimized transition state geometries in PCTA/PT/DT/DF formation are shown in Figure S3.
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254 Figure 3. Pre-PCTA/PT/DT/DF formation routes embedded with the potential barriers AE (in kcal/mol)
255 and reaction heats AH (in kcal/mol) from the cross-condensation reactions of CPR1 with 2-CTP (a),
256 CTPR1 with 2-CTP (b) and CTPR1 with 2-CP (c). AH is calculated at 0 K.

257  2.2.1. Coupling reaction of C(T)PR1 with 2-C(T)P
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258 In Figure 3, the cross-condensation reactions of CPR1 with 2-CTP, CTPR1 with 2-CTP and
259  CTPRI1 with 2-CP are depicted in Figure 3(a), Figure 3(b) and Figure 3(c), respectively. There exhibit
260  four kinds of sulfur/oxygen-carbon coupling modes (S/C or O/C for short): (1) the coupling of the
261  phenolic oxygen with the ortho carbon bonded to hydrogen of 2-C(T)P molecule (O/o-CH for short),
262 (2) the coupling of the thiophenolic sulfur with the ortho carbon bonded to hydrogen of 2-C(T)P
263  molecule (S/0-CH for short), (3) the coupling of the phenolic oxygen with the ortho carbon bonded to
264  chlorine of 2-C(T)P molecule (O/0-CCl for short) and (4) the coupling of the thiophenolic sulfur with
265 the ortho carbon bonded to chlorine of 2-C(T)P molecule (S/0-CCl for short). In Figure 3, all the four
266  coupling modes produce four (thio)ether-(thio)enol structures: IM1 are formed from the O/o-CH
267  coupling, IM2 are produced from O/o-CCl coupling, IM7 and IM13 are generated from the S/o-CH
268  coupling, and the IM8 and IM14 are shaped from the S/o-CCl coupling. The O/o-CH and S/o-CH
269  couplings are stepwise reactions, while the O/0-CCl and S/o-CCl couplings are one-step synergetic
270  reactions accompanied by the Cl elimination reactions. These intermediates are pre-intermediates for
271  the formation of PCTA/PTs.

272 There are four kinds of carbon—carbon coupling modes to produce twelve (thio)enol-(thio)keto
273  adducts: (1) the coupling of carbon (hydrogen)-centered radical and carbon (hydrogen)-centered
274  molecule (CkH/CumH for short), (2) the coupling of carbon (chlorine)-centered radical and carbon
275 (hydrogen)-centered molecule (CzCl/CumH for short), (3) the coupling of carbon (hydrogen)-centered
276  radical and carbon (chlorine)-centered molecule (CkH/CwmCl for short), and (4) the coupling of carbon
277  (chlorine)-centered radical and carbon (chlorine)-centered molecule (CrCl/CuCl for short). In Figure
278  3,theIM4,IM10 and IM16 are generated from CRH/CvH coupling, The IM3, IM9 and IM15 are formed
279  from CrCl/CvH coupling, the IM5, IM11 and IM17 are generated from the CkH/CumCl coupling, and
280  the IM6, IM12 and IM18 are built from the CrCl/CmCl coupling. The CrH/CmCl and CClr/CClm
281  couplings are also accompanied by a synchronously elimination of Cl atom. These intermediates
282 serve as building foundation for analogues of PCDT/DF structures.

283  2.2.2. Coupling reactions of C(T)PR2 and (T)PR2 with 2-C(T)P

284 The pre-PCDT/DF formation reaction pathways for cross-couplings between CPR2 and 2-CTP,
285  between CTPR2 and 2-CTP, between CTPR2 and 2-CP, between PR2 and 2-CTP, between TPR2 and
286  2-CTP, and between TPR2 and 2-CP embedded with the potential barriers AE (in kcal/mol) and
287  reaction heats AH (in kcal/mol) are illustrated in Figure 4(a)~(f), respectively. After the ortho-H/Cl
288  abstraction in benzene ring of 2-CP and 2-CTP, there exits the extremely high reactivity carbon
289  (radcial)-centered hydroxyl(sulfydryl)-substituted phenyl radicals[47,48], C(T)PR2 and (T)PR2,
290  which may attack the 2-C(T)P molecule by two C-C coupling modes to (thio)keto-(thio)enol
291 intermediates: (1) the coupling of carbon (radical)-centered radical and carbon (hydrogen)-centered
292 molecule (Ce¢/CH for short), and (2) the coupling of carbon (radical)-centered radical and carbon
293 (chlorine)-centered molecule (Ce/CCl for short). The Ce/CCl coupling is synergetic reactions with
294  the Cl elimination occurring at the same time. Six intermediates (IM19, IM21, IM23, IM25, IM27 and
295  IM29) are afforded by Ce/CH coupling, and five other intermediates (IM20, IM22, IM24, IM26 and
296  IM28) are produced by Ce/CCl coupling. All the eleven intermediates can result in the formation of
297 PCDT/DFs, which are not the precursors for PCTA/PTs owning to the absence of O/S centered
298  radicals in C(T)PR2 and (T)PR2.

