ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Theoretical insights into the reaction mechanisms
between 2,3,7,8-tetrachlorodibenzofuran and the
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To explore the potential role of the methylidyne radical (CH) in the transformation of 2,3,7.8-
tetrachlorodibenzofuran (TCDF), in this study, the detailed reaction mechanisms between TCDF and CH
radical have been systematically investigated employing the B3LYP method of density functional theory
(DFT) in combination with the atoms in molecules (AIM) theory and ab initio molecular dynamics. It was
found that the title reaction is a multi-channel reaction, i.e., the CH radical can attack the C-X (X = C,
ClL H, O) bonds of TCDF via the insertion modes, resulting in the formation of 13 products.
Thermodynamically, the whole reaction processes are exothermic and spontaneous since all the
enthalpy and Gibbs free energy changes are negative values in the formation processes. Moreover, the
thermodynamic stability of the products is controlled by the distribution of the single unpaired electron.
Kinetically, the most favorable reaction channel is the insertion of the CH radical into the C-C bond
except for the C atoms attached to the chlorine atom. Moreover, the dominant products have been

further confirmed by the molecular dynamics. Meanwhile, the IR spectra and hyperfine coupling
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Accepted 3rd June 2018 constants of the dominant products have been investigated to provide helpful information for their

identification experimentally. In addition, the reactivity of the CH radical toward the F- and Br-
substituted TCDFs has also been investigated. Expectedly, the present findings can enable us to better
understand the reactivity of the CH radical toward organic pollutants analogous to TCDF in the atmosphere.
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1. Introduction

Nowadays, the control, reduction, and conversion of persistent
organic pollutants (POPs) have become important global envi-
ronmental problems because POPs have posed a serious threat
to human health and the ecological environment. As repre-
sentative POPs, polychlorinated dibenzofurans (PCDFs) have
been studied extensively due to their highly toxicological effects
(e.g., dermal toxicity, immunotoxicity, and carcinogenicity, etc.)
and widespread occurrence in the environment. It is well
recognized that the major sources of PCDFs are incineration
and thermal decomposition of waste materials involving chlo-
rine as well as natural combustion processes (e.g., volcanic
activity). Up to now, many studies have been carried out to gain
a better understanding of the formation'® and degradation®>®
of PCDFs experimentally and theoretically. Especially, for the
degradation of PCDFs, many methods have been proposed,
such as microbial degradation, photocatalytic decomposition,
and high temperature degradation, etc. Obviously, the unique
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stable structures of PCDFs limit their degradation in practice.
Actually, only a few active free radicals, such as OH, NO;, and H
radicals, can react with PCDFs. Thus, it is necessary to seek new
species which can react with PCDFs so as to provide useful clues
to the transformation and degradation of PCDFs for
experiments.

As one of the most reactive radical species, the methylidyne
radical (CH) is well known to be of great importance in various
fields, such as combustion chemistry, dense interstellar clouds,
and planetary atmospheres. Its extreme reactivity arises from
the presence of one singly occupied and one vacant non-
bonding molecular orbital localized on the carbon atom.*”
Therefore, CH radical can react with most species ranging from
small alkanes,?®*?* alkene,?®?>*® alkyne,****37-*° pyrrole,** acro-
lein** to large polycyclic aromatic hydrocarbons like anthracene
(C14H;0),* providing an alternative way to synthesize long-chain
or ring-expanded hydrocarbons and complex organic mole-
cules. For example, CH radical can react with pyrrole to produce
the ring expansion product pyridine,** where CH radical can be
readily prepared experimentally via the photolysis of bromo-
form at room temperature. The cyclic versus linear isomers
produced by the reaction of the CH radical with small unsatu-
rated hydrocarbons involving ethylene, acetylene, allene, and
methylacetylene have been investigated experimentally and
theoretically.*® Recently, the reactions of the CH radical with

This journal is © The Royal Society of Chemistry 2018
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C;3;Hg, CH,, C3Hg, and C3H, have been systematically investi-
gated theoretically by Ribeiro et al.**** providing new insights
into the detailed reaction mechanisms for the CH radical
chemistry. As a general rule, more and more studies suggest
that the reactions of the CH radical with other species can occur
barrierlessly** and are high exothermicity.*

Inspired by the highly reactive CH radical in the above
studies***” as well as the specific geometry of PCDFs containing
the different types of C-X (X = C, Cl, H, O) bonds, we wonder if
PCDFs can react with CH radical so as to change their geometries
and even properties. If so, what are the detailed reaction mech-
anisms and the dominant reaction products? Moreover, how
about the properties of the dominant products, such as IR and
hyperfine coupling constants (hfcc's)? In addition, do the PCDFs
derivatives, such as F- and Br- substituted species, also have
similar reactivity with CH radical? Obviously, the clarification of
the above questions will enable us to have a better understanding
of the potential reactivity of CH radical in the atmosphere.

Unfortunately, the above questions remain unclear to the best
of our knowledge. Therefore, in this study, taking the 2,3,7,8-tet-
rachlorodibenzofuran (TCDF) as model compound of PCDFs, its
reaction with CH radical has been systematically investigated
employing the density functional theory (DFT) method in combi-
nation with ab initio molecular dynamics. As a result, the detailed
reaction mechanisms, thermodynamic information, and kinetic
data for the title reaction have been clarified at the molecular level.
Hopefully, the present results not only can clarify the potential
reactivity of the highly reactive CH radical with TCDF and provide
new insights into the transformation and degradation of TCDF in
the atmosphere, but also can provide helpful information to
promote the progress of the relevant experiments.

