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ABSTRACT: The present investigation theoretically reports the compre-
hensive kinetic mechanism of the reaction between aniline and the methyl
radical over a wide range of temperatures (300—2000 K) and pressures (76—
76,000 Torr). The potential energy surface of the C¢qH;NH, + CH; reaction
has been established at the CCSD(T)//M06-2X/6-311++G(3df,2p) level of
theory. The conventional transition-state theory (TST) was utilized to
calculate rate constants for the elementary reaction channels, while the
stochastic RRKM-based master equation framework was applied for the T-
and P-dependent rate-coefficient calculation of multiwell reaction paths.
Hindered internal rotation and Eckart tunneling treatments were included.
The H-abstraction from the —NH, group of aniline (to form P1 (C;H;NH +
CH,)) has been found to compete with the CH;-addition on the C atom at
the ortho site of aniline (to form IS2) with the atmospheric rate expressions
(in cm® molecule™ s7!) as k,; = 7.5 X 1072 T*** exp[(—40.63 + 0.29 kJ-mol™)/RT] and ky, = 2.29 X 107> T™>" exp[(—56.94 +
1.17 kJ-mol™")/RT] for T = 300—2000 K and P = 760 Torr. Even though rate constants of several reaction channels decrease with
increasing pressures, the total rate constant ko = 7.71 X 1077 T"?% exp[(—40.96 + 2.18 kJ-mol ') /RT] of the title reaction still
increases as the pressure increases in the range of 76—76,000 Torr. The calculated enthalpy changes for some species are in good
agreement with the available experimental data within their uncertainties (the maximum deviation between theory and experiment is
~11 kJ-mol™"). The T1 diagnostic and spin contamination analysis for all species involved have also been observed. This work
provides sound quality rate coeflicients for the title reaction, which will be valuable for the development of detailed combustion
reaction mechanisms for hydrocarbon fuels.

Gas Phase Reaction
DFT - TST - RRKM/ME

C¢HsNH, + CH,

1. INTRODUCTION
Aniline (C¢H;NH,), consisting of a benzene ring attached to an

humans are thought to be related to aniline if people are
regularly exposed to this substance.” Oxidation of amine

amino group, is the simplest primary aromatic amine. It is an
important precursor to manufacture a wide range of products
used in our daily life, including polyurethane foam, agricultural
chemicals, synthetic dyes, antioxidants, paints, fabrics, rubbers,
herbicides, varnishes, drugs, and explosives. It is worth
mentioning that many industrial processes, encompassing
both the manufacture and application of aniline, have
substantially contributed to the rise in atmospheric aniline
emissions. These emissions have reached concentrations of up
to tens of parts per trillion by volume (pptv).' In the
atmosphere, aniline possesses the characteristic of aromatic
compounds and ignites immediately with a smoky flame.”
Aniline and its derivatives can react with atmospheric oxidants
and contribute to the formation of secondary organic aerosols
(SOAs). In addition, it is considered a hazardous air pollutant
(HAP) and has been listed by the United States Environmental
Protection Agency (EPA) as a priority pollutant due to its
toxicitg;and potential risks to human health and the environ-
ment.”” Some kinds of common diseases (e.g., anemia,
headaches, tremor, paresthesia, pain, narcosis or coma, cardiac
arthythmia, and heart, kidney, and liver damage) occurring in
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compounds including aniline often leads to N-centered radicals,
which can highly react with atmospheric gases such as nitrogen
monoxide and nitrogen dioxide instead of reacting with oxygen
molecules to form carcinogenic nitrosamines and nitr-
amines®'” because the reaction between N-centered radicals
and oxygen molecules often occurs slowly; thus, these radicals
when formed should possibly be removed by atmospheric
species.lz’13