299  2.2.3. Coupling reactions of C(T)PDR and (T)PDR with 2-C(T)P

300 In this section, the condensation reaction pathways between CPDR and 2-CTP, between CTPDR
301 and 2-CTP, between CTPDR and 2-CP, between PDR and 2-CTP, between TPDR and 2-CTP and
302  between TPDR and 2-CP are discussed and the corresponding results are respectively illustrated in
303 Figure 5(a)~(f). C(T)PDR and (T)PDR are diradicals with two typical radical sites located at the
304  (thio)phenoxyl O or S atom and the ortho (thio)phenyl C atom. In Figure 5(a) and (d). The O-C
305  coupling is comprised of two modes (O/o-CH and O/0-CCl) to form ether-thioenol adducts and two
306  kinds of C-C coupling modes(Ce/CH and Ce/CCl) to form dihydroxybiphenyl molecules. In Figure
307  5(b), (c), (e) and (f), there are two kinds of S-C coupling modes (S/0-CH and S/0-CCl) to form ether-
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308  thioenol adducts and two kinds of carbon-carbon coupling modes(Ce/CH and Ce/CCl) to form keto-
309  thioenol molecules. The O/o-CCl, S/o-CCl and Ce/CCl couplings are synergetic reactions
310  accompanied by the Cl elimination occurring at the same time. The O/C or S/C condensations are
311  endothermic reactions, and the C/C coupling are exothermic. As can be seen in Figure 5, the O/C
312 coupling pathways affords four species IM32, IM33, IM44 and IM45, and the S/C coupling produces
313 eight intermediates IM36, IM37, IM40, IM41, IM48, IM49, IM52 and IM53, which would be followed
314 by the abstraction of H, ring closure and SH/OH elimination of to form PCDT/DFs. The C/C coupling
315 pathways affords four species IM30, IM31, IM34, IM35, IM38, IM39, IM42, IM43, IM46, IM47, IM50
316  and IM51 which would be followed by the abstraction of H, ring closure and intramolecular
317  elimination of SH/OH elimination to form PCDT/DFs.

318 @
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348 Figure 4. Pre-PCDT/DF formation routes embedded with the potential barriers AE (in kcal/mol) and
349 reaction heats AH (in kcal/mol) from the coupled reactions of CPR2 with 2-CTP (a), CTPR2 with 2-
350 CTP (b) and CTPR2 with 2-CP (c), PR2 with 2-CTP (d), TPR2 with 2-CTP (e) and TPR2 and 2-CP (f).
351 AH is calculated at 0 K.
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395 Figure 5. Pre-PCDT/DF formation routes embedded with the potential barriers AE (in kcal/mol) and
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398 AH is calculated at 0 K.
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399  2.3. Rate constant calculations

400 The kinetic parameters of pre-PCTA/PT/DT/DF formation routes is significant to construct the
401  formation kinetic model to predict the potential emission and harm to the environment. The rate
402 constants of the formation of the pre-PCTA/PT/DT/DF intermediates from cross-condensation
403 reactions of 2-C(T)P molecules with related radicals were calculated by using conventional transition
404  state theory (TST) method with one-dimensional Wigner's formalism contribution in the temperature
405  range of 600~1200 K [49,50]. The calculated rate constants every 100 K are shown in Table S2 of
406  Supplementary Materials from 600~1200 K.

407 To be used more effectively, the rate constants were fitted, and Arrhenius formulas are given in
408  Table 1 for the pre-PCTA/PT/DT/DF intermediates formation routes from cross-condensation of 2-
409  C(T)P with C(T)PR1, C(T)PR2 and (T)PR2 radicals and Table 2 for the pre-PCDT/DF intermediates
410  formation routes from cross-couplings of 2-C(T)P with C(T)PDR and (T)PDR radicals. The pre-
411  exponential factor, the activation energy and the rate constants can be obtained from these Arrhenius
412 formulas. The average rate constant (1000 K) for the three coupling modes, i.e., for the O/C type, S/C
413 type and C/C type coupling reactions are listed in Tables 3.

414 Table 1. Arrhenius formulas for pre-PCTA/PT/DT/DF formation routes from the cross-condensation
415 reactions of 2-C(T)P with C(T)PR1, C(T)PR2 and (T)PR2 over the temperature range of 600~1200 K.
416 (unit is cm3 molecule™ s1)

Arrhenius Formulas

k(T) = (2.09 x 10-15) exp (-11163/T)
k(T) = (1.79 x 10-15) exp (-12526/T)
k(T) = (1.43 x 10-15) exp (~17118/T)
k(T) = (3.90 x 10-15) exp (~15840/T)
k(T) = (1.42 x 10-15) exp (~17613/T)
k(T) = (1.21 x 10-'¢) exp (-19231/T)
k(T) = (2.37 x 10-15) exp (-2233/T)
k(T) = (1.22 x 10-15) exp (-4093/T)
k(T) = (1.40 x 10-5) exp (-19723/T)

Reactions Arrhenius Formulas
CPR1 +2-CTP — 1M1 via TS29
CPR1 +2-CTP — IM2 + Cl via TS30
CPR1 +2-CTP — IM3 via TS31
CPR1 +2-CTP — IM4 + Cl via TS32
CPR1 +2-CTP — IMS5 via TS33
CPR1 +2-CTP — IM6 + Cl TS34
CTPR1 +2-CTP — IM7 via TS35
CTPR1 +2-CTP — IMB8 via TS36
CTPR1 +2-CTP — IM9 via TS37

CTPR1+2-CTP — IM10 via TS38 k(T) = (5.33 x 10-15) exp (~18080/T)
CTPR1+2-CTP — IM11 via TS39 k(T) = (1.99 x 10-15) exp (~19993/T)
CTPR1+2-CTP — IM12 + Cl TS40 k(T) = (5.24 x 10-16) exp (—22527/T)
CTPR1+2-CP — IM13 via TS41 k(T) = (1.14 x 10-14) exp (—2790/T)
CTPR1+2-CP — IM14 + Cl via TS42 k(T) = (1.01 x 10-14) exp (—4524/T)
CTPR1+2-CP — IM15 via TS43 k(T) = (6.13 x 10-15) exp (-19327/T)
CTPR1+2-CP — IM16+ Cl via TS44 k(T) = (1.06 x 10-14) exp (~17908/T)
CTPR1+2-CP — IM17 via TS45 k(T) = (4.46 x 10-15) exp (~19296/T)
CTPR1+2-CP — IM18+Cl TS46 k(T) = (1.29 x 10-15) exp (~21760/T)
CPR2 +2-CTP — IM19 via TS47 k(T) = (1.42 x 10-14) exp (-3082/T)
CPR2 +2-CTP — IM20 + Cl via TS48 k(T) = (3.37 x 10-15) exp (—6141/T)
CTPR2 +2-CTP — IM21 via TS49 k(T) = (7.46 x 10-15) exp (~3994/T)
CTPR2+2-CTP — IM22+ClviaTS50  k(T) = (1.20 x 10-15) exp (-7520/T)
CTPR2 +2-CP — IM23 via TS51 k(T) = (3.19 x 10-14) exp (—4022/T)
CTPR2 +2-CP — IM24 + Cl TS52 k(T) = (5.48 x 10-15) exp (—6518/T)