2. Computational methods

Nowadays, the density functional theory (DFT) method has been
widely applied in computational chemistry since its reliability
and efficiency in predicting the geometries and properties has
been verified by a lot of studies including the CH
radical.**-***->” Therefore, all the species in the whole reactions
have been fully optimized at the B3LYP/6-311++G** level of
theory. Subsequently, vibrational frequency analysis has been
performed at the same level of theory to identify the nature of
the optimized structures. Moreover, intrinsic reaction coordi-
nate (IRC) calculations were performed to further verify that the
calculated transition states indeed connected the reactants and
products.*®**® In addition, single-point energy calculations have
been performed at the B3LYP/AUG-cc-pVTZ level of theory to
further refine the energy parameters for the formation of the
initial intermediates and the main reaction pathways. As shown
in Tables 1 and 2, both levels of theory can give consistent
results with each other. For the sake of consistency, the results
at the B3LYP/6-311++G** level of theory have been discussed
below if not noted otherwise, where all the energy parameters
are corrected by the zero-point vibrational energy (ZPVE). All the
Cartesian coordinates of the optimized species and the IRC
plots for all the pathways have been given in the ESI} for
reference.
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To clarify the structural features and the nature of the inter-
atomic interactions for the initial intermediates and products,
atoms in molecules (AIM) theory was employed on the basis of
the optimized structures. In the AIM analyses, the interatomic
interaction is indicated by the presence of a bond critical point
(BCP). The corresponding strength can be estimated from the
magnitude of the electron density (pp.p) at the BCP. Similarly, the
ring structures can be confirmed by the existence of a ring critical
point (RCP). Additionally, the nature of the interatomic interac-
tion can be predicted from the topological parameters at the BCP,
such as the Laplacian (V?ppp) and energy density (Hip.p). For
example, the interatomic interactions are characterized by the
covalent bonds (shared interaction) and the H-bonds as well as
van der Waals interactions (closed-shell interaction) if V*ppep <
0 and Vzpbcp > 0, respectively. In addition, it was also reported
that the interatomic interactions should be partially covalent if
V2pbep > 0 and Higp < 0.5

To better confirm the presence of the non-covalent interac-
tions in the selected products, the reduced density gradient
(RDG) analysis was performed on the basis of the optimized
structures. In this method, the different weak interactions can
be intuitively illustrated using different colors in real space.®

To further clarify the interconversion among the initial
intermediates and the formation processes of the products, ab
initio molecular dynamics has been carried out at the B3LYP/6-
311G** level of theory using the Atom Centered Density Matrix
Propagation (ADMP) approach based on the optimized initial
intermediates.®*** Here, the dynamics calculations were per-
formed with NVT ensemble at 298.15 K and the total simulation
time is 1.0 ps with a time stepsize of 0.5 fs.

Tablel The calculated relative energies (AE,,) of initial intermediates
and the enthalpy and Gibbs free energy changes (AH and AG) in the
formation process of them®

Intermediates  AE, AH AG
M1 —53.74[—52.88]  —54.98[—54.12]  —44.99[—44.14]
(—53.33/—54.86) (—54.59/—56.08) (—44.55/—46.19)
M2 —53.87[-52.95]  —55.12[—54.20] —45.10[—44.18]
(—53.31/-55.13)  (—54.59/—56.37) (—44.50/—46.43)
M3 —43.71[—43.36]  —44.89[—44.54]  —35.06[—34.71]
(—41.33/—44.23) (—42.47/-45.44) (—32.75/—35.58)
M4 —35.71[—34.95]  —36.98[—36.22] —26.89[—26.13]
(—36.83/—35.60) (—38.12/—36.89) (—27.94/—26.81)
M5 —37.10[—36.37]  —38.32[—37.60] —28.32[—27.59]
(—38.20/—37.01) (—39.42/—38.25) (—29.39/—28.27)
IM6 —45.08[—44.69]  —46.26[—45.87] —36.43[—36.04]
(—43.10/—45.47) (—44.24/-46.67) (—34.48/—36.80)
M7 —52.65[—51.75]  —53.89[—52.98]  —43.90[—43.00]
(—52.07/—53.88) (—53.32/—55.11) (—43.31/—45.19)
M8 —52.67[-51.71]  —53.91][—-52.96]  —43.89[—42.94]
(—51.89/—54.00) (—53.16/—55.24) (—43.11/—45.29)
M9 —8.35[—10.64] —8.88[—11.17] —0.58[—2.87]
IM10 —8.78[—10.92] —9.33[—11.47] —0.98[—3.13]