Another moiety of the reactants, methyl radical (CH,) known
as an isoelectronic species, occurs naturally in the troposphere
with very low concentration, typically on the order of 1—10 pptv
in clean air; however, it can be much higher in areas with high
levels of pollution. This radical is recorded to be a short-lived
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species in the atmosphere with a lifetime on the order of seconds
to minutes."* Methyl radical is primarily produced in the
atmosphere through the photolysis of volatile organic
compounds (VOCs) such as methane (CH,), which is the
largest natural source of methyl radical. Anthropogenic sources
of VOCs, such as industrial processes and transportation
regarding the burning of fossil fuels or biomass, also contribute
to the production of methyl radicals in the atmosphere.'
Furthermore, natural sources such as plant emissions, wetland
soils, and oceans can lead to the release of CH, or other
hydrocarbons into the atmosphere, which can then break down
and release CH, radicals in the troposphere.'® Once formed,
methyl radical can react with a variety of atmospheric species
including oxygen (O,), nitrogen oxide (NO), and ozone (O5).
Some of the main reactions involving a methyl radical in the
troposphere include CH; + O, - CH;0, (methyl peroxy
radical),'’” CH; + NO — HCN + H,0,'® CH, + HO, —
products,’” and CH; + O; — products (ozone depletion
reaction).20 These reactions can have important impacts on
atmospheric chemistry, affecting the levels of important
pollutants such as ozone, as well as the oxidation capacity of
the atmosphere. In addition, the methyl radical not only acts as
an important agent in fossil fuel combustion but also plays a key
role in the high-temperature oxidation of hydrocarbons.”" It is
considered one of the troposphere’s detergents, which is
relevant to the removal process of various volatile organic
compounds. Therefore, it can react with almost all air pollutants,
including the aniline compound.”>** Furthermore, it is known
that the majority of organic compounds discharged into the
atmosphere undergo degradation by reactions with free radicals
OH, CHj;, and NO; through photolysis and physical
mechanisms such as wet and dry deposition.”* Hence, an
accurate understanding of the mechanism and kinetics of the
reaction between aniline and the methyl radical is imperative for
comprehending the conversion of aniline into other chemical
species by CHj; radicals in the troposphere.

To the best of our knowledge, the mechanism and kinetics of
the reaction between C;H,NH, and CH; radical, at various
temperatures and pressures, have not yet been investigated in
both theoretical and experimental aspects, even though the
concentrations of aniline and the methyl radical in the
atmosphere are relatively high in regions where pollution is
particularly severe. It was found that the chemistry of aniline is a
prototype for complex nitrogen-containing compounds of
potential relevance to combustion applications.”” Due to the
lack of such qualitative and quantitative data, the present study
focuses on studying the possibility of explaining the behavior of
aniline through the application of quantum mechanical
methods. It is anticipated that modern technology may bring a
deeper understanding of the associated chemical mechanisms
and open the route for further studies of other aromatic amines.
Therefore, in the present work, the CCSD(T)//M06-2X/6-
311++G(3df,2p) level of theory has been used to thoroughly
characterize the potential energy surface (PES) of the C¢H;NH,
+ CHj; reaction. This reaction was not suggested earlier as a
possible source of polycyclic aromatic hydrocarbon precursors,
but it is an appropriate representative of the layer of reactions of
aromatic molecules with species having a single electron. The
mechanism of the C¢qH;NH, + CHj reaction indicates that the
reaction can proceed via addition and/or abstraction channels,
and the most favorable path can lead to an intermediate, namely,
2-methyl-aniline (CH;—C¢H;NH,) or a bimolecular product
containing C;H;NH and CH,.

2. COMPUTATIONAL METHODS

In the present study, in order to optimize geometric structures of
all species in the CqH;NH, + CH; reaction system, we have
utilized the density functional theory DFT/MO06-2X>°"*% in
conjunction with the 6-311++G(3df2p)>’ basis sets. Vibra-
tional frequencies, moments of inertia, and zero-point vibra-
tional energies (ZPVE) were obtained after optimizing the
species involved. The geometries optimized at the M06-2X/6-
311++G(3df,2p) level were then employed for the single-point
energy calculations at the CCSD(T)/6-311++G(3df;2p)*" level
of theory. The potential energy surface of the C;H;NH, + CH;
reaction system has been established based on the relative
energies of the species computed at the CCSD(T)//M06-2X/6-
311++G(3df2p) + ZPVE level in which the ZPVE values were
corrected by a factor of 0.971.%" This correction was also applied
to many previous studies.”” >’ The calculated vibrational
frequencies of each species were used to confirm the difference
between an intermediate state and a transition state (a saddle
point). Normally, all frequencies of a local minimum are positive
and a transition state must contain one negative frequency
(imaginary frequency). The intrinsic reaction coordinate
(IRC)*** was utilized to determine the connection between
a transition state (TS) and two stationary points that lie just
before and after this TS. All of the calculations in this study were
conducted by the Gaussian 16 software package.*’