PR2 +2-CTP — IM25 via TS53
PR2 +2-CTP — IM26 + Cl via TS54

TPR2 + 2-CTP —
TPR2 + 2-CTP —

IM27 via TS55
IM28 + Cl via TS56

TPR2 +2-CP — IM29 via TS57
TPR2 +2-CP — IM26 + Cl via TS58

k(T) = (1.26 x 10-4) exp (-3668/T)
k(T) = (1.53 x 1015) exp (-5987/T)
k(T) = (1.21 x 1074) exp (-4148/T)
k(T) = (1.21 x 1015) exp (~7993/T)
k(T) = (4.85 x 1074) exp (-3879/T)
k(T) = (9.06 x 10-15) exp (=6757/T)
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417 Table 2. Arrhenius formulas for pre-PCTA/PT/DT/DF formation routes from the cross-condensation
418 reactions of 2-C(T)P with C(T)PDR and (T)PDR over the temperature range of 600~1200 K. (unit is cm?3
419 molecule™ s7)
Reactions Arrhenius Formulas Arrhenius Formulas
CPDR +2-CTP — IM30 via TS59 k(T) = (3.33 x 10-14) exp (-2430/T)
CPDR +2-CTP — 1IM31 + Cl via TS60 k(T) = (8.91 x 107%5) exp (-5222/T)
CPDR +2-CTP — 1IM32 via TS61 k(T) = (2.36 x 1015) exp (—11424/T)
CPDR +2-CTP — 1IM33 + Cl via TS62 k(T) = (5.26 x 1015) exp (-12811/T)
CTPDR +2-CTP — IM34 via TS63 k(T) = (1.05 x 104) exp (-3225/T)
CTPDR +2-CTP — IM35 + Cl via TS64 k(T) = (2.45 x 10-15) exp (=7902/T)
CTPDR +2-CTP — IMB36 via TS65 k(T) = (5.65 x 1015) exp (-5904/T)
CTPDR +2-CTP — IM37 + Cl via TS66 k(T) = (2.03 x 10-15) exp (—8446/T)
CTPDR +2-CP — 1IM38 via TS67 k(T) = (1.43 x 103) exp (-3672/T)
CTPDR +2-CP — IM39 + Cl via TS68 k(T) = (1.72 x 10-4) exp (—6042/T)
CTPDR +2-CP — IM40 via TS69 k(T) = (1.31 x 10) exp (—6256/T)
CTPDR +2-CP — 1IM41+ CITS70 k(T) = (1.04 x 10-4) exp (—-8632/T)
PDR +2-CTP — 1IM42 via TS71 k(T) = (3.51 x 10) exp (-2775/T)
PDR +2-CTP — 1M43 + Cl via TS72 k(T) = (4.24 x 10-15) exp (—-5424/T)
PDR +2-CTP — IM44 via TS73 k(T) = (6.46 x 1015) exp (-11909/T)
PDR +2-CTP — IM45 + Cl TS74 k(T) = (2.54 x 104) exp (-13132/T)
TPDR + 2-CTP — IM46 via TS75 k(T) = (1.37 x 10-4) exp (-3265/T)
TPDR +2-CTP — IM47 + Cl via TS76 k(T) = (1.88 x 10-15) exp (—7484/T)
TPDR +2-CTP — 1M48 via TS77 k(T) = (4.21 x 10-4) exp (—6501/T)
TPDR +2-CTP — 1M49 + CI TS78 k(T) = (7.95 x 10-15) exp (—8890/T)
TPDR + 2-CP — IMB50 via TS79 k(T) = (8.93 x 10-4) exp (—-3646/T)
TPDR +2-CP — IM51 + Cl via TS80 k(T) = (9.45 x 107%5) exp (-5768/T)
TPDR +2-CP — IM52 via TS81 k(T) = (2.02 x 10-4) exp (—6885/T)
TPDR +2-CP — IM53 + CI TS82 k(T) = (3.08 x 1014) exp (-9091/T)
420 Table 3. Average rate constants calculated at 1000 K for pre-PCTA/PT/DT/DF formation routes from
421 the cross-condensation reactions between C(T)PR1 with 2-C(T)P, between C(T)PR2 and (T)PR2 with
422 2-C(T)P, and between C(T)PDR and (T)PDR with 2-C(T)P. (unit is cm® molecule™ s)
C(T)PR1 C(T)PR2 C(T)PDR and (T)PDR
with 2-C(T)P and (T)PR2 with 2-C(T)P

with 2-C(T)P
C/Ctype | O/C type S/C type C/C type C/C type O/C type S/C type
728 x10% | 1.75x102% | 2.60x 1016 | 2.34x10'6 | 9.82x107 | 3.24x102 | 1.59 x 107

423 3. Discussion

424 3.1. Formation of radical species C(T)PR1, C(T)PR2, C(T)PDR, (T)PR2 and (T)PDR from 2-CTP and 2-CP
425 molecules

426 From Figure 1, the potential barrier and reaction heat for the formation of TPR2 are rather
427  comparable with those for the formation of PR2 abstracted by both H and OH radicals. Analogically,
428  the potential barrier and reaction heat for the formation of CTPR2 are is quite comparable to those
429  for the formation of CPR2. However, for the formation of CTPR1 and CPR1, the potential barrier for
430  the formation of CTPR1 abstracted by H (3.41 kcal/mol) is much lower than that for the formation of
431  CPR1 abstracted by H (12.43 kcal/mol), while the the potential barrier for the formation of CTPR1
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432 abstracted by OH (8.67 kcal/mol) is much higher than that for the formation of CPR1 abstracted by
433 OH (3.20 kcal/mol). This indicates that the sulfydryl-substitution or hydroxyl-substitution of phenyl
434 have no influence on the phenyl-H or phenyl-Cl abstracion, but greatly affect the sulfydryl-H and
435  hydroxyl-H abstraction by H and OH. Moreover, the formation for CTPR1 abstracted by H and OH
436  requires lower potential barriers and much more exothermic than the formation for TPR2 and CTPR2
437  abstracted by H and OH, which means that thiophenoxy radical CTPR1 radical is more labile to form
438  and more stable than the sulfydryl-substituted phenyl radicals TPR2 and CTPR2. Similarly, the
439  formation of phenoxy radical CPR1 is energetically preferred to the formation of phenyl radicals PR2
440  and CPR2.