@ All the energy parameters are relative to the initial reactants. All the
units are in kcal mol~". The data before and after the slash refer to
the results of the F- and Br-substituted cases, respectively. The data in
bracket refer to the results at the B3LYP/AUG-cc-pVTZ level of theory
including the ZPVE corrections at the B3LYP/6-311++G** level of theory.
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Table 2 The relative energies (AE,5) for the transition state relative to the initial reactants, the energy barriers, and the AH and AG during the

interconversion processes®

Reactions TSs AEre1a AE;, AE,,, AH AG
IM1 = IM2 TS1 —53.49 0.25 0.38 —0.14 —0.11
IM1 = P1 TS2 —52.22[—51.64] 1.52[1.25] 49.52[50.74] —48.01[—49.51] —48.18[—49.68]
—52.12/—53.37 1.21/1.49 52.52/47.73 —51.26/—46.24 —51.50/—46.56
IM2 = P1 TS3 —51.10[—50.35] 2.77[2.60] 50.64[52.03] —47.87[—49.44] —48.07[—49.64]
—49.49/—52.44 3.82/2.70 55.15/48.66 —51.26/—45.95 —51.55/—46.32
IM3 = P1 TS4 —43.96 —0.25(0.28) 57.77 —58.10 —58.11
[—43.61] [—0.25(0.28)] [58.77] [—59.09] [—59.11]
—41.66/—44.54 —0.33(0.06) 62.98/56.56 —63.38/—56.89 —63.30/—57.17
/—0.31(0.19)
IM10 = IM2 TS5 —0.95 7.83 52.92 —45.79 —44.12
M4 = IM5 TS6 —35.07 0.64 2.03 -1.34 —1.43
IM4 = P2 TS7 —34.53 1.18 2.41 -1.17 —1.14
—35.45/—34.51 1.38/1.09 2.20/2.66 —0.73/—1.51 —0.80/—1.43
IM5 = P3 TS8 —37.24 —0.14(0.14) 3.47 —-3.75 —-3.33
[-36.54] [—0.17(0.11)] [3.49] [—3.80] [—3.38]
—38.37/-37.12 —0.17(0.09) 4.15/3.57 —4.51/-3.81 —4.01/-3.36
/—0.12(0.17)
P2 = P3 TS9 —37.25 —0.30(0.32) 3.46 —3.92 —3.62
—38.05/—37.45 —0.40(0.13) 4.47/3.24 —5.08/—3.66 —4.67/—3.38
/—0.28(0.07)
IM4 = P4 TS10 —1.04[—1.00] 34.67[33.95] 99.89[100.46] —65.22[—66.50] —65.62[—66.91]
IM6 = P4 TS11 —45.05[—44.68] 0.03[0.01] 55.88[56.78] —55.94[—56.85] —56.08[—56.99]
—43.44/—45.50 —0.35(0.21) 60.95/54.73 —61.39/—54.80 —61.33/—55.66
/—0.03(0.87)
IM7 = IM8 TS12 —52.31 0.34 0.35 —0.03 0.01
IM7 = P4 TS13 —51.01[—50.37] 1.64{1.37] 49.93[51.09] —48.32[—49.74] —48.61[—50.04]
—50.85/—52.23 1.22/1.65 53.54/48.00 —52.31/—46.36 —52.50/—47.27
IM8 = P4 TS14 —49.48[—48.75] 3.19[2.97] 51.46[52.71] —48.29[—49.77] —48.62[—50.09]
—47.85/-50.97 4.04/3.03 56.54/49.26 —52.48/—46.23 —52.70/—47.17
IM9 = IM8 TS15 —0.61 7.73 52.06 —45.03 —43.32
IM7 = P5 TS16 -1.72 50.93 104.23 —53.31 —53.40
P1 = P6 TS17 27.74 129.47 147.52 —18.16 -17.74
IM9 = P7 TS18 4.02 12.37 112.07 —100.38 —99.10
IM9 = P8 TS19 4.16 12.51 118.10 —106.31 —104.75
P7 = P8 TS20 —101.54 6.51 12.40 —5.94 —5.64
P5 = P7 TS21 —22.06 83.89 85.99 —2.05 —2.38
P5 = P8 TS22 —22.14 83.82 91.80 —7.99 —8.02
IM8 = P8 TS23 —25.31 27.36 88.62 —61.28 —61.43
IM9 = IM10 TS24 —0.99 7.36 7.79 —0.45 —0.41
IM10 = P9 TS25 4.86 13.64 111.62 —98.62 —97.48
IM10 = P10 TS26 5.16 13.94 117.79 —104.54 —103.04
P9 = P10 TS27 —101.81 4.96 10.82 —5.93 —5.56
IM6 = P11 TS28 —0.81 44.27 108.67 —64.44 —64.15
P1 = P12 TS29 —14.23 87.51 94.71 —-7.16 —6.92
P4 = P13 TS30 —5.48 95.46 107.73 —12.30 —11.96

“ All the units are in kcal mol '. The direction from left to right is defined as the forward reaction. The data in parentheses refer to the results
without considering the ZPVE corrections. The data before and after the slash refer to the results of the F- and Br-substituted cases,
respectively. The data in bracket refer to the results using the AUG-cc-pVTZ basis set.

All the calculations have been performed using Gaussian 09
program.®

3. Results and discussion

As shown in Fig. 1, the reaction of CH radical with TCDF is
a multi-channel reaction via the insertion mode. In details, the
whole reaction can be divided into four categories according to
the type of the inserted bonds, i.e., the C-C (Pathways A-E), C-Cl

21152 | RSC Adv., 2018, 8, 21150-21163

(Pathway F), C-H (Pathway G), and C-O bond (Pathway H),
respectively.

As shown in Fig. 2, as the first step of the whole reaction, ten
initial intermediates named as IM1-IM10 have been located
barrierlessly, where the corresponding thermodynamic data
have been summarized in Table 1. Obviously, the formation
processes of them are spontaneous and strongly exothermic
reactions except for IM9 and IM10, which can be reflected from
the negative values of the enthalpy and Gibbs free energy
changes (AH and AG). As for the formation of IM9 and IM10,

This journal is © The Royal Society of Chemistry 2018
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Pathway G

Fig. 1 The positions of the C-X (X = C, Cl, H, O) bonds of TCDF attacked by CH radical.

small values have been observed for the AH and AG, implying
the unfavorable formation of them thermodynamically. Subse-
quently, thirteen products P1-P13 and thirty transition states
TS1-TS30 have been located in the interconversion processes
among intermediates and products, where the relevant ther-
modynamic parameters and the energy barriers for the inter-
conversion processes have been summarized in Table 2. For the
sake of simplicity, the interconversion relationship among the
initial intermediates, transition states, and products have been
illustrated in Fig. 3. Moreover, the whole reaction profiles for
the title reaction have been shown in Fig. 4.

3.1 Reaction pathways and the interconversions among
intermediates

As shown in Fig. 5, many ring critical points have been observed
in the initial intermediates and products except for IM9 and
IM10, suggesting that additional ring structures have been
formed for TCDF when the CH radical is introduced. Moreover,
as presented in Table 3, the negative values of Vzpbcp at the BCPs
suggests that the formed bonds between the CH radical and
TCDF should be covalent in nature. On the other hand, for the
initial intermediates IM9 and IM10, the positive Vzpbcp and
negative Hy,p, at BCP between the C atom of the CH radical and
Cl atom of TCDF have been observed, indicating that the cor-
responding interaction is partially covalent.

(1) Pathway A. As displayed in Fig. 1 and 2, in this pathway,
CH radical attacks the C1-C2 and C2-C3 bonds of TCDF,
leading to the formation of three intermediates IM1, IM2, and
IM3 characterized by the three-membered ring structure. As
shown in Fig. 3 and 4, IM1 and IM2 can interconvert into each
other via the transition state TS1, i.e., IM1 = IM2, where the
forward (reverse) energy barrier and the enthalpy changes (free
energy changes) are 0.25(0.38) kcal mol ' and
—0.14(—0.11) kecal mol ™, respectively. Obviously, this inter-
conversion process is a spontaneous and exothermic reaction
and can occur easily due to the low energy barrier.

Subsequently, the initial intermediates IM1, IM2, and IM3
undergo the corresponding transition states TS2, TS3, and TS4

This journal is © The Royal Society of Chemistry 2018

to form the product P1, i.e., IM1 — TS2 — P1, IM2 — TS3 —
P1, and IM3 — TS4 — P1, where P1 is characterized by a planar
seven-membered ring structure. The energy barriers of the three
processes are 1.52, 2.77, and —0.25(0.28) kcal mol™" respec-
tively, where the value in parentheses is the result without
considering the ZPVE corrections. Moreover, the above
processes are spontaneous and highly exothermic reactions,
where the corresponding enthalpy (Gibbs free energy) changes
are —48.01(—48.18), —47.87(—48.07), and
—58.10(—58.11) kecal mol ', respectively. Therefore, P1 should
be the dominant product and the pathway IM3 — TS4 — P1 is
the optimal pathway to produce it.

(2) Pathway B. As displayed in Fig. 1 and 2, in this pathway,
CH radical attacks the C3-C4 bond of TCDF. Similar to Pathway
A, two three-membered ring intermediates IM4 and IM5 have
been formed. As shown in Fig. 3 and 4, they can interconvert
into each other through the transition state TS6, i.e., IM4 — TS6
— IM5, where the forward (reverse) energy barrier and the
enthalpy (Gibbs free energy) changes are 0.64(2.03) and
—1.34(—1.43) kecal mol ™ ?, respectively. Therefore, IM4 and IM5
are easy to interconvert into each other.

Subsequently, the initial intermediates IM4 and IM5 can
undergo the corresponding transition states TS7 and TS8 to
produce the ring-expanded products P2 and P3, i.e., IM4 — TS7
— P2 and IM5 — TS8 — P3. For the two processes, the energy
barriers are 1.18 and —0.14(0.14) kcal mol " respectively, where
the value in parentheses is the result without considering ZPVE
corrections. Moreover, the above processes are exothermic and
spontaneous processes, where the corresponding enthalpy
(Gibbs free energy) changes are —1.17(—1.14) and
—3.75(—3.33) kecal mol ™", respectively. Therefore, it is easy to
convert into products P2 and P3 for IM4 and IM5.

(3) Pathway C. As displayed in Fig. 1 and 2, in this pathway,
CH radical attacks the C4-C5 and C5-C6 bonds of TCDF,
leading to the formation of three three-membered ring inter-
mediates IM6, IM7, and IM8. Here, IM7 and IMS8 can inter-
convert into each other through the transition state TS12, i.e.,
IM7 = IMS8, where the forward (reverse) energy barrier and the

RSC Aadv., 2018, 8, 21150-21163 | 21153
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Fig. 2 The optimized initial intermediates (IM), transition states (TS),
and products in the reaction of TCDF with CH radical.
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enthalpy (Gibbs free energy) changes are 0.34(0.35) and
—0.03(0.01) kecal mol™", respectively. Obviously, the above
conversion process can proceed easily thermodynamically and
kinetically.

After then, the above three intermediates can undergo the
corresponding transition states to produce the ring-expanded
product P4, i.e., IM6 — TS11 — P4, IM7 — TS13 — P4, and
IM8 — TS14 — P4, where the energy barriers are 0.03, 1.64, and
3.19 keal mol , respectively. Moreover, the above processes are
exothermic and spontaneous processes, where the corre-
sponding enthalpy (Gibbs free energy) changes are
—55.94(—56.08), —48.32(—48.61), and
—48.29(—48.62) kcal mol ™", respectively. Therefore, similar to
products P1-P3, P4 should also be the dominant product. In
addition, as presented in Table 2, IM4 can also convert into P4
thermodynamically, where the corresponding enthalpy and
Gibbs free energy changes are —65.22 and —65.62 kcal mol %,
respectively. However, the high energy barrier of
34.67 kecal mol ™' suggests that it is difficult to occur for this
process. Therefore, the IM6 — TS11 — P4 process should be
the optimal pathway to produce product P4.

(4) Pathway D. As displayed in Fig. 1 and 2, in this pathway,
CH radical can be inserted into the C1-C6 bond of TCDF,
leading to the formation of the ring-expanded product P5.
Further IRC analyses suggest that P5 is derived from the initial
intermediate IM7, ie., IM7 — TS16 — P5. However, the
calculated energy barrier of 50.93 kcal mol " for this process is
too high to occur although it is an exothermic and spontaneous
process thermodynamically. Here, the corresponding enthalpy
and Gibbs free energy changes are —53.31 and
—53.40 kcal mol ™', respectively. Therefore, it is difficult to
obtain P5 in practice.

(5) Pathway E. As displayed in Fig. 1 and 2, in this pathway,
CH radical can be inserted into the C3-C8 bond of TCDF,
leading to the formation of the ring-expanded product Pé6.
Further IRC analyses suggest that P6 is derived from the
conversion of P1 via TS17, i.e., P1 — TS17 — P6. However, the
calculated energy barrier of 129.47 kecal mol ' suggests that it is
infeasible to take place for this process although it is favorable
thermodynamically as can be seen from the negative enthalpy
and Gibbs free energy changes.

(6) Pathway F. As displayed in Fig. 1 and 2, in this pathway,
CH radical attacks the two C-Cl bonds of TCDF, leading to the
formation of two initial intermediates IM9 and IM10. As shown
in Fig. 3 and 4, IM9 and IM10 can interconvert into each other
via the transition state TS24, where the forward (reverse) energy
barrier and the enthalpy (Gibbs free energy) changes are
7.36(7.79) and —0.45(—0.41) kcal mol ", respectively. In addi-
tion, it was found that IM10 can convert into IM2 via TS5 with
an energy barrier of 7.83 kcal mol '. Meanwhile, it is also
favorable for this conversion process thermodynamically, where
the corresponding enthalpy and Gibbs free energy changes are
—45.79 and —44.12 kcal mol ', respectively.

Subsequently, IM9 and IM10 can undergo corresponding
transition states to produce products P7-P10, i.e., IM9 — TS18
— P7,IM9 — TS19 — P8, IM10 — TS25 — P9, and IM10 —
TS26 — P10, where the energy barrier of each process is 12.37,

This journal is © The Royal Society of Chemistry 2018
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12.51, 13.64, and 13.94 kcal mol ™", respectively. Moreover, all
the above reaction processes are exothermic and spontaneous
processes, where the corresponding enthalpy (Gibbs free
energy) changes are —100.38(—99.10), —106.31(—104.75),
—98.62(—97.48), and —104.54(—103.04) kcal mol™", respec-
tively. Additionally, it was also found that IM8 can be converted
into P8 via TS23 with an energy barrier of 27.36 kcal mol *,
implying that it is difficult to proceed under normal conditions.
Compared with the products P1-P4 mentioned above, the
formation of the products P7-P10 requires higher energy
barriers to overcome. Moreover, as the precursors to the prod-
ucts P7-P10, IM9 and IM10 are unfavorable to be formed
thermodynamically relative to the other intermediates.

AE / kcal mol”
5

o)
o

-80

Pathway C »

Therefore, products P7-P10 should be the secondary products
of the title reaction.

(7) Pathway G. As displayed in Fig. 1 and 2, in this pathway,
CH radical can be inserted into C-H bond of TCDF, i.e., C5-H16
and C2-H15 bonds, leading to the formation of two products
P11 and P12. Further IRC analyses suggest that P11 and P12 are
derived from the conversion of IM6 and P1 via the transition
states TS28 and TS29, respectively. The calculated enthalpy
(Gibbs free energy) changes of —64.44(—64.15) and
—7.16(—6.92) kcal mol ™" suggest that the above two conversion
processes are spontaneous and exothermic processes thermo-
dynamically. On the other hand, the calculated high energy
barriers (44.27 and 87.51 kcal mol ') suggest that those
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Fig. 4 The reaction profiles for the reaction between TCDF and CH radical.
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Table 3 The topological parameters for the selected BCPs in the initial
intermediates and products®

Species BCP Pbep VZpbcp Vbcp Gbcp Hbcp
M1 C1-C22 0.2655 —0.5642 —0.3437 0.1013 —0.2423
C2 - C22 0.2510 —0.4894 —0.3128 0.0952 —0.2176
M2 C1-C22 0.2640 —0.5524 —0.3400 0.1009 —0.2390
C2 - C22 0.2541 —0.5054 —0.3187 0.0962 —0.2225
M3 C2 - C22 0.2608 —0.5541 —0.3296 0.0955 —0.2341
C3 - C22 0.2564 —0.5234 —0.3223 0.0957 —0.2266
M4 C3 -C22 0.2430 —0.4407 —0.3003 0.0951 —0.2053
C4 - C22 0.2671 —0.5773 —0.3443 0.1000 —0.2443
IM5 C3 -C22 0.2525 —0.4992 —0.3166 0.0959 —0.2207
C4 -C22 0.2646 —0.5662 —0.3396 0.0990 —0.2406
IM6 C4 - C22 0.2691 —0.5909 —0.3462 0.0992 —0.2470
C5 - C22 0.2543 —0.5095 —0.3185 0.0955 —0.2229
M7 C5 - C22 0.2475 —0.4697 —0.3072 0.0949 —0.2123
C6 - C22 0.2679 —0.5792 —0.3477 0.1014 —0.2462
M8 C5 - C22 0.2508 —0.4852 —0.3130 0.0958 —0.2171
Cé6 - C22 0.2661 —0.5649 —0.3434 0.1011 —0.2423
M9 Cl21 - C22 0.0904 0.0614 —0.0820 0.0487 —0.0333
IM10 Cl20 - C22 0.0904 0.0607 —0.0819 0.0486 —0.0334
P1 C1-C22 0.2792 —-0.7172 —0.3365 0.0786 —0.2579
C2 - C22 0.3259 —0.9353 —-0.4733 0.1197 -0.3536
P2 C3 - C22 0.2697 —0.6614 —0.3211 0.0779 —0.2432
C4 - C22 0.2824 —0.7287 —0.3489 0.0834 —0.2655
P3 C3 -C22 0.2763 —0.6890 —0.3400 0.0839 —0.2562
C4 - C22 0.2862 —0.7418 —0.3669 0.0907 —0.2762
P4 C4 - C22 0.3017 —0.8479 —0.3969 0.0925 —0.3044
C5 - C22 0.3071 —0.8482 —0.4162 0.1021 —0.3141
P5 C1-C22 0.2868 —0.7536 —0.3582 0.0849 —0.2733
C6 - C22 0.3087 —0.8511 —0.4263 0.1067 —0.3195
P6 C3 - C22 0.2953 —0.7939 —0.3783 0.0899 —0.2884
C8 - C22 0.2953 —0.7938 —0.3783 0.0899 —0.2884
pP7 C6 - C22 0.2970 —0.7854 —0.3867 0.0952 —0.2915
Cl21 - C22 0.2051 —0.3055 —0.2234 0.0735 —0.1499
P8 C6 - C22 0.3022 —0.8157 —0.3985 0.0973 —0.3012
Cl21 - C22 0.2024 —0.2997 —0.2199 0.0725 —0.1474
P9 C1-C22 0.2927 —0.7643 —0.3749 0.0919 —0.2830
Cl20 - C22 0.2043 —0.3021 —0.2223 0.0734 —0.1489
P10 C1 - C22 0.2979 —0.7948 —0.3869 0.0941 —0.2928
Cl20 - C22 0.2015 —0.2962 —0.2188 0.0724 —0.1464
P11 C5 - C22 0.3045 —0.8350 —0.4102 0.1007 —0.3095
P12 C2 - C22 0.3078 —0.8515 —0.4166 0.1018 —0.3147
P13 C4 - C22 0.3110 —0.8653 —0.4227 0.1032 —0.3195
013 -C22 0.2735 —0.0999 -—0.7395 0.3573 —0.3822

¢ Atomic numbering refers to Fig. 2. The pp.p, Vzpbcp, Vbepy Gbeps and
Hyep is electron density, the Laplacian of the electron density,
potential energy density, kinetic energy density, and energy density at
the BCP, respectively.

processes are difficult to proceed. Therefore, the possibility of
obtaining the products P11 and P12 should be small.

(8) Pathway H. As displayed in Fig. 1 and 2, in this pathway,
CH radical attacks the C4-O13 bond of TCDF, leading to the
formation of the ring-expanded product P13. Further IRC
analyses suggest that P13 is derived from the conversion of P1
via TS30 with an energy barrier of 95.46 keal mol ™. Obviously, it
is difficult to obtain P13 due to the high energy barrier.

3.2 Analyses of stability and interconversion of products

3.2.1 Stability analysis. As shown in Fig. 6, we have calcu-
lated the relative energies among all the products relative to the
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isolated reactants. Obviously, the relative stability orders among
the products should be as follows: P6 > P8 > P13 > P10 > P11 >
P12 > P7 > P9 > P5 > P1 > P4 > P3 > P2. To further clarify the
correlation between the stability of the products and the single
electron distributions, we have investigated the spin density of
the products.

As shown in Fig. 7, the distributions of the unpaired electron
in the products are different depending on the position of the
inserted CH radical. According to the degree of the delocaliza-
tion of the unpaired electron, the products can be divided into
four groups, namely, (1) P6, (2) P7-P13, (3) P1, P4, and P5, (4) P2
and P3. In more details, for the most stable product P6, its
single electron is distributed widely around the C atom of the
inserted CH radical and its adjacent two rings. For the second
group, the single electron is mainly distributed on the C atom of
the inserted CH radical and its adjacent ring. As shown in Fig. 6,
the stabilities of these products including P7-P13 are also
similar to each other. Here, note that P8 is more stable than P7,
which should be due to the favorable intramolecular H-bonds in
P8. To further clarify this point, we have carried out the RDG
analysis of P7 and P8. As displayed in Fig. 8, two intramolecular
H-bonds H16---CI21 and H23---CI20 in P8 can be confirmed by
the appearance of the corresponding spikes between H and Cl
atoms. However, two repulsion interactions including the
H16---H23 and CI20---Cl21 atoms can be observed in P7. Simi-
larly, the same phenomena can also be observed in P9 and P10.
As for the third group including the products P1, P4, and P5,
their single electrons are mainly distributed on the selected ring
associated with the inserted CH radical. As for the forth group
including the least stable products P2 and P3, the single elec-
tron is only localized on the C atom of the inserted CH radical.
Obviously, the above analyses suggest that the stability of the
products is mainly controlled by the distribution of the single
electron overall, i.e., the wider the single electron distribution
is, the more stable the product is.

3.2.2 The interconversion among products. Besides the
interconversion among the initial intermediates mentioned
above, as shown in Fig. 3, the different products can also be
interconverted into each other. For example, for the following
processes, ie., (1) P1 — TS17 — P6, (2) P1 — TS29 — P12, (3)
P2 — TS9 — P3, (4) P4 — TS30 — P13, (5) P5 — TS21 — P7,
(6) P5 — TS22 — P8, (7) P7 — TS20 — P8, and (8) P9 — TS27
— P10, the enthalpy (Gibbs free energy) changes are
—18.16(—17.74), —7.16(—6.92), —3.92(—3.62), —12.30(—11.96),
—2.05(—2.38), —7.99(—8.02), —5.94(—5.64), and
—5.93(—5.56) kcal mol™ ', respectively. So, all the above
processes are exothermic and spontaneous reactions thermo-
dynamically as can be seen from the negative values of the
enthalpy and Gibbs free energy changes. At the same time, the
energy barriers of the above interconversion processes are
129.47, 87.51, —0.30(0.32), 95.46, 83.89, 83.82, 6.51, and
4.96 kcal mol ™", respectively, where the data in parentheses
refer to the results without considering ZPVE corrections.
Obviously, only the processes (3), (7), and (8) are feasible due to
their low energy barriers kinetically. Particularly, the energy
barrier of process (3) disappears after considering the ZPVE
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Fig. 6 The relative energy of each product relative to the separated monomers.

corrections, further suggesting the easy conversion from P2 to
P3.

As presented in Table 2, for the formation processes of the
products P1-P4, the corresponding energy barriers are no more
than 4 kcal mol ', indicating that these reactions can occur
easily. On the contrary, as for the products P5 and P6, they are

difficult to be formed as can be seen from the high energy
barriers, where the corresponding energy barriers are 50.93 and
129.47 keal mol ', respectively. Similarly, the same is also true
for the products P11-P13. As for the products P7-P10, the cor-
responding energy barriers ranging from 12.37 to
13.94 kecal mol ™" are higher than those of the products P1-P4.

9
P13

¢ H
®cC
®o
® a

Fig. 7 Spin density maps of the products. The isodensity contours are 0.005 electron per bohr>.
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Fig. 8 RDG analyses for the products P7-P10.

Moreover, the initial intermediates IM9 and IM10 associated
with the formation of P7-P10 are unfavorable thermodynami-
cally. As a result, the formation of the products P7-P10 has no
competitive with the P1-P4. In addition, given the fact that the
product P2 is very easy to convert to P3 as mentioned above, we
can say that P1, P3, and P4 should be the most favorable
products of the title reaction.

3.3 Molecular dynamics analysis

To further confirm the possibility of the formation of the
dominant products and their dynamic stability, ab initio
molecular dynamics has been performed on the basis of the
optimized initial intermediates. Here, only the initial

This journal is © The Royal Society of Chemistry 2018
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intermediates IM1-IM8 have been considered due to the low
thermodynamic stability of the initial intermediates IM9 and
IM10 as mentioned above.

As shown in Fig. 9, for the initial intermediates IM1, IM2,
and IM3, they have been finally converted to product P1 at
different time scales, where the corresponding transition states
TS2, TS3, and TS4 can be observed during the dynamic
processes. Similarly, for IM4 and IM5, they have been finally
converted to product P3. Here, the conversion from IM4 to IM5
via TS6 has also been observed. As for IM6, IM7, and IMS8, the
product P4 has been obtained after the corresponding conver-
sion. Therefore, the formed initial intermediates can be easily
converted to the products P1, P3, and P4, which is also consis-
tent with the above analyses.
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Fig.9 The changes of potential energy of the initial intermediates along with the simulation time, where asterisk denotes the geometry similar to
the optimized intermediate, transition state, and product.

3.4

IR spectra and hyperfine coupling constants of the

dominant products

To provide useful information for the detection and identifi-
cation of the products using IR and electron spin resonance

Fig. 10

(ESR) techniques, the IR spectra and the hyperfine coupling
constants (hfcc's) of the dominant products including P1, P3,
and P4 have been analyzed.
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Table 4 The calculated hyperfine coupling constants of the atoms in
P1, P3, and P4“

Atom numberings Atom P1 P3 P4

1 BC 9.9 1.2 -8.1
2 Bc -1.0 8.8 2.9

3 Bc 5.7 -1.1 2.6
4 Bc —9.4 -9.7 —7.3
5 BC 10.6 7.7 —10.7
6 Bc —11.5 0.1 13.8
7 Bc 2.2 —0.4 1.8

8 e —5.5 6.8 —4.3
9 Bc —2.6 0.5 —2.2
10 B¢ 2.8 0.6 2.2
11 e 3.8 —0.2 3.2
12 e —3.5 1.0 —2.9
13 0 0.1 —-0.5 0.1
14 'H —2.4 0.2 —2.0
15 H —2.7 —0.4 —5.3
16 H -9.9 0.3 3.1
17 H 0.8 —0.1 0.7
18 ¢l 0.0 0.0 0.0
19 3¢l 0.1 0.0 0.1
20 35¢1 0.2 0.2 —0.1
21 3¢l —0.1 0.1 0.3
22 Bc -3.0 73.5 9.4
23 H —~1.6 —-8.8 —-8.9

“ All the units are in Gauss.

As shown in Fig. 10, the characteristic absorption peaks of the
CH radical and TCDF appear at about 2821 and 1469 cm ',
corresponding to the stretching vibration of the C-H bond and
the rocking vibration of the C-H bond in the ring, respectively.
However, the former C-H vibration disappears in the products.
As for the latter, they can still be observed at about 1522 cm™*
(P1), 1472 cm ™" (P3), and 1470 cm ™" (P4), respectively. Moreover,
the IR absorption peaks of each product have their own charac-
teristics. For example, for the product P1, a strong absorption
peak could be observed at about 1107 cm ™, corresponding to the
rocking vibration of the C-H bond in the non-reactive ring. For
the product P3, a strong absorption peak occurs at about
947 cm ', which mainly corresponds to the distortion vibration
of the two rings. As for the product P4, its characteristic
absorption peak appears at about 962 cm ', which mainly
corresponds to the stretching vibration of the C-C bond in the
reactive ring. Obviously, these different features of the IR spectra
of the products can provide some help in the identification of
them using the gas-phase vibrational spectrum experimentally.

In view of the fact that the products have short lifespan and
high reactivity due to the existence of the single unpaired electron,
so it is difficult to detect and characterize them experimentally. At
present, the electron spin resonance (ESR) technique is one of the
effective spectroscopic methods to detect free radicals via
providing the hfcc's. In the case of lacking relevant experimental
information, theoretical predictions are highly desirable. As shown
in Table 4, depending on the specific products, all the results of the
hfec's are different in signs and values except for four chlorine
atoms. For example, the hfcc's of **C1 are 9.9 (P1), 1.2 (P3), and
—8.1 G (P4), respectively. Especially, as for the C22 atom of the
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Fig. 11 The optimized initial intermediates (IM), transition states (TS),
and the products in the reactions of F- and Br-substituted TCDFs with
CH radical.

introduced CH radical, the hfcc is —3.0, 73.5, and 9.4 G in P1, P3,
and P4, respectively. Obviously, the different hfcc results can be
used to identify the different products experimentally.

3.5 Substitution effects

To further validate the feasibility of the reactions between CH
radical and other TCDF derivatives, the reactions of F- and Br-
substituted TCDFs with CH radical have been investigated on the
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basis of the above reactions, where only the selected pathways
associated with the dominant products P1, P3, and P4 have been
considered. As displayed in Fig. 11, similar to the above reactions
without substitution, the initial intermediates, transition states, and
products involved in the reactions have also been located, where the
relevant geometries before and after substitution were similar to
each other. Moreover, as shown in Tables 1 and 2, the calculated
thermodynamic and kinetic data, such as enthalpy changes, Gibbs
free energy changes, and energy barriers are also similar to those
before substitution. For example, the whole reaction processes are
exothermic and spontaneous thermodynamically as can be seen
from the negative enthalpy and Gibbs free energy changes. Mean-
while, each pathway has low energy barrier, which is no more than
5 kecal mol™*. Therefore, similar to TCDF, its derivatives can also
react with CH radical in the gas phase, resulting in the trans-
formation of them in geometry and property. Certainly, relevant
experiments are required to further confirm this point in the future.

4. Conclusions

In this study, all of the possible reaction modes for the insertion of
the CH radical into the C-X(X = C, Cl, H, O) bonds of TCDF have
been systematically investigated employing B3LYP method in
combination with the ab initio molecular dynamics. As a result, it
was found that CH radical can react with TCDF via the insertion
modes, ie., an initial intermediate is formed firstly followed by the
formation of a more stable product characterized by an expanded
six- or seven-membered ring structure. Thermodynamically, the
whole reaction processes are spontaneous and exothermic reac-
tions and the thermodynamic stability of the products is controlled
by the distribution of the single unpaired electron. Kinetically, the
most favorable reaction channel is the insertion of the CH radical
into the C-C bond except for the C atoms attached to the chlorine
atom, producing the seven-membered ring compound. The
dominant products have been further confirmed by the molecular
dynamics. Moreover, the different distinct characteristics of IR and
hyperfine coupling constants can provide some help in the
detection and identification of the dominant products experi-
mentally. In addition, similar to TCDF, the F- and Br-substituted
TCDFs can also react with CH radical thermodynamically and
kinetically. Expectedly, the present results can provide new
insights into the transformation of TCDF and the potential role of
CH radical in the atmosphere. Certainly, more extensive experi-
ments are highly required to further confirm these computational
results in the future.
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