Rate constants of the energetically low-lying reaction paths on
the PES have been calculated by using the MESMER program*’
whose code was written based on the fundamental theory of
kinetics including TST,*”” VRC-TST,"** and RRKM theory™*
with Eckart tunneling corrections.*® Such a model has been
successfully utilized for various gas-phase reaction systems; " >
e.g, C;H; + NH;,"” CyH; + CH,, ™ and C,H; + C,H,.> The
sum of state and the density of state were computed with the
support of energy barriers, vibrational frequencies, and rota-
tional constants. The master equation®” involving multistep
vibrational energy transfer for the C,HgNH, excited inter-
mediate state was solved to obtain the pressure- and temper-
ature-dependent rate constants using the energy-dependent
microcanonical RRKM statistical rate constants, k(E). In this
study, the values of Lennard-Jones (L-J) of the bath gas Ar (&/kg
= 113.50 K, 6 = 3.465 A) and the L-J values of the C,;H,NH,
intermediate (6 = 5.923 A, £ = 407.8 K) have been taken from
the references.””** The average energy transferred per collision,
(AEy,,,) = 400 cm™, was used for the standard form of the
“exponential down” model.>> The suitability of this value for
several reaction systems, including C¢Hg + NH,,* C;H; +
NH,,"” and C;H; + HNCO, ® has been discovered. Addition-
ally, the impact of different (AEy,,,,) values on the outcomes of
the C;qHNH, + CHj system has been meticulously investigated
and deemed insignificant. This serves as the basis for us to utilize
it in the current system. The thermochemical properties
including enthalpy change (AH®,g5), Gibbs free energy
(AG®,0sx), and entropy change (AS°,05¢) of the system have
also been taken into account in comparison with the available
literature data to determine the validity of the method used in
this calculation.

3. RESULTS AND DISCUSSION

3.1. Potential Energy Surface and Reaction Mecha-
nism. The PES containing the favorable channels of the
C¢sHsNH, + CH; reaction system characterized at the
CCSD(T)//M06-2X/6-311++G(3df2p) level of theory is
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Figure 1. Potential energy surface containing the favorable channels of the C;H;NH, + CHj reaction system calculated at the CCSD(T)//M06-2X/6-

311++G(3df,2p) + ZPVE level of theory (energies are in kJ-mol ™).

shown in Figure 1 of this work, while the PES holding the
unfavorable channels is displayed in Figure S1. The M06-2X/6-
311++G(3df,2p) optimized geometries of all species involved
are displayed in Figures S2 and S3. Single-point energies and
zero-point vibrational energies (ZPVE) for all species predicted
at the various levels are presented in Table SI. Heats of
formation and heats of reaction (AH®gg) in the C,H;,N
system were calculated and compared with the experimental
data as listed in Table 1. Vibrational frequencies and the
complete list of Cartesian coordinates for all substances in the
system are tabulated in Tables S2 and S3, respectively, whereas
Gibbs free energies (AG®x) and entropies (AS®qex) of all
channels are presented in Table S4.

It is not difficult to realize that the reaction between the
aniline compound and the methyl radical can lead to various
bimolecular products, in which the P1—P4 products contain the
same species CH,, the PS, P7, P8, and P10 products contain
hydrogen atom, two products (P6, P9) have NH, radical, and
four products (P11-P13) own the same NH; molecule. In
detail, the four CH,-containing products, namely, P1 (C;H;NH
+ CH,), P2 (0-C;H,NH, + CH,), P3 (m-C{H,NH, + CH,),
and P4 (p-CqH,NH, + CH,), were produced through the H-
abstraction procedures at the saddle points TOP1, TOP2, TOP3,
and TOP4 whose relative energies were predicted to be 54.1, 80,
79.2, and 82.9 kJ-mol~', respectively. The remaining products
were generated by the addition reactions proceeding via T0/1,

17007

T0/2, TO/3, and T0/4 at the first steps to create IS1, IS2, IS3,
and IS4, respectively, as can be seen in Figure 1. The M06-2X/6-
311++G(3df,2p) optimized geometry of TOP1 (see Figure S3)
indicates that the methyl group drags one H atom out of the
NH, group of aniline at a distance of 1.368 A, making the H—
NH bond length stretch to 1.224 A. The CH,—H-NH
abstraction is identified by the 1740i cm™ imaginary frequency
as shown in the TOP1 harmonic oscillator modes. The other H-
abstraction processes were also found at the three transition
states TOP2, TOP3, and TOP4 in which the first transition state
(TS) abstracts H at the ortho-position, while the second and
third TSs pull H out of the meta- and para-positions of the
aniline compound. The breaking and forming bonds (C—H and
CH,—H) in the three TSs above optimized at the M06-2X/6-
311++G(3df,2p) level are in the ranges of 1.37—1.38 and 1.28—
1.30 A, respectively. It can be seen from the PES that the
abstraction channel leading to P1, C;H;NH, + CH; (RA) —
TOP1 — P1, is found to be the most energetically and kinetically
favorable channel; this channel is also a unique exothermic
reaction pathway on the PES with the energy released by about
49 kJ-mol™". The three remaining abstraction channels, RA —
TOP2/TOP3/T0P4 — P2/P3/P4, are considered to be
endothermic processes with the energy absorbed ranging from
40.5 to 46.9 kJ-mol .
The PES shows that from the reactants, the addition to the C1
position of aniline leads to intermediate IS1, which is connected
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Table 1. Heats of Formation and Heats of Reaction (A H®,g, in Units of k]'mol™') of Some Species and 13 Reaction Channels in
the CcH NH, + CH, System Calculated at the CCSD(T)//MO06-2X/6-311++G(3df,2p) Level of Theory in Comparison with the

Experimental Data

species and reaction channels
C¢H NH, (aniline)
CH; (methyl radical)
CH, (methane)
H (hydrogen atom)
NH, (amino radical)
C¢H NH (anilino radical)
m-C¢H,NH, (meta-amino phenyl radical)
C¢H CH, (toluene)
0-CH;-C¢H,NH, (ortho-toluidine)
m-CH;-C¢H,NH, (meta-toluidine)
p-CH;-C¢H,NH, (para-toluidine)
C(H:NH, + CH, — P1 (C;H,NH + CH,)
C¢H{NH, + CH; — P2 (0-C;H,NH, + CH,)
C(H:NH, + CH; — P3 (m-C{H,NH, + CH,)
CeHNH, + CH, — P4 (p-C;H,NH, + CH,)
C¢H,NH, + CH; — PS (0-CH,-C;H,NH, + H)
C(H.NH, + CH,; — P6 (C;H,(H)CH, + NH,)
C¢H{NH, + CH, — P7 (H(CH,)C4H,NH, + H)
C4H(NH, + CH, — P8 (m-CH,-C,H,NH, + H)
C¢HNH, + CH; — P9 (C4H;CH, + NH,)
C¢HNH, + CH, — P10 (p-CH,-C¢H,NH, + H)
C¢H(NH, + CH, — P11 (C(H,CH, + NH,)
C(H{NH, + CH, — P12 (m-H(CH,)-C¢H, + NH,)
C¢H,NH, + CH; — P13 (p-H(CH,)-C¢H, + NH,)

CCSD(T)//M06-2X/6-311++G(3df,2p)"

experimental data

86.20 87.03 + 0.88"
141.876 146.452 + 0.055°
—74.012 —74.526 + 0.049°
213.581 + 4.18 217.998 + 0.000°
183.85 + 4.18 186.03 + 0.11°
251.426 2512174
341.941 + 4.18 3450537

46.69 + 4.18 50.11 + 0.33°
49.8 + 4.18 532+ 05"
51.96 61.1°

51.85 41.8°

—50.66 —56.80 + 0.8877
43.66 n/a

39.85 37.04 + 0.8877
46.22 n/a

3531 37.72 + 0.44%°
321.66 n/a

339.60 n/a

37.46 45.62 + 0.94"¢
247 2.68 + 0.467¢
37.36 26.32 + 0.94%°
37.63 n/a

368.06 n/a

282.73 n/a

“Values in this work. “Values collected from NIST (webbook.nist.gov). “Values collected from active thermochemical tables (ATCcT).®>** HValues

collected from NIST-JANAF thermochemical tables.

via the TO/1 transition state located at 70.4 kJ-mol™' above the
entrance point; whereas the addition to the ortho-, meta- and
para-positions of aniline gives rise to 1S2, 1S3, and IS4
intermediates, respectively. It is easy to see that the activation
barrier of the first addition channel is about 16—22 kJ-mol™*
higher than those of the remaining addition channels, cf. Figure
1, showing that it is more difficult to form the IS1 intermediate
state compared to the IS2—IS4 isomers. Among those species,
IS2 is the most favorable intermediate in energy, while IS3 and
IS4 intermediates have the same formation probability because
the energy barriers of the channels RA — T0/3 — IS3 and RA —
T0/3 — T0/4 are both equal to ~54 kJ-mol™". In terms of
thermodynamics, IS2 is also the most stable intermediate whose
relative energy is about —50 kJ-mol™'; however, the positions of
IS1, 1S3, and 1S4 on the PES are respectively 32, 39, and 43 kJ-
mol™" below the starting point. After forming IS1-IS4
intermediates, various subreaction paths can occur via isomer-
ization and/or dissociation processes resulting in different
isomers, IS5—1S14, and/or diverse bimolecular products, PS—
P13.1t can be seen from the PES, that the four products, namely,
P4, P8, P9, and P11, were produced when IS1 proceeded via the
TSs T1P4, T1P8, T1P9, and T1P11 located 344, 249, 45, and
267 kJ-mol ™!, respectively, above the reactants. Apparently, the
decomposition process IS1 — T1P9 — P9(C,H;CH, + NH,) is
much advantageous than those of IS1 — T1P4 — P4(p-
C H,NH, + CH,), IS — T1P8 — P8(m-CH,-C,H,NH, + H),
andIS1 - T1P11 — P11(C¢H,CH, + NH,;). Therefore, the P4,
P8, and P11 products are expected to be tremendously hard to
be created under ambient conditions. The P9 product is also
more stable than the remaining ones; its relative energy is only 2
kJ-mol™", which is 45, 35.1, and 35.2 kJ-mol™* lower than those

of P4, P8, and P11, respectively. For the IS1 — T1P9 — P9
decomposition, the T1P9 transition state depicted a NH,—
abstract process by a lose bond of around 2.0 A; this action was
characterized by an imaginary frequency of 592i cm™ calculated
at the M06-2X/6-311++G(3df,2p) level, cf. Figure S3 and Table
S2. From the IS2 intermediate state, there are various direct or
indirect reaction paths leading to two bimolecular products
P3(m-C4H,NH, + CH,) and PS(o-CH,-C{H,NH, + H), in
which the first product was formed by the direct path, IS2 — P3,
proceeding via the T2P3 saddle point located at the 368 kJ-
mol™ point on the PES. Due to the high energy barrier, this path
can be ignored in any condition of the title reaction. As stated
above, the RA — TOP3 — P3 channel also created the P3
product; considering the energy side, this channel is significantly
more favorable than the IS2 — T2P3 — P3 channel. Therefore,
it can be said that the P3 product was mainly produced by the
abstraction channel. For the PS product, it was formed by the
direct channel IS2 — T2P5 — PS5 and/or by the two indirect
channels IS2 — T2/6 — T6PS — PS and 1S2 —» T2/12 —
T12PS — PS. It is worth noting that the direct channel
consumes less energy than the two indirect channels (65 kJ-
mol™" at T2P5 vs 176 kJ-mol™") (T2/6 and 144 kJ-mol™") at
T2/12; hence, the two indirect channels should not be utilized
for the kinetic calculation in the latter section. The geometry of
T2PS shown in Figure S3 indicates that the abstraction of a H
atom has a bond length of ~1.8 A; this transition state is
confirmed by an imaginary frequency of 901i cm™'. The PES
also shows that the process forming the bimolecular product
P5(0-CH;-C4H,NH, + H) needs to receive at least 36 kJ-mol™!
from the environment. From the IS3 intermediate, three
bimolecular products P2, P8, and P12 were produced, in
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which P2(o-CqHNH, + CH,) and P12(m-H(CH;)—C¢H; +
NH;) were made by the single channels IS3 — T3P2 — P2 and
IS3 — T3/13 — IS13 — T13P12 — P12, while P8(m-CH;—
C¢H,NH, + H) could be formed by various single and double
channels, namely, IS3 — T3P8 — P8, 1S3 — T3/10 — IS10 —
T10P8 — P8, and IS3 — T3/11 — IS11 — T11P8 — P8. The
channel yielding P2 describes the formation of CH, by the
concerted elimination of H and CHj at the ortho- and para-
positions of IS3; the bond distances of C,,,—H and C,,,,,—CHj,
recorded at the structure of T3P2 (see Figure S3) are 1.3 and 2.2
A, which are distinguished by an imaginary frequency 1495i
cm™". Considering the inherent barrier of ~400 kJ-mol™" with
respect to IS3, the IS3 — P2 pathway via T3P2 cannot compete
with the RA — P2 abstraction via TOP2, and the P2 is likely not
formed by the decomposition. Among three reaction channels
going to P8, the first path overcomes only one saddle point at the
T3P8, whereas the second and third ones must cross two TSs for
each channel. The T3P8 transition state shows a H-abstraction
process of the C,4,—H bond with the distance of 1.74 A, cf.
Figure S3, and the negative frequency of this vibration was found
to be about 1023i cm™". Note that the inherent barrier of 48 kJ-
mol™" (T0/2) with respect to the separated reactants is lower
than the addition barrier of 54 kJ-mol™" (TO0/3), while the
relative energy of 65 kJ-mol™" (T2PS) is also smaller than the
energy of 71 kJ-mol™' (T3P8) relative to the reactants,
indicating that the endothermic reaction pathway yielding P8
(37 KJ'mol™") from the reactants does not compete with the
channel RA — PS (36 kJ-mol™"). Considering the relative
energies of T3P8 and T3/10 (140 kJ-mol™") and T3/11 (148 kJ-
mol™"), the first path is more favorable than the second and third
paths; thus, the P8 product is mainly formed by the first channel.
Unlike P2 and P8 products, P12(m-H(CH;)—C¢H; + NHj;),
was only produced by the fragmentation of IS3 — P12 via two
tight exit transition states, T3/13 and T13P12, where the first-
order saddle point T3/13 holds the highest energy level of 553
kJ-mol™". Furthermore, this product is also not stable in
thermodynamics (367 kJ-mol™") relative to the reactants,
suggesting that it is unlikely to be formed during the title
reaction.

From the intermediate state 1S4, six bimolecular products P2,
P6, P7, P10, P11, and P13 can be formed, in which the P2, P6,
P7, and P13 products were produced after forming intermediate
state ISS at 115 kJ-mol ™" by the IS4 — ISS isomerization going
via transition state T4/5 (295 kJ-mol™"). The products P2(o-
C(H,NH, + CH,), P6(C,H,(H)CH, + NH,), and P7(H-
(CH,4)C4H;NH, + H) were formed directly via the correspond-
ing saddle points TSP2 (399 kJ-mol™"), TSP6 (329 kJ-mol™"),
and TSP7 (353 kJ-mol™"), while the P13 product was formed
indirectly through two TSs, namely, TS/9 (40S kJ-mol™") and
T9P13 (322 kJ-mol™"). It can be seen that the T4/5 transition
state and all of the subsequent TSs are very high in energy, so the
reaction paths leading to those products can be ignored when
considering the mechanism of the title reaction. P11 was created
by the two-step fragmentation IS4 — IS8 — P11 going via T4/8
(248 kJ'mol™') and T8P11 (141 kJ-mol™"), whereas P10 was
formed by two different channels IS4 — P10 via T4P10 (70.4 kJ-
mol™") and IS4 — IS14 — P10 via T4/14 (149.5 kJ-mol™") and
T14P10 (69 kJ-mol ™). Apparently, only the direct channel 1S4
— P10 is dominant in energy, which competes equally to the
channel IS3 — P8 going via the T3P8 transition state located at
70.6 kJ-mol™' above the reactants, guessing that the two
channels RA — T0/3 — IS3 — T3P8 — P8 and RA — T0/4 —
IS4 — T4P10 — P10 have the same reaction rate; however, they

are both less favorable in comparison with the channel leading to
the PS product, RA — T0/2 — 1S2 — T2PS.

It is not difficult to observe that the mechanism of the
Cs¢HsNH, + CHj; reaction can be regarded as similar to that of
the C;qH;CH; + CH; reaction. An interesting aspect is that both
CHj; and NH, are type-I substituents, meaning they both donate
electrons into the benzene aromatic ring, resulting in high
electron density at the ortho- and para-positions. In the study of
Li et al,”” the hydrogen abstraction mechanisms from toluene
by the methyl radical were characterized carefully at the B3LYP/
6-31G(2dfp) level of theory; the Gaussian-4(G4) composite
method was also employed to achieve highly accurate
thermochemical data. In this reaction system, the authors have
indicated that hydrogen atoms can be abstracted either from the
CHj; group or from the ortho-, meta-, and para-positions. These
abstraction channels proceeded via the transition states
TScu,-chy TSchyw TSch,-m and TScy,, whose barrier heights

are 42.7, 68.2, 69.5, and 70.3 kJ-mol ™", respectively. Meanwhile,
the corresponding transition states TOP1, TOP2, TOP3, and
TOP4 of the C¢H;NH, + CHj reaction system, in this study,
hold the barrier heights of 54.1, 80, 79.2, and 82.9 kJ-mol~". In
terms of energy, it can be inferred that the hydrogen abstraction
processes of the CqH;CH; + CHj reaction are more dominant
than those of the C¢(H;NH, + CH, reaction. In addition, it can
be seen that in both reaction systems, abstraction of hydrogen
atoms from the methyl group of toluene and/or from the amine
group of aniline is lower than that on the phenyl ring, and the
differences between barrier heights for hydrogen abstraction at
ortho-, meta-, and para-positions are less than 3 kJ-mol™". From
the obtained barrier heights, we would expect that the difference
between rate constants of H-abstraction by CH; from the
methyl or amine groups and those from the phenyl ring will be
more pronounced, while the difference in the reaction rate
constants of H-abstraction by CHj; from ortho-, meta-, and para-
positions will be modest.

3.2. Thermochemical Properties. In order to check the
accuracy of the calculations in this study, the enthalpy changes
(AH®,95) of some species such as CsH;NH,, CH;, CH,, NH,,
C¢HsNH, etc., and all of the reaction channels predicted at the
CCSD(T)//M06-2X/6-311++G(3df,2p) level of theory were
calculated and presented in Table 1. The available experimental
data cited from the Active Thermochemical Tables (ATcT) and
from NIST were also added in the table to compare with the
calculated results. In general, as can be seen from Table 1, the
calculated values are in good agreement with the literature values
within their uncertainties (e.g., the maximum deviation between
theory and experiment, in this case, is around 11 kJ-mol™"). Such
good agreement indicates that the methods, M06-2X and
CCSD(T), used in the present study are absolutely reasonable.

In detail, it can be found that the most dominant channel,
C¢HNH, + CH; — P1 (C{qH,NH + CH,), has the smallest
value of the enthalpy change, which is about —50.7 kJ-mol™*
calculated at the CCSD(T) level. The deviation between this
number with the experimental value for this channel is ~6 kJ-
mol™". Three reaction channels leading to isomer products,
which are CH.NH, + CH; — P2: o-CH,NH, + CH,,
C(HNH, + CH, — P3: m-C{H,NH, + CH,, and C(H,NH, +
CH; — P4: p-CcH,NH, + CH,, have the same enthalpy
changes, respectively, being 43.7, 39.9, and 46.2 kJ-mol™!
computed at the CCS3D(T) level. The calculated value of
39.9 kJ'mol™ is found to be in good agreement with the
experimental value of 37.04 + 0.88 kJ-mol™', whereas the
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Table 2. Rate Constants of the Reactions CqH{NH, + CH; — Px (x = 1—5, 8—10) at P = 760 Torr (Ar) and T = 300—2000 K

T ka1 ke ks Ky
300 2.08 x 1072 224 x 107% 5.04 X 107% 8.62 X 107%
400 323x107%° 445 % 107% 8.82 X 107¥ 2.19 x 107%
500 7.34 x 1079 481 x 107 8.88 X 107 2.75 X 107
600 638 x 107!8 1.20 X 1073 212 % 1073 7.57 x 1073
700 3.19x 1077 129 x 1073 2.19 x 1073 8.69 X 1073
800 1.13 x 10716 8.10 X 1073 1.34 x 1073 5.74 x 1073
900 3.15x 10716 3.54 x 1073 5.77 X 1073 2.61 X 1073
1000 7.43 X 10716 1.20 x 1073 1.92 x 1073 9.10 X 1073
1100 1.55x 1075 3.34 x 107 5.30 X 107 2.61 X 1072
1200 292 x 1071 8.07 X 107 127 x 1073 6.44 X 107
1300 512 x 1078 1.74 x 107! 271 x 107! 1.41 x 1073
1400 8.44 X 1071 343 x 107! 529 X 1073 2.82 X 1073
1500 1.32x 107 6.26 x 10731 9.62 x 107! 523 x 107
1600 1.99 x 1071 1.08 x 1073° 1.64 x 1073° 9.10 X 1073
1700 2.89 x 1071 1.76 x 1073° 2.67 x 107 1.50 x 1073°
1800 4,06 x 107 2.75x 107 4.16 x 107 2.37% 1073°
1900 5.57 X 1071 414 x 107 6.24 x 107 3.60 X 107
2000 7.46 X 1071 6.03 x 1073° 9.06 x 1073° 528 x 107

k, ky ks k,
1.03 x 107% 1.62 x 1073 1.00 x 1073° 5.30 X 1073
2.88 X 10726 7.21 X 1077 592 x 1077 2.35%x 1077
424 x 107% 1.39 x 107 1.33 X 107 453 x 1072
1.51 X 107> 6.00 X 1073 612 x 1073 2.00 x 1073
1.97 x 107! 8.56 X 1072 8.67 X 1072 3.01 x 1072
1.20 X 1072° 5.54 x 107 5.64 x 107 2.06 x 107!
427 x 1072 2.13x 1072 225 %1072 8.15 X 107%
1.08 x 107" 5.97 x 107%° 6.68 x 107%° 230 x 107%°
221x107Y 1.38 x 107" 1.64 x 107" 5.26 x 10720
405 x 107Y 2.82 % 107Y 3.57x107Y 1.06 x 107Y
6.94 x 107Y 536 x 107Y 7.17 x 107Y 1.99 x 107Y
1.14 x 107¢ 9.74 x 107Y 1.37 x 10718 3.53x107Y
1.84 x 10718 1.72x 1078 2.52%x 10718 6.07 x 107Y
2.95 x 10718 2.99 x 10718 457 x 1078 1.02 x 1078
470 x 1078 5.18 x 10718 827 X 10718 1.69 x 1078
7.57 X 10718 9.03 x 1078 1.51x 107" 277 x 1078
124 x 1077 1.60 x 107V 2.82%x 107V 456 x 1078
2.07 x 1077 2.90 x 1077 533 x 1077 7.54 x 1078

measured data for the two remaining channels are not available
(see Table 1).

The next three reaction channels, C;(H,NH, + CH; — PS5 (o-
CH,—C,H,NH, + H), CH.NH, + CH, — P8 (m-CH,
C¢H,NH, + H), and CJH,NH, + CH, — P10 (p-CH;-
C¢H,NH, + H), also hold the same values of 35.3, 37.5, and 37.4
kJ-mol ™!, respectively. The laboratory data collected from NIST
(webbook.nist.gov), Active Thermochemical Tables (ATcT),
and NIST-JANAF Thermochemical Tables for the correspond-
ing channels are 37.72 + 0.44, 45.62 + 0.94, and 26.32 & 0.94 kJ-
mol ™!, showing that the maximum discