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Abstract: Carbazole is one of the typical heterocyclic aromatic compounds (NSO-HETs) observed in
polluted urban atmosphere, which has become a serious environmental concern. The most important
atmospheric loss process of carbazole is the reaction with OH radical. The present work investigated
the mechanism of OH-initiated atmospheric oxidation degradation of carbazole by using density
functional theory (DFT) calculations at the M06-2X/6-311++G(3df,2p)/ /M06-2X/6-311+G(d,p) level.
The rate constants were determined by the Rice-Ramsperger—Kassel-Marcus (RRKM) theory. The
lifetime of carbazole determined by OH was compared with other typical NSO-HETs. The theoretical
results show that the degradation of carbazole initiated by OH radical includes four types of reactions:
OH additions to “bend” C atoms, OH additions to “benzene ring” C atoms, H abstractions from C-H
bonds and the H abstraction from N-H bond. The OH addition to C1 atom and the H abstraction
from N-H bond are energetically favorable. The main oxidation products are hydroxycarbazole,
dialdehyde, carbazolequinone, carbazole-ol, hydroxy-carbazole-one and hydroperoxyl-carbazole-
one. The calculated overall rate constant of carbazole oxidation by OH radical is 6.52 x 10712 ¢cm?
molecule ™! s™! and the atmospheric lifetime is 37.70 h under the condition of 298 K and 1 atm.
The rate constant of carbazole determined by OH radical is similar with that of dibenzothiophene
oxidation but lower than those of pyrrole, indole, dibenzofuran and fluorene. This work provides a
theoretical investigation of the oxygenated mechanism of NSO-HETs in the atmosphere and should
help to clarify their potential health risk for determining the reaction pathways and environmental
influence of carbazole.

Keywords: carbazole; OH radical; rate constants; oxidation mechanism; density functional theory
(DFT)

1. Introduction

Heterocyclic aromatic compounds (NSO-HETSs) are important contaminants character-
ized by the presence of fused aromatic rings, which pose a great threat to the environment
and human health due to their genotoxicity, mutagenesis potential, and carcinogenicity [1-4].
Carbazole, one of the typical nitrogen-substituted NSO-HETs, has been extensively applied
in pesticides, dyes, lubricants, detergents, and pharmaceutical manufacturing [5,6]. The
main sources of carbazole include waste incineration [7], biomass burning [8], tobacco
smoke [9], synthetic dye production [10], aluminum manufacturing and rubber [11], and
oil and coal burning [12]. Carbazole can be considered as a one-nitrogen-substituted diben-
zofuran, which exhibits mutagenicity, toxicity, and adverse effect on humans. Therefore,
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it can be viewed as a dioxin-like compound and listed as a second-class carcinogen by
the World Health Organization [9,13,14]. Given these harmful consequences, obtaining
detailed insight into the degradation of carbazole in the atmosphere will deepen our un-
derstanding of the degradation mechanisms of dioxin-like compounds and could lead to
emission-reduction and dioxin-control strategies.

At present, carbazole has been constantly detected in atmospheric samples, river
sediments, groundwater, and contaminated sites [5]. In the atmosphere, carbazole can
cause the formation of nitrogen oxides by burning, which can accelerate the formation of
acid rain and the destruction of the ozone layer [15,16]. The measurement by Esen et al. in
Bursa showed that the average gas and particle-phase concentrations of carbazole were
76+£99,11+12,33+50,and 1.2 £0.7 ng m 3 in residential, traffic, industrial and
campus areas, respectively [5]. Air samples collected from coal burned indoors showed
that the maximum concentration of carbazole in the air was up to 7500-20,168 ng m~3 [3,9].
Heim et al. measured the concentration of carbazole in an undisturbed sediment core
collected from the Lippe River in Germany, ranging from 11 to 172 ng g*1 [17]. Carbazole
can undergo diverse chemical reactions and long-distance transport in the atmosphere,
which may induce more complex contamination in remote sites.

In the troposphere, carbazole can be removed by dry and wet subsidence as well as
photochemical reactions, and the main sinks are the oxidation reactions with major oxidants
such as OH radical, NOj radical, and O3. Among these oxidants, OH radical [18] accounts
for a quite high proportion in determining the oxidation power of the atmosphere, especially
in the daytime [19]. Reaction with OH radical is considered to be the main chemical process
for carbazole in the atmosphere [20]. Therefore, it is necessary to investigate the reaction
mechanism of carbazole with OH radical to clarify its atmospheric transformations. To
date, only one study had been conducted to remove carbazole initiated by OH radical [21].
The reaction mechanism has not been fully elucidated. Clearly, further studies are needed
to obtain more comprehensive knowledge of carbazole oxidation by OH radical.

Due to the lack of efficient detection schemes for intermediate radical species, a
full analysis of the atmospheric processes of the reaction mechanism of OH-initiated
atmospheric oxidation of carbazole is limited in the laboratory studies, which hinders
to further evaluate the atmospheric effect of carbazole. Therefore, in this paper, with
the aid of the density functional theory (DFT) method, a comprehensive degradation
mechanism of carbazole initiated by OH radical in the presence of O, and NO was car-
ried out. The main products and reaction pathways were determined. Additionally, the
rate constants for the vital reactions of carbazole degradation by OH radical were cal-
culated by RRKM theory, and the lifetimes were evaluated [22,23]. The obtained rate
constants and lifetime were compared with the literature values of other NSO-HETs (pyr-
role/indole/dibenzothiophene/dibenzofuran/fluorine) degradation by OH radical [24-29].
The influences of steric structure and element substitution and of NSO-HETs on the life-
times were discussed. This work provides a theoretical investigation of the oxygenated
mechanism of NSO-HETs in the atmosphere and should help to clarify their potential
health risk for determining the reaction pathways and atmospheric influence of carbazole.

2. Computational Detail
2.1. Thermodynamic Calculation

All the calculations on the geometries, energies and frequencies for reactants, com-
plexes, transition states, and products were determined using the Gaussian 09 program
package [30]. Geometrical optimizations and vibrational frequency calculations were car-
ried out using the M06-2X functional method with a 6-311+G(d,p) basis set [31]. The
vibrational frequency calculations were used to determine the nature of each species and
provide the zero-point energy (ZPE) values. Transition states have exactly one imaginary
frequency, whereas reactants, intermediates, and products have real frequencies. The
minimum energy path (MEP) was obtained by the Intrinsic Reaction Coordinate (IRC)
calculation to confirm the connections between transition states and the corresponding
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energy minima along the reaction path [32]. In order to obtain more reliable energy results,
based on the geometries obtained at 6-311+G(d,p) level, the single-point energies were
calculated by using the more accurate basis set 6-311++G(3df,2p). The potential barriers are
the energy differences between transition states and reactants, and the reaction enthalpies
are the energy differences between products and reactants. All the relative energies that
were quoted and discussed in this paper include zero-point energy (ZPE) corrections.

2.2. Kinetic Calculation

Rice-Ramsperger—Kassel-Marcus (RRKM) theory [22,23] was carried out to calculate
rate constants of the crucial elementary reactions discussed in the present work by means
of the MESMER program [33]. The RRKM rate constant is given by:

W(E)
k(E) = 7——=5 1)
hp(E)
where W(E) is the rovibrational sum of states at the transition state, p(E) is the density of
states of reactants, and h is Planck’s constant. Then, the canonical rate constant k(T) is
determined from the usual equation:

KT) = o777 | HEP(E) exp(~BE)E @

where Q(T) is the reactant partition function, k(E) is the rate constant in a microcanonical
ensemble with energy E and kg is Boltzmann’s constant, T is temperature. The collisional
parameters are estimated according to Gilbert and Smith [34]. The bath gas is set as nitrogen.
The default pressure is 1 atm and the temperature is 298 K. The exponential-down model is
assumed for the collisional energy transfer with <AE goun> of 250 cm ™.

3. Results and Discussion

The reliability and accuracy of the M06-2X/6-31+G(d,p) level for the geometry param-
eters of carbazole have been compared with experimental and other calculated values are
listed in Table S1 of Supplementary data [35,36]. The optimized geometries of carbazole
at the M06-2X/6-31+G(d,p) level are in reasonable accordance with the corresponding ex-
perimental values, and the largest discrepancy remains within 4.5% and 2.3% for the bond
lengths and bond angles, respectively, except two abnormal values [36]. The optimized
geometries of carbazole at the M06-2X/6-31+G(d,p) level match better with the calculated
values on the MP2/6-31G* level and the largest discrepancy remains within 0.5% for both
bond lengths and bond angles. Typical transition states involved in the degradation of
carbazole initiated by OH radical are shown in Figure 1. Imaginary frequencies, zero-point
energies, total energies, and cartesian coordinates for the transition states involved in the
oxidation reaction of carbazole initiated by OH radical are depicted in Tables S2 and S3 of
Supplementary data.

3.1. Reaction of Carbazole and OH Radical

The molecular structures of carbazole are depicted in Figure 2, from which the C
atoms in carbazole are numbered. There are C-H, N-H, and C=H bonds in carbazole. Thus,
the reaction pathways of carbazole with OH include H abstractions from C-H or N-H
bonds and OH additions on C=C bonds. The OH addition and H abstraction scheme of
carbazole embedded with the potential barriers AE (in kcal mol~!) and reaction heats AH
(in kcal mol~!, 0 K) are presented in Figure 2.
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Figure 1. M06-2X/6-311+G(d,p) optimized geometries for typical transition states involved in the
degradation of carbazole initiated by OH radical. Distances are in angstroms. Gray sphere, C; Blue
sphere, N; Red sphere, O; White sphere, H.
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Figure 2. The OH addition and H abstraction reaction scheme of carbazole embedded with the
potential barriers AE (in kcal mol~!) and reaction heats AH (in kcal mol~!, 0 K).

Nine H abstraction pathways of carbazole initiated by OH radical were identified: one
H abstraction from the N-H and eight H abstractions from the C-H in benzene rings (C1-H,
C2-H, C3-H, C4-H, C5-H, C6-H, C7-H, and C8-H bonds). Owning to carbazole molecule
belongs to the Cyy symmetrical structure, C1 and C8, C2 and C7, C3 and C6, and C4 and
C5 are equivalent. Therefore, only one benzene ring of carbazole is discussed. As shown
in Figure 2, at the M06-2X/6-311++G(3df,2p)/ /M06-2X/6-311+G(d,p) level, all the four
C-H abstractions have the potential barriers in the range from 3.06 to 3.66 kcal mol~!, and
are exothermic by —5.12 ~ —6.30 kcal mol~!. The H abstraction from the N-H bond is
barrierless and is exothermic by 24.13 kcal mol !, which is more favorable than those from
C-H bonds. Thus, in the abstraction reactions, the N-H abstraction is the most favorable
reaction pathway, resulting in the formation of intermediate IM5. Only the subsequent
reactions of IM5 intermediate are further discussed.

OH radical can also add to the C atoms in the benzene ring of the carbazole molecule.
C10, C11, C12, and C13 are inside the “bend” of the carbazole molecule, which can be
called the “bend” C atoms. C1, C2, C3, C4, C5, C6, C7, and C8 are in the benzene ring
and out of the “bend” of the carbazole molecule, which can be called the “benzene ring”
C atoms. Considering the Cpy symmetry, six different OH-carbazole adduct isomers are
labeled as IM12-IM17 in Figure 2, which can be readily formed through the OH additions
to the C1, C2, C3, C4, C10, and C11 atoms. In Figure 2, the OH additions to “benzene
ring” C atoms are highly exothermic (—22.30 ~—14.67 kcal mol~!) with low potential
barriers (—1.19 ~ 1.18 kcal mol~!). However, the potential barriers of OH additions to
“bend” C atoms are 2.51 and 3.55 kcal mol~1, which are higher than those to C1, C2,
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C3, and C4 atoms. In addition, OH additions to “bend” C atoms are less exothermic
(—11.90 ~—8.40 kcal mol ') than those to “bend” C atoms. Thus, OH additions to “ben-
zene ring” C atoms are energetically more favorable than those to “bend” C atoms. The
OH additions to these C9 and C10 atoms are sterically hindered and energetically unfa-
vorable. In the “benzene ring” C atoms, the OH addition reaction to the C1 atom has the
lowest potential barrier and is the most exothermic reaction among those to other C atoms,
resulting in the formation of IM12. In Figure 2, the H abstraction reaction from the N-H
bond and the OH addition to C1 atoms have similar potential barriers and reaction heats,
which indicates the two reactions are competitive.

Comparison of the OH additions to “benzene ring” C atoms with the H abstractions
from C-H bonds shows that the OH additions to “benzene ring” C atoms have lower
potential barriers and higher heat releases than the H abstractions from C-H bonds. Thus,
the OH additions to “benzene ring” C atoms are energetically more favorable than the
H abstractions from C-H bonds. This agrees well with the experimental pattern that the
reaction of aromatic compounds with OH is mainly through the OH addition to “benzene
ring” C atoms (approximately 90 percent) rather than the H abstraction from C-H bonds,
such as in the case of naphthalene [37], anthracene [38], and phenanthrene [39,40]. Hence,
the H abstractions in benzene rings are not considered further in the subsequent reactions
for the degradation of carbazole under general atmospheric conditions.

3.2. Subsequent Reaction

The intermediates produced by the abstraction and addition reactions of carbazole
with OH radical contain unpaired electrons and can subsequently react with O, /NO in
the atmosphere.

3.2.1. Reactions with O,

Figure 3 shows the reaction pathways of carbazole-OH adducts (IM12-IM15) with O;.
Firstly, carbazole-OH adducts can react via a simple metathesis mechanism to yield hydroxy-
carbazoles and HO; radical through H abstractions from the C-H bonds. The potential barriers
of these hydroxycarbazole formation processes are in the range of —33.66~—29.03 kcal mol .
The processes are strongly exothermic by —68.78~—62.43 kcal mol~!. The overall reactions,
carbazole + OH + O, — hydroxycarbazole + HO, have the total potential barriers of
—33.33~—27.84 kcal mol~!, and are strongly exothermic by —86.02~—83.45 kcal mol .
These indicate that the degradation pathways leading to the hydroxycarbazoles formation
are easy to occur under the real atmospheric conditions. A comparison of the reaction
pathways presented in Figure 3 shows that the formation of 3-hydroxycarbazole (P4) from
carbazole + OH + O, — hydroxycarbazole + HO, has the lowest total potential barriers of
—33.33 kcal mol~! and is energetically most favorable relative to the other H abstraction
pathways, which means that 3-hydroxycarbazole is the main hydroxycarbazole product.

Secondly, carbazole-OH adducts may react with O, via H abstractions from the O-H
bonds to produce carbazole-epoxides and HO, radical. As shown in Figure 3, the carbazole-
epoxide formations from the H abstractions of the O-H bonds have the potential barriers
of —16.5~—6.89 kcal mol~1, which are higher than the hydroxycarbazole formations from
the H abstractions of the C-H bonds. In addition, the carbazole-epoxides formation from
the H abstractions of the O-H bonds is exothermic by —25.74~—22.13 kcal mol~!, which is
less than the hydroxycarbazoles formation from the H abstractions of the C-H bonds. This
means that hydroxycarbazole formation is energetically more preferred than carbazole-
epoxide formation, e.g., H abstraction from carbazole-OH with O, on the C-H bond is easier
to occur than that on the O-H bond. This may be caused by the differences in bond length
and bond energy between the C-H bond and O-H bond in carbazole-OH intermediates. It
can be seen from Table S4 that the bond energies of O-H bonds are 40.30~45.13 kcal mol !
higher than those of C-H bonds and the bond lengths are about 0.14 angstrom shorter than
the C-H bonds, which indicates that the break of C-H bonds is more favorable than that of
O-H bonds.
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Figure 3. The O, addition and abstraction scheme of carbazole-OH adducts embedded with the
potential barriers AE (in kcal mol~1) and reaction heats AH (in keal mol~!, 0 K).
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Thirdly, O, can associate with the C atoms in the OH-carbazole adducts with an
unpaired electron from two different directions: the anti- or syn-position with respect to the
-OH group. Therefore, as depicted in Figure 3, the O, addition reactions in the carbazole-
OH adducts can form a series of carbazole-OH-O, adducts (namely IM18s/a-IM29s/a,
where ‘s’ denotes syn-position and ‘a” denotes anti-position O, addition). The formation
of carbazole-OH-O, adducts IM19, IM22, IM25, and IM28 from precursors IM12, IM13,
IM14, and IM15 have lower potential barriers and are more exothermic compared to those
of other O,-OH-carbazole isomers. The potential barriers characterizing the formation of
syn-position radicals are lower by 0.34 ~ 11.76 kcal mol~! than those for the formation
of anti-position O,-OH-carbazole, except for IM18s/a, IM24s/a, IM25s/a, and IM26s/a.
In most cases, O, additions at syn-positions are energetically favored over those at anti-
positions. Therefore, the formations of anti-isomers are of minor importance and will not be
further discussed. In addition, considering IM12 is the most favored carbazole-OH adducts,
the IM12-O, adducts (IM18s/a-IM20s/a) will be further discussed.

The scheme of reaction from the H abstraction product of carbazolide anion (IM5)
with O, is depicted in Figure 4. As shown in Figure 4, O, may be added to the N atom of
IM5 containing unpaired electrons to form OH-carbazole-O, adduct IM6. This process is
barrierless and strongly exothermic.
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Figure 4. The reaction scheme of IM5 is embedded with the potential barriers AE (in kcal mol~1) and
the reaction heats AH (in kcal mol~2, 0 K) in the presence of NO and O;.

Figures 3 and 4 show that the O, addition to the N atom has a higher potential barrier
and less heat release than those to the C atoms of the benzene ring, which indicates that the
O, addition to the N atom is of minor importance compared with those to the C atoms of
the benzene ring.

3.2.2. Subsequent Reaction of Carbazole-OH-O, Intermediate

(1) Intramolecular H-transfer reaction

As shown in Figure 5, the intramolecular H transfer includes four modes: (1) H transfer
from the -CH group to the -OO peroxyl group through a four-membered ring transition
state (H-transfercpy); (2) H transfer from the -CH group to the -OO peroxyl group through
a five-membered ring transition state (H-transfercys); (3) H transfer from the O-H group
to the -OO peroxyl group through a six-membered ring transition state (H-transferop);
(4) H transfer from the -NH group to the -OO peroxyl group through a five-membered ring
transition state (H-transferny).
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Figure 5. Intramolecular H-transfer reaction of carbazole-OH-O, adducts embedded with the po-
tential barrier AE (in kcal mol™!) and reaction heat AH (in kcal mol~!, 0 K) with and without
H,O molecules.

Water molecules can participate in the H-transfer reactions. In TS40 and TS62, wa-
ter molecules can reduce the potential barriers of the H-transfercpy, which means wa-
ter molecules promote the H-transfercpy reactions. In TS42, the water molecule can in-
crease the potential barrier of the H-transfercyys, which indicates water molecule inhibits
the H-transferop. A comparison of all the four H-transfer modes shows that ortho H-
transferoy (TS41 and TS78) have lower potential barriers (17.66 kcal mol~! for TS41 and
20.11 kcal mol ! for TS78) and is thermodynamically more favorable than other H-transfer
modes, resulting in the formation of IM35 and IM56. The secondary reaction from the
IM35 and IM56 involves two kinds of pathways. Firstly, IM35 and IM56 can undergo
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C-C bond cleavage and elimination of OH to form dialdehyde (P8 and P18). Secondly,
IM35 can be attacked by O, to form IM39 and HO,. IM39 can be further attacked by O,
and eliminate OH to form carbazolequinone (P9). IM56 can be attacked by O, to form
hydroperoxyl-carbazole-one (P17).

(2) NO addition reaction

Carbazole-OH-O; intermediates have unpaired electrons, which can react with NO to
form carbazole-OH-OONO adducts. As shown in Figure 6, the reactions of NO addition
are barrierless and exothermic. Then, the carbazole-OH-OONO adducts may undergo
NO; elimination reactions and produce intermediates IM40, IM51, and IM60. However,
these processes are difficult to occur in atmospheric conditions due to the more than
40 kcal mol ! potential barriers. Carbazole-OH-OONO adducts can also remove HNO, to
form hydroxy-carbazole-one (P7 and P12). These elementary reactions are more competitive
in atmospheric reaction than NO, removal.

+H,0 -HO
e
TS51 \ /\ ﬁ Ok
i
P10
-NO, +0, -HO,
A — AE=31.16 — =
y7 31222(5) [ w ar=7519, [ ()
TS49 / O- | Ts50 N N/\/K o
+NO i H ‘oH
/\ ( AH=20.66(9) 1\ | IM40 ki
/\ /\ 00- \AN) f OoNO -HNO, NE= 6455 2 ///\_/\\\\\
N on H o AE= 3Lase) - / (LH=A134 ) (L
|AH=5148 w T2 A o
IMI8 IM36 N\
ToTsss \/\ ﬁ\(\ 0 H oOH
OH IM41
P7
AE=30.65(s)
TS53 | AH=60.00
= ANE=9.52(s — =
f{r"/v \_ _AH=118 ) Y~
N Lo 4 /\
AN TS54 \A
N b N HO H
P8 M42
-HNO, Q
/\[1:; 352 55(5) ‘, \_/;
571 N )\
0ONO - +H,0 -HO OH
_ - +NO _ ‘\—\‘ AE=25.78(s —
N / AH=19.78(s) | \/—/ P12 A [N
\//\ /\\ / \//?KN/L\/ NOs o TS70 N /\/
N onm H OH N H_* oH
’\E 53 38(s) — <
IM19 IM48 Ap=1172 _ | U \ | Pl4
TS68 Nl /\/
OH +0, -HO, \
1_\E— 20306) -
IMS51 XS N /
TS69 \//& /\/
N on
P12
-NO, +H,0 -HO
+NO - S AEHASI0E) - AE=047(s)
N~ AH=21.62() | N\ B0 60() \—( AH=839 [ \—/
\/«N/\ / \/«N»\/ TS84 = / TS8s //\N/\\/
H OO oH H OONO OH No- on H OH
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Figure 6. Intramolecular H-transfer reaction of carbazole-OH-O, adducts embedded with the po-
tential barrier AE (in kcal mol~1) and reaction heat AH (in kcal mol~!, 0 K) with and without
H,0 molecular.
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Figure 4 shows the subsequent abstraction reaction of IM5 with Oy. IM6 can undergo
an addition reaction with NO and O-ONO bond cleavage to form NO, and IM10 adduct,
followed by a ring-opening or reaction with the water molecule. Those processes can
provide H for unpaired electrons of O to form the product carbazole-ol (P1). The former
has high potential barriers (35.21 kcal mol~!), which is not easy to occur in the atmosphere,
so it is not discussed further. The latter is a barrierless reaction, which is more favorable in
the atmospheric environment.

(3) Reactions of bicyclic peroxy radicals

The intramolecular cyclization reaction scheme of carbazole-OH-O, adducts IM18,
IM19, and IM20 are illustrated in Figure 7. Four- or five-membered cycle intermediates are
formed in the reactions. The formation of five-membered cycle IM32 from the isomerization
of IM18 and IM20 is predominating over the others by comparison of the potential barriers
and reaction heats. Similarly, the formation of the five-membered cycle IM31 from the
isomerization of IM19 is dominated over the formations of IM43-IM45. However, the
formation of IM31 from isomerization of IM19 is endothermic by 9.71 kcal mol~! with high
potential barriers of 34.54 kcal mol !, which indicates that the formation of IM31 is not
feasible under common atmospheric conditions. The formations of IM32 from IM18 and
IM20 have much lower potential barriers (21.38 and 12.93 kcal mol~!) than the formation
of IM31 from IM19. Thus, IM32 is a possible bicyclic peroxy radical in the oxidation process
of gaseous carbazole and will be further discussed.

—_ AE=2347(s NE=2138(s) —

[N 07 AH=831 © REAB) [N

Sl V07 T T Ts36 . NS S
N om . H  OH
IM30 N | IM32

\,/,//\N/,,,,/ 00+ 41,0 -HO

. AE=34.02(s) AE=3232(s)

e Q) LH=9.12 H o OH - Ag=3374 | N\

AN N v TS35 IMI8 TS38 A / OOH
H OH H H OH
IM31 P6

» —_ AE=4481(s)
[ N<bd\ LH=1942
\ = V4 TS56
H OH SE=3430(s) N o0
M43 AH=9.T1 bl
00- TS57 \V-\N/‘ 7
_ AE=44.81(s) )~ H OH
N g/o‘ AH=2701 | N—( | IM31
AN N & TS58 N N -/ +H,0 -HO 1 OOH
H  on H OH |AE=3258(s) —
M44 IM19 [AH=3411 V
TS60 AN AN 7
, e AE=35.68(s) H  OH
N //g Iy EIALS P11
AN AN 7 TS59
H OH
M45
 AE=33.15(s) AE=12.93(s) S~
[ NFo | LHA10.58 oEm1219°, [ (00
NA Y T 574 N\
ool N—7 11\?32 o
M52 |
AN A H,0 -HO
NGB EEEY e e
€ 00) <L IM20 0% !
Nl e S TS73 TS76 AN Ay ZH
N on N ooH OH
IM53 P15

Figure 7. Intramolecular cyclization and H addition reaction scheme of IM18, IM19 and IM20
embedded with the potential barriers AE (in kcal mol~!) and reaction heats AH (in kcal mol~?, 0 K)
in the presence of H,O.
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As shown in Figure 8, IM32 can undergo isomerization through O-O bond cleavage or
recombine Oy, forming the bicyclic peroxy radical (IM61 and IM62). However, the potential
barrier of O-O bond cleavage is 44.50 kcal mol~! higher than addition reactions with O,.
Therefore, the cleavage of O-O bonds can possibly compete with the O, addition reactions
only under the condition of extremely low O, concentration. The subsequent reaction of
IM61 involves five elementary reactions: addition reaction with NO, NO, removal and the
cleavage of C-C bond to produce ring-opening radical, the barrierless O-O bond and C-H
bond cleavages and the elimination of CHOCHOH radical to form P20.

AE=1649(s) — —
AH=1534 | N—Tpo

TS87 N=A \/
N o on
IM62

+0, -NO,

00~ .
/\E 28. OI(S) =4 +NO — — AE=52. 51(5) — \7\/
[ \—(/\ AH=20.17(g) Q\—)/O,o{ AH=10.95 \\/—@
Nl AN TS88 A {
i H OH H OH
IM61 M63 IM64
AE=8.94(s
TS89 N =3, 1§)
\J
LE038(9)
0 \/;\ ):0 TS90 \,f«N/,\ 7
H OH
IM66 P20 IM65

Figure 8. The reaction scheme of IM32 embedded with the potential barriers AE (in kcal mol 1) and
reaction heats AH (in kcal mol~!, 0 K) in the presence of NO and O;.

As depicted in Figure 4, IM6 may also combine the C-O bond to form a four- or five-
membered ring intermediates IM8 and IM9. However, the formation of IM8 and IM9 are
endothermic and need to cross potential barriers of more than 50 kcal mol~!. Consequently,
IM8 and IM9 are generally unimportant in the atmosphere and will not be discussed
further. The intermediate IM5 is not easy to undergo cyclization reaction. Figure 3 shows
the reaction pathways of carbazole-OH adducts (IM12-IM15) with O,. Firstly, carbazole-
OH adducts can react via a simple metathesis mechanism to yield hydroxycarbazoles and
HO; radical through H abstractions from the C-H bonds. The potential barriers of these
hydroxycarbazole formation processes are in the range of —33.66~—29.03 kcal mol~!. The
processes are strongly exothermic by —68.78~—62.43 kcal mol~!. The overall reactions,
carbazole + OH + O, — hydroxycarbazole + HO; have the total potential barriers of
—33.33~—27.84 kcal mol~!, and are strongly exothermic by —86.02~—83.45 kcal mol !
These indicate that the degradation pathways leading to the hydroxycarbazoles formation
are easy to occur under the real atmospheric conditions. A comparison of the reaction
pathways presented in Figure 3 shows that the formation of 3-hydroxycarbazole (P4) from
carbazole + OH + O, — hydroxycarbazole + HO, has the lowest total potential barriers of
—33.33 kcal mol ! and is energetically most favorable relative to the other H abstraction
pathways, which means that 3-hydroxycarbazole is the main hydroxycarbazole product.

Thirdly, O, can associate with the C atoms in the OH-carbazole adducts with an
unpaired electron from two different directions: the anti- or syn-position with respect to the
-OH group. Therefore, as depicted in Figure 3, the O, addition reactions in the carbazole-
OH adducts can form a series of carbazole-OH-O, adducts (namely IM18s/a-IM29s/a,
where ‘s’ denotes syn-position and ‘a” denotes anti-position O, addition). The formation
of carbazole-OH-O, adducts IM19, IM22, IM25, and IM28 from precursors IM12, IM13,
IM14, and IM15 have lower potential barriers and are more exothermic compared to those
of other O,-OH-carbazole isomers. The potential barriers characterizing the formation
of syn-position radicals are lower by 0.34~11.76 kcal mol ! than those for the formation
of anti-position O,-OH-carbazole, except for IM18s/a, IM24s/a, IM25s/a, and IM26s/a.
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In most cases, O, additions at syn-positions are energetically favored over those at anti-
positions. Therefore, the formations of anti-isomers are of minor importance and will not be
further discussed. In addition, considering IM12 is the most favored carbazole-OH adducts,
the IM12-O, adducts (IM18s/a-IM20s/a) will be further discussed.

Figures 3 and 4 show that the O, addition on the N atom has a higher potential barrier
and less heat release than those on the C atoms of the benzene ring, which indicate that
the O, addition on the N atom is of minor importance than those on the C atoms of the
benzene ring.

3.3. Rate Constant Calculations

In order to clarify the transport and atmospheric fate of carbazole, it is of great signifi-
cance to calculate the accurate rate constants of the elementary reactions involved in the
atmospheric oxidation degradation of carbazole. On the basis of energy data obtained at
MO06-2X/6-311+G(3df,2p)/ /M06-2X/6-311+G(d,p) level, the rate constants of elementary
reactions were calculated by using RRKM theory [22,23] and MESMER program at 298 K
and 1 atm [33]. The previous studies for the PAHs and dioxin-like compound degradation
initiated by OH radical have successfully proved the accuracy of RRKM theory to calculate
the rate constants for elementary reactions of PAHs and dioxin-like compound degrada-
tions [26,41-43]. Thus, it might be inferred that RRKM theory individual rate constants are
reasonable in this paper. The calculated rate constants for the elementary reactions in the
oxidative degradation of carbazole initiated by OH at 298 K and 1 atm are listed in Table 1.

Table 1. RRKM calculated rate constants (in cm® molecule™! s~1) for the elementary reactions
involved in the OH-initiated oxidation degradation of carbazole at 298 K and 1 atm.

Reactions Rate Constants
carbazole + OH (k) 8.81 x 10712
carbazole + OH (k,ps) 3.70 x 10712
carbazole + OH — IM1 +H,O (k;) 1.31 x 10716
carbazole + OH — IM2 + H,O (k) 2.03 x 10716
carbazole + OH — IM3 + H,O (k) 1.05 x 10716
carbazole + OH — IM4 + H,O (k) 2.03 x 10716
carbazole + OH — IM5 + H,O (ks) 3.70 x 10712
carbazole + OH (k,4q4) 2.82 x 10712
carbazole + OH — IM12 (k) 1.23 x 10712
carbazole + OH — IM13 (k7) 210 x 10714
carbazole + OH — IM14 (kg) 9.65 x 10714
carbazole + OH — IM15 (ko) 6.09 x 10714
carbazole + OH — IM16 (k1) 1.01 x 10712
carbazole + OH — IM17 (k1) 1.61 x 10716

In Table 1, the individual rate constants for the H abstraction by OH radical of the
C1-H, C2-H, C3-H, C4-H, and N-H bonds of carbazole are noted as ky, k», k3, k4, and ks,
respectively. In the H abstraction reactions, the H abstraction from the N-H bond has
the maximum rate constant of 3.70 x 10712 cm3 molecule™! s~1, which is four orders of
magnitude higher than those from the C-H bond. The overall rate constant of the OH
abstraction reaction is denoted as k,ps, kaps = (k1 + kp + k3 + k4) X 2 + ks. The overall rate
constant kg, is 3.70 x 10712 cm® molecule™! s~! at 298 K and 1 atm. The individual rate
constants for the OH addition to the C1, C2, C3, C4, C10, and C11 bonds of carbazole
are noted as kg, k7, kg, ko, k19 and k11, respectively. In the OH addition reactions, the OH
addition on C1 has the maximum rate constant of 1.23 x 10712 cm?® molecule™! s7!. The
overall rate constant of the OH addition reaction is denoted as k,qq, kaqq = (k¢ + k7 + kg + ko
+ k19 + k11) x 2. The overall rate constant k,qq is 2.82 x 10712 cm® molecule™! s~ at 298 K
and 1 atm. The overall rate constant of carbazole with OH is denoted as k, k = kypg + kagq-
The overall rate constant k is 6.52 x 10~!2 cm?® molecule ! s~1 at 298 K and 1 atm.
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Comparison of the k5 and k1, ks, and k; show that the H abstraction from the N-H
bond and OH addition to the C1 atom are competitive. This agrees well with the thermal
analysis above. The OH addition on C1 and H abstraction on N atoms account for 94% of
the total reaction rate.

According to the overall rate constants of the reaction of carbazole with OH radical and
the average OH concentration in the atmosphere Copy = 11.3 X 10° molecule cm 3 [3,18],
from the formula: .

k(OH + carbazole) X Con

T =

the atmospheric lifetime of carbazole determined by OH radical is calculated as 37.70 h.

Due to the absence of the available experimental values, it is difficult to make a direct
comparison of the calculated rate constants with the experimental data for the reaction
of carbazole with OH radical. Therefore, a comparison of the lifetime for the reaction
of carbazole and OH radical with the literature values of the other five kinds of NSO-
HET compounds and OH radical, and the results are displayed in Table S5. Wallington
and Atkinson et al. measured the rate constant of pyrrole and indole with OH were
(1.03 £ 0.06) x 10719 cm?3 molecule ! s~ and (1.54 4 0.35) x 1010 cm® molecule ! s~ 1 [28,29],
respectively, which were lower than that of carbazole with OH. This may have originated
from the different reaction activities and positions of OH attack from the benzene ring and
hetero cyclopentadiene ring. It can be seen from Table S5 that the rate constant of carbazole
with OH is similar to that of dibenzothiophene with OH [27], and lower than those of
dibenzofuran/fluorene with OH radical [24,26]. The N /S substitution of NSO-HETs can
decrease the reactivity of the reaction with OH radical and increase the rate constant than
that from the O/C substitution. Jenkin et al. calculated the group rate constants for OH
addition to an unsubstituted carbon (karom) and to a methyl-substituted carbon (kips,) are
2.00 x 10713 and 2.80 x 10713 cm® molecule™! s~1, which are lower than OH addition of
carbazole (k,qq = 2.82 x 10712 cm® molecule~! s~ 1) [44].

4. Conclusions

In this study, we investigated the atmospheric oxidation of carbazole initiated by OH
radical with quantum chemical calculation methods. The mechanism of the formation
of main products was determined. In addition, the rate constants and lifetimes for the
vital reactions of carbazole degradation by OH radical were evaluated. The rate constants
and lifetime of carbazole were compared with those of the other five kinds of NSO-HETs.
The impact of structure and element substitution of NSO-HETs on the lifetimes was also
discussed. This work provides a better understanding of the reactivity of carbazole in the
atmospheric environment and the chemical degradation and removal of carbazole in the
atmosphere. The main conclusions are as follows:

1. There are four types of reactions for the degradation of carbazole initiated by OH
radical: OH additions to “bend” C atoms, OH additions to “benzene ring” C atoms,
H abstractions from C-H bonds, and the H abstraction from N-H bond. Among them,
OH additions to “bend” C atoms and H abstractions from C-H bonds are energetically
unfavorable. The best pathway of OH addition reactions is OH addition to C1 atom,
which is competitive with the H abstraction from the N-H bond.

2. The primary products of carbazole oxidation by OH radicals in the atmosphere include
hydroxycarbazole, dialdehyde, carbazolequinone, carbazole-ol, hydroxy-carbazole-
one, and hydroperoxyl-carbazole-one.

3. The degradation of carbazole in the atmosphere is significant, for which the rate
constant determined by OH radical is 6.52 x 107!2 cm3 molecule ™! s~! and the
lifetime is 37.70 h. The OH addition on C1 and H abstraction on N atom account
for 94% of the total reaction rate. The ranking of the rate constant for the reaction of
NSO-HETs with OH is as follows: Carbazole ~ Dibenzothiophene < Dibenzofuran ~
Fluorene < Pyrrole ~ Indole.
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Supplementary Materials: The following Supplementary Materials can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13071129/s1, Table S1. Comparison of the geometrical
parameters of carbazole degradation by OH radical in M06-2X method with those of other 5 kinds
of methods. Table S2. Imaginary frequencies (in cm™ D), zero-point energies (ZPE, in a.u.) and total
energies (in a.u.) for the transition states involved in the oxidation reaction of carbazole initiated
by OH radical. Table S3. Cartesian coordinates for the transition states in the oxidation reaction
of carbazole initiated by OH radical. Table S4. Calculated bond lengths (angstrom) and bond
energies (kcal mol 1) of C-H bonds and O-H bonds in the intermediates IM12-IM15 at M06-2X/6-
311++G(3df,2p)/ /M06-2X/6-311+G(d,p) level. Table S5. Comparison of the rate constants and
lifetime of carbazole degradation by OH radical with those of other 5 kinds of NSO-HETs. Table S6.
RRKM calculated rate constants (in cm® molecule~! s=1) for TS1, TS5 and TS14 involved in the
OH-initiated oxidation degradation of carbazole at 298 K and 10—670 torr.
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