441 CTPDR/TPDR can be formed from both CTPR1 and CTPR2/TPR2. Obviously, the potential
442 barriers of CTPDR/TPDR formation from CTPR2/TPR2 abstracted by H and OH radicals are much
443 lower than that those of CTPDR/TPDR formation from CTPR1. In addition, the reactions of
444  CTPDR/TPDR formation from CTPR2/TPR2 release more energy than that those of CTPDR/TPDR
445  formation from CTPR1. For example, the CTPDR formation from CTPR2 abstracted by H has much
446  lower potential barrier and more exothermic (AE 3.33 kcal/mol, AH -21.96 kcal/mol) than that of
447  CTPDR formation from CTPR1 abstracted by H (AE 9.49 kcal/mol, AH 2.55 kcal/mol). This imply that
448  CTPDR/TPDR is more likely to form through CTPR2/TPR2 than through CTPR1 abstracted by H and
449  OH radicals. Similarly, CPDR/PDR is more readily to produce through CPR2/PR2 than through CPR1.
450  For example, the CPDR formation from CPR2 abstracted by OH has much lower potential barrier
451 and more exothermic (AE 2.01 kcal/mol, AH -29.02 kcal/mol) than that of CPDR formation from CPR1
452  abstracted by OH (AE 3.54 kcal/mol, AH -3.89 kcal/mol). Comparing the CTPDR formation from
453  CTPRI1 and CTPR2 with CPDR formation from CPR1 and CPR2 shows that CTPDR formation can
454  take place by requiring lower potential barriers and releasing more heats than the corresponding
455 CPDR formation reactions, which demonstrates that CTPDR formation reactions are more labile than
456  CPDR formation reactions.

457 It should be noted in Figure 1 that the potential barriers operating in the formation of C(T)PR1,
458 C(T)PR2, C(T)PDR, (T)PR2 and (T)PDR fall within -2.57~43.99 kcal/mol, which could be overcome
459  under high temperature conditions. The initial radicals C(T)PR1, C(T)PR2, C(T)PDR, (T)PR2 and
460  (T)PDR can be easily formed under the pyrolysis or combustion conditions. The result obtained in
461  this respect suggests that these radical species may be generated in the same temperature condition
462  and it is of great possibility to create effective collisions between the radicals and molecules.

463 3.2. Formation of pre-intermediates of PCTA/PT/DT/DFs via radical/molecule coupling reactions

464  3.2.1. Coupling reaction of C(T)PR1 with 2-C(T)P

465 As presented in Figure 3, for the O(S)/C couplings, the O/o-CH coupling is enthalpically more
466  comparable than O/o-CCl, and S/0-CH couplings is favored over S/0-CCl coupling. For instance, the
467  potential barrier of S/0-CH and S/o-CCl couplings of CTPR1 with 2-CTP in Figure 3(b) is 0.43 and
468  4.28 kcal/mol, respectively; the reaction heat of S/0-CH and S/0-CCl couplings of CTPR1 with 2-CTP
469  in Figure 3(b) is -0.48 and 10.65 kcal/mol. Furthermore, the ranking of the four carbon-carbon
470  coupling modes is as follows: CkRH/CmH > CrCl/CuH > CrRH/CMCl > CrCl/CuCl. For example, the
471 potential barriers for the formation of IM10 from CrkH/CwH, the formation of IM9 from CrCl/CuH,
472 the formation of IM11 from CrH/CmCl and the formation of IM12 from CCl/CCl in Figure 3(b) is 31.88,
473 35.00, 35.59, and 40.58 kcal/mol, respectively; their reaction heats is 32.28, 35.41, 39.88 and 50.55
474  kcal/mol, respectively.

475 In Figure 3(a), the potential barriers involved in O/C coupling modes to form ether-thioenol type
476  intermediates process amounting to 18.59~21.19 kcal/mol, which are generally lower than those
477  operating in the C/C coupling modes (27.73~35.82 kcal/mol) to form biphenyl intermediates. In
478  addition, the O/C coupling modes (11.45~17.84 kcal/mol) are less endoergic than the C-C coupling
479  modes (25.8~41.17 kcal/mol). Therefore, the O/C coupling modes to form pre-PCPT intermediates are
480  energetically preferable over the C/C coupling modes to form pre-PCDF intermediates in Figure 3(a).
481  Similar conclusion could be obtained in the CPR1+2-CP reactions in Figure S1(a) of Supplementary
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482  Materials [41]. Analogously, the S/C coupling modes to produce pre-PCTA/PT intermediates
483  energetically preferred to the C/C coupling modes in Figure 3(b) and 3(c) to form pre-PCDT
484  intermediates. In other words, the radical/molecule coupling of C(T)PR1 with 2-C(T)P is difficult to
485 occur in the C/C coupling. The combination reactions of C(T)PR1 with 2-C(T)P tend to take place via
486  the phenoxy oxygen or thiophenoxy sulfur sites and to produce (thio)ether-(thio)enol type
487  intermediates analogues, which process via elimination of H, (thio)phenolic H abstraction, ring close
488  and Cl elimination steps and eventually lead to the formation of PCTA/PTs [41]. To sum up, the
489  ranking of the S/C or O/S coupling to form pre-PCTA/PT/DDs intermediates is as follows: CTPR1+2-
490  CTP > CTPR1+2-CP >> CPR1+2-CP = CPR1+2-CTP.

491 In particular, the S/C coupling require overcoming dramatically lower potential barriers
492 (0.43~4.28 kcal/mol in Figure 3(b) and 1.25~4.52 kcal/mol in Figure 3(c)) than O/C coupling
493  (18.59~21.19 kcal/mol in Figure 3(a) and 19.53~20.87 kcal/mol in Figure Sl(a)) by approximate 20
494 kcal/mol. In addition, the S/C coupling are less endoergic (-0.48~10.65 kcal/mol in Figure 3(b) and
495  0.51~9.53 kcal/mol in Figure 3(c)) than the O/C coupling (11.45~17.84 kcal/mol in Figure 3(a) and
496  13.18~19.10 kcal/mol in Figure S1(a)). Thus, the S/C coupling modes are overwhelmingly superior to
497  the O/C coupling, which indicates that the formation of thioether-enol type intermediates is much
498  easier than that of ether-thioenol type intermediates. In other words, the thiophenolic sulfur centered
499  radcial/molecule coupling is more labile to happen than the phenolic oxygen centered
500  radcial/molecule coupling. Based on this results, we could deduce that although the radical/molecule
501  coupling is uncompetitive comparing with the radial/radical coupling for PCDD formation from CPs
502 by the literature opinions [41], the radical/molecule coupling can play an important role in the
503  PCTA/PT formation from CTPs and CPs. Specially, the radcial/molecule coupling formation of PCPTs
504  can be only achieved via the route of sulfur-centred thiophenoxy radicial attack to 2-CP, but not the
505  route of oxygen-centred phenoxy radical attack to 2-CTP.

506 The coupling reaction of CTPR1 with 2-CTP were also studied by Dar et al. at the B3LYP/6-
507  311+G(d,p) level [23,24]. Two obvious differences were observed: (1) The S/o-CCl couplings of CTPR1
508  with 2-CTP requires crossing a potential barrier of 15.6 kcal/mol in the study of Dar et al. [23,24],
509  whereas the potential barrier 4.28 kcal/mol in our study; (2) Another coupling mode reported by Dar
510 et al. is different from the S/o-CH coupling mode in our study. The coupling mode provided by Dar
511 et al was accompanied by the elimination of HCI with a greatly high potential barrier 26.4 kcal/mol,
512 whereas the S/0-CH couplings occur with no atom loss and with a trivial potential barrier (0.43
513 keal/mol). The S/0-CH couplings reported in our study are energetically more favorable than the
514  coupling mode reported by Dar et al. [23,24]. The discrepance for S/0-CCl couplings may arise from
515  the different calculation levels. The energies of Dar et al. are calculated at the B3LYP level [23,24],
516  while our energy calculations are carried out at the MPWBIK level. It is well known that B3LYP
517  method do not consider the electronic correlation and systematically overestimates or underestimates
518  barrier heights. In order to further compare with the S/0-CCl coupling mode proposed by Dar et al.
519  [23,24], we checked the transition state structures of S/o-CCl coupling. Figure S2 in supplementary
520  materials shows configurations of transition states from the S/C coupling of CTPR1 with 2-CTP
521  located by Dar et al. and us [24]. The -SH in TS-6 reported by Dar et al. point to the direction far away
522 from Cl atom, whereas -SH in TS36 in our study point to Cl atom and form an intramolecular H bond,
523 which could stable the structure and reduce the potential barrier [24]. Thus, the energy value of S/o-
524  CCl coupling in our study may be more accurate than that from Dar et al. The potential barriers of
525  S/C coupling in our study (0.43 and 4.28 kcal/mol) are greatly lower than those from Dar et al. (26.4
526 and 15.6 kcal/mol). The almost barrierless energy value in our study indicate that the
527  radical/molecular coupling of CTPR with CP are nearly comparable with the corrspongding steps
528 involved in the radical/radical reactions of CTPRs [26], and can contribute to the PCTA formation,
529  which has been ignored by Dar et al. [23,24].

530  3.2.2. Coupling reactions of C(T)PR2 and (T)PR2 with 2-C(T)P

531 The coupling reactions of C(T)PR2 with 2-C(T)P or (T)PR2 with 2-C(T)P can only occur the C-C
532 coupling, resulting in the the formation of (thio)keto-(thio)enol intermediates and transferring into
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533  PCDT/DFs. It is evident from Figure 4 that the Ce/CH coupling can take place much easier than the
534  Ce/CCl coupling. For example, all Ce/CH coupling show in Figure 4 can occur encountering potential
535  barriers range from 1.93 to 4.14 kcal/mol, which are much lower than those of Ce/CCl coupling
536 (8.25~12.26 kcal/mol). In addition, the Ce/CH coupling are estimated to release heats by -27.63~-24.94
537  keal/mol, which are much more exothermic than C*/CCl coupling by -19.72~-16.79 kcal/mol. It is also
538  interesting to compare the formation potential of four kinds of C(T)PR2 with 2-C(T)P couplings and
539  four kinds of (T)PR2 with 2-C(T)P couplings. According to Figure 4 and Figure S1(b) and (d), the
540  formation potential ranking of C(T)PR2 with 2-C(T)P couplings is CPR2 + 2-CTP > CPR2 + 2-CP >
541  CTPR2+2-CP > CTPR2 + 2-CTP; the formation potential ranking of (T)PR2 with 2-C(T)P couplings is
542 PR2+2-CP>PR2+2-CTP>TPR2+2-CP>TPR2 + 2-CTP. All the potential barriers of C¢/CH coupling
543 in Figure 4 are so trivial that they could be easily overcome in high temperature conditions, which
544  means that the radical/molecule coupling of C(T)PR2 and (T)PR2 with 2-C(T)P can compete with the
545  radical/radical combination reactions. Additionally, the similar thermodynamic values for the pre-
546 PCDT formation from CTPR2/TPR2 with 2-CTP and pre-PCDF formation from CPR2/PR2 with 2-CP
547  in Figure S1 imply the oxygen or sulfur substitution make consistent effect on the PCDT/DF
548  formation. All the results provide the facts that the sulfydryl/hydroxyl-substituted phenyl radicals
549  can initial the feasible reactions to form pre-PCDT/DF intermediates, following by the elemination of
550  H, phenolic H abstraction, ring close and elimintion of OH/SH to produce PCDT/DFs.

551  3.2.3. Coupling reactions of C(T)PDR and (T)PDR with 2-C(T)P

552 Similar as the O(S)/C couplings from C(T)PR1 with 2-C(T)P in Figure 3, the O(S)/0-CH couplings
553  is enthalpically preferred to O(S)/o-CCl. For example, in Figure 5(b), the S/o-CH coupling from
554  CTPDR + 2-CTP coupling (AE 7.50 kcal/mol, AH 7.21 kcal/mol) can occur encountering much lower
555  potential barrier and is less endothermic than O/o-CH coupling (AE 12.16 kcal/mol, AH 17.91
556  keal/mol), which means the S/o-CH coupling are more feasible than O/o-CH coupling. Furthermore,
557  analogous to the Ce/CH coupling from C(T)PR2 and (T)PR2 with 2-C(T)P in Figure 4, the Ce/CH
558  coupling can occur much easier than the Ce/CCl coupling from the C(T)PDR and (T)PDR with 2-
559  C(T)P in Figure 5. For example, in Figure 5(b), the C¢/CH coupling from CTPDR + 2-CTP coupling
560  (AE2.27 kcal/mol, AH -24.80 kcal/mol) requires much lower potential barrier and is more exothermic
561  than Ce/CCl coupling (AE 11.78 kcal/mol, AH -9.30 kcal/mol). This implies the IM34 from Ce¢/CH
562  coupling is much easier to form than IM35 from Ce/CCl coupling. To sum up, in Figure 5, the
563  formation of IM30, IM32, IM34, IM36, IM38, IM40, IM42, IM44, IM46, IM48, IM50 and IM52 are much
564  easier to form than IM31, IM32, IM35, IM37, IM39, IM41, IM43, IM45, IM47, IM49, IM51 and IM53,
565  respectively. O(S)/o-CH couplings can be followed by the elemination of H, ring closure and
566  elemination of OH/SH to form PCDT/DFs, while the C¢/CH coupling can be followed by the
567 abstraction of H, ring closure and intramolecular elimination of SH/OH elimination to form
568  PCDT/DFs

569 As illustrated in Figure 5, in terms of the enthalpically preferred C¢/CH and O(S)/o-CH
570  couplings from C(T)PDR and (T)PDR with 2-C(T)P, the Ce/CH coupling modes to form pre-
571  PCDT/DF intermediates are more comparable the O(S)/0-CH couplings modes to form pre-PCDT/DF
572  intermediates. For instance, in Figure 5(a) and (d) the potential barriers involved in C¢/CH modes to
573 form keto-thioenol intermediates (0.61~1.29 kcal/mol) are generally lower than those involved in the
574  correspongding O/o-CH coupling modes (19.0~19.95 kcal/mol) to form ether-thioenol type
575  intermediates. In addition, the Ce/CH coupling modes are strongly exothermic by -27.41~-27.36
576  keal/mol, while the O/o-CH coupling are endothermic amounting to 9.71~10.30 kcal/mol in Figure
577  5(a) and (d). This is consistent with the values of CPDR + 2-CP and PDR + 2-CP couplings in Figure
578 S1(c) and (e) of Supplementary Materials and totally contrary to the conclusion of CPR1 with 2-C(T)P
579  inFigure 3 and Figure S1(a) that the O/C coupling are favored over the C/C coupling. To sum up, the
580  most feasible pathway in each condensation in Figure 5(a)~(f) is the C¢/CH coupling to form pre-
581 PCDT/DF intermediates. In other words, IM30, IM34, IM38, IM42, IM46 and IM50 are the main
582  intermediates from reactions of C(T)PDR and (T)PDR with 2-C(T)P. Obviously, according to Figure
583 5 and Figure S1(c) and (e), the formation potential ranking of most feasible routes from C(T)PDR with
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584  2-C(T)P coupling is CPDR + 2-CTP > CPDR + 2-CP > CTPDR + 2-CTP > CTPDR + 2-CP; the formation
585  potential ranking of of most feasible routes from(T)PDR with 2-C(T)P couplings is PDR + 2-CTP >
586 PDR + 2-CP > TPDR + 2-CTP > TPDR + 2-CP.

587 In Figure 5, a much lower potential barrier is involved in the S/C couplings than that required
588 in the O/C condensations by about 10 kcal/mol indicating that the S/C coupling pathways are more
589  comparable than the O/C pathways. This agrees well with the conclusion above that the S/C coupling
590  modes are overwhelmingly superior to the the O/C coupling modes. In contrary, the oxygen or
591  sulfur substitution have little effect on the C¢/CH or C¢/CCl coupling, as the potential barriers and
592 reaction heats of these coupling are similar, which is consistent with the coupling reactions of
593  C(T)PR2 and (T)PR2 with 2-C(T)P.

594  3.2.4. Comparing the reactions of (thio)phenoxy radicals with 2-C(T)P couplings, sulfydryl/hydroxyl-
595  substituted phenyl radicals with 2-C(T)P couplings and (thio)phenoxyl diradicals with 2-C(T)P
596  couplings

597 To sum up, the thiophenoxy radicals with 2-C(T)P couplings in Figure 3 mainly produce the pre-
598 PCTA/PT intermediates, with the potential barriers involved falling within 0.43 to 4.52 kcal/mol and
599  reaction heats ranging from —0.48 to 10.65 kcal/mol. The sulfydryl/hydroxyl-substituted phenyl
600  radicals with 2-C(T)P couplings in Figure 4 and the (thio)phenoxyl diradicals with 2-C(T)P couplings
601  inFigure 5 can only generate PCDT/DF products. The potential barriers of the energetically favorable
602  Ce/CH coupling in Figure 4 are ranged from 1.93~4.14 kcal/mol, accompanied by reaction heats
603  varying from —27.63~-24.94 kcal/mol. The potential barriers of the energetically more comparable
604  Ce/CH coupling in Figure 5 are amounted from 0.61~2.84 kcal/mol, and are simultaneously
605  associated with strong exothermicities in the range of -27.41~-24.16 kcal/mol. Thus, the
606  radical/molecule coupling of the three kinds radicals with 2-C(T)P demands virtually the same
607  potential barriers. However, the pre-PCDT/DF intermediates formation from the sulfydryl/hydroxyl-
608  substituted phenyl radicals with 2-C(T)P couplings and (thio)phenoxyl diradicals with 2-C(T)P
609  couplings are much more exothermic than the pre-PCTA/PT intermediates formation from
610  thiophenoxy radicals with 2-C(T)P couplings. It is evident that the pre-PCDT/DF intermediates are
611  more easier to form and more stable than the pre-PCTA/PT intermediates. Thus, the PCDT/DFs are
612  much more liable to form than PCTA/PTs from the radical/molecule coupling from 2-C(T)P as
613  precursors. In particular, for the formation of PCTA/DTs from the three radical/molecule couplings
614  from 2-CTP, the pre-PCDT intermediates formation pathways (AE 2.27~4.14 kcal/mol, AH -25.88~—
615 24.80 kcal/mol) in Figure 4(b) and (e) and Figure 5(b) and (e) are overwhelmingly superior to the the
616  pre-PCTA intermediates formation pathways (AE 0.43~4.28 kcal/mol, AH -0.48~10.65 kcal/mol) in
617  Figure 3(b). This provides reasonable explanation for the high PCDT-to-PCTA ratio under the
618  pyrolysis or combustion conditions [16,17].

619  3.3. Rate constant calculations

620 The thermodynamic analysis of formation from reactions of C(T)PR1 with 2-C(T)P and C(T)PDR
621  and (T)PDR with 2-C(T)P shows that S/C coupling are preferred over O/C coupling. Comparing of
622  the average calculated TST rate constants in these two couplings also approved this conclusion. For
623  example, in Table 3, at 1000 K, the average TST rate constant for S/C coupling from reactions of
624  C(T)PR1 with 2-C(T)P is 2.60 x 10-16 cm3 molecule s, which is larger than the value 1.75 x 10-20 ¢cm3
625  molecules for O/C coupling from reactions of C(T)PR1 with 2-C(T)P. Analogously, the average
626  TST rate constant for S/C coupling from reactions of C(T)PDR and (T)PDR with 2-C(T)P (1.59 x 10-17
627  cm?® molecule s7) is kinetically larger than that of O/C coupling from reactions of C(T)PDR and
628  (T)PDR with 2-C(T)P (3.24 x 1020 cm? molecule™ s1).

629 As presented in Table 1, Table 2 and Table S2 of Supplementary Materials, the TST rate constants
630  for C¢/CH coupling are larger than those of C¢/CCl coupling from coupling reactions of C(T)PR2
631 and (T)PR2 with 2-C(T)P and coupling reactions of C(T)PDR and (T)PDR with 2-C(T)P over the whole
632 studied temperature range. For instance, at 1000 K, the TST rate constants for the formation of IM19,
633 IM21, IM23, IM25, IM27 and IM29 from Ce/CH coupling are 6.32 x 1076, 1.33 x 10716, 5.54 x 1016, 3.11
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634  x 1076 1.84 x 10-6and 9.70 x 10-16, while the values are 7.01 x 10-18, 6.31 x 1019, 7.82 x 10-18, 3.72 x 10-18,
635 395 x 102and 1.02 x 1077 for the formation of IM20, IM22, IM24, IM26, IM28, IM26 from Ce/CCl
636  coupling in Table 1 and Table S2 of Supplementary Materials. In addition, at 800 K, the TST rate
637 constants for the Ce/CH coupling reaction of CTPDR + 2-CTP — IM34 via TS63 (1.73 x 10716 cm?
638  molecules) is larger than that of for the Ce/CCl reaction of CTPDR + 2-CTP — IM35 via TS64 (1.15
639  x 10 cm3 molecule's?) in Table 2 and Table S2 of Supplementary Materials. This perfectly matches
640  the thermodynamic analysis above that Ce¢/CH coupling are kinetically more efficient than the
641  Ce/CCl coupling.

642 Similarly, the kinetic data also can confirm the thermodynamic analysis from reactions of
643 C(T)PR1 with 2-C(T)P and C(T)PDR and (T)PDR with 2-C(T)P that the S/o-CH coupling is more
644  readily to occur than the S/o-CCl coupling over the whole studied temperature range. For instance,
645  at800 K, the TST rate constants for the S/o-CH coupling reaction of CTPR1 + 2-CTP — IM7 via TS35
646 is 1.34 x 10-'¢ cm?® molecule!s™!, which is larger than the calculated value for the S/o-CCl reaction of
647  CTPR1 + 2-CTP — IMS8 via TS36 is 7.14 x 108 cm3 molecule s in Table 1 and Table S2 of
648  Supplementary Materials. In addition, at 1000 K, the TST rate constants for the S/o-CH coupling
649  reaction of CTPDR + 2-CTP — IM36 via TS65 (1.49 x 10-17 cm?® molecule' s) is larger than that of for
650  the S/0-CCl reaction of CTPDR + 2-CTP — IM37 via TS66 (4.20 x 101 cm?3 molecule™ s) in Table 2
651  and Table S2 of Supplementary Materials.

652 4. Materials and Methods

653  4.1. Density Functional Theory

654 All the quantum chemical calculations on the structure, frequency and energy of related
655  substances such as reactants, products, intermediates, transition state were performed by using the
656  Gaussian 09 program by using MPWBI1K method [51]. The MPWB1K method is one of the best
657  efficient and high-precision configuration optimization and frequency calculation method relative to
658  computational cost [52], and has been successfully performed for formation of PCDT/TAs from 2,4-
659  DCTP as precursor [26]. Geometries were optimized at the MPWB1K/6-31+G(d, p) level of theory. The
660  obtained structures were confirmed as stable configuration or transition state by using corresponding
661  frequency calculation at the same level. The intrinsic reaction coordinate (IRC) was calculated at the
662  MPWBI1K/6-31+G(d,p) level to verify that the transition state connects to the right minima along the
663  reaction path [53]. In order to get more precise energy values, a more flexible basis set, 6-
664  311+G(3df,2p), was employed to determine the single point energies, including zero-point energy
665  correction (ZPE).

666  4.2. Kinetic Calculation

667 The kinetic and statistical thermodynamic (KiSThelP) program, a cross-platform free open-
668  source program developed to estimate molecule and reaction properties from electronic structure
669  data, was used to calculate the reaction rate constants [49]. KiSThelP offers a range of features that
670  canbe helpful for users more experienced in computational kinetics. The conventional transition state
671  theory (TST) method was applied to calculate the rate constants for all the radical/molecule
672  combination reactions in the typical temperature of incinerator (from 600~1200 K). The effect of
673  quantum tunneling on rate constants was considered based on the one-dimensional Wigner's
674  formalism as implemented in the KiSThelP program [50].

675 5. Conclusion

676 In the study the radical/molecule initial formation pathways of PCTA/PT/DT/DFs from the
677  cross-condensation reactions of chloro(thio)phenoxy radical, sulfydryl/hydryl-substituted phenyl
678  radical and (thio)phenoxyl diradical with 2-C(T)P were investigated theoretically using DFT
679 electronic structure theory at the MPWB1K/6-31+G(d,p)//MPWB1K/6-31+G(d,p) level. The kinetic
680  calculation was performed and the rate constants were calculated over the temperature range of
681 600~1200 K using the conventional transition state theory (TST) method, which can afford accurate
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682  input parameters for the dioxin formation models. The values were compared with the previous
683 studies on the radical/radical formation mechanism of PCTA/DFs from CTPRs and the
684  radical/molecule formation mechanism of PCDFs from oxygen substituted radicals with CP [26]. Our
685  study found that the radical/molecule mechanism can contribute to the gas-phase formation of
686  PCTA/PT/DT/DFs under the pyrolysis or combustion conditions, which has been ignored before.
687  previous work [26] indicated that the radical/molecule coupling of chlorophenoxy radical, hydryl-
688  substituted phenyl radical and phenoxyl diradical with 2-CP can only form pre-PCDFs intermediates,
689  and the O/C coupling to form pre-PCDDs intermediates failed to occur. However, we found in this
690  study that the radical/molecule coupling of sulfur sustituted chlorothiophenoxy radical, sulfydryl-
691  substituted phenyl radical and thiophenoxyl diradical with 2-CTP could contribute to both the
692  formation of pre-PCDTs and pre-PCTAs intermediates. Four conclusions can be summarized as
693  follows:

694 (1) The S/C coupling modes are preferable over the O/C coupling modes. The S/C coupling
695  modes can form pre-PCTAs and pre-PCPTs intermediates in in the coupling of chloro(thio)phenoxy
696  radical with 2-C(T)P and form pre-PCDTs intermediates in the coupling of (thio)phenoxyl diradical
697  with 2-C(T)P.

698 (2) For the self-coupling of 2-CTP and corresponding sulfur substituted radicals, the pre-PCTA
699  intermediates can only be produced from the coupling of chlorothiophenoxy radical with 2-CTP, and
700  the pre-PCTA intermediates can be formed both the coupling of sulfydryl-substituted phenyl
701  radicaland with 2-CTP and the coupling of thiophenoxyl diradical with 2-CTP. The pre-PCDT
702 intermediates formation pathways are more favorable to the the pre-PCTA intermediates formation
703 pathways, which, to some extent, can give reasonable explanation for the high PCDT-to-PCTA ratio
704 under the pyrolysis or combustion conditions.

705 (3) The S(O)/o-CH couplings are energetically more comparable than the S(O)/o-CCl couplings,
706  and the Ce/CH coupling can take place much easier than the C¢/CCl coupling to form the (thio)keto-
707  (thio)enol intermediates.

708 (4) In the coupling of chloro(thio)phenoxy radical with 2-C(T)P, the S/C coupling to form pre-
709  PCTA/PTs intermediates are more readily to occur than the C/C coupling to form pre-PCDT/DFs
710  intermediates. However the turn is contrast in the coupling of (thio)phenoxyl diradical with 2-C(T)P
711 that C/C coupling are more easier to happen than the S/C coupling, both of which can contribute to
712 the formaiton of pre-PCDT/DFs intermediates.

713 Supplementary Materials: Pre-PCDD/DF formation pathways embedded with the potential barriers AE and
714 reaction heats AH from the coupling reactions of CPR1 with 2-CP, CPR2 with 2-CP and CPDR with 2-CP, PR2
715 with 2-CP and PDR with 2-CP. The optimized geometries for transition states for pre-PCTA formation routes
716 from the S/C coupling of cross-condensation reactions of CTPR1 with 2-CTP. Optimized geometries for
717 transition states of the coupling reactions of CTPR1 with 2-CTP, CTPR2 with 2-CTP, CTPDR with 2-CTP, CPR1
718 with 2-CP and PR2 with 2-CP. Imaginary frequencies, zero point energies and total energies for transition states
719 involved in the formation of pre-PCTA/PT/DT/DF intermediates. TST rate constants for for pre-PCTA/PT/DT/DF
720 formation routes from the cross-condensation reactions of 2-C(T)P with C(T)PR1, C(T)PR2 and (T)PR2, and
721 C(T)PDR and (T)PDR over the temperature range of 600~1200 K. Cartesian coordinates for transition states,
722 reactions, intermediate and products involved in the formation routes of pre-intermediates for
723 PCTA/PT/DT/DFs. Supplementary materials can be found at www.mdpi.com/xxx/s1.
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734  Abbreviations

PCDTs polychlorinated dibenzothiophenes
PCPTs polychlorinated phenoxathiins
PCTAs polychlorinated thianthrenes
PCDDs polychlorinated dibenzo-p-dioxins
PCDFs polychlorinated dibenzofurans

2-CP 2-chlorophenol

2-CTP 2-chlorothiophenol

CPR1 2-chlorophenoxy

CPR2 2-hydroxyl-3-chloro-phenyl
CPDR chlorinated phenoxyl diradical
PR2 2-hydroxylphenyl radical

PDR phenoxyl diradical

CTPR1 2-chlorothiophenoxy
CTPR2 2-sulfydryl-3-chloro-phenyl
CTPDR chlorinated thiophenoxyl diradical

TPR2 2-sulfydrylphenyl radical
TPDR thiophenoxyl diradical

TST transition state theory

IRC intrinsic reaction coordinate

KiSThelP  kinetic and statistical thermodynamic
ZPE zero-point energy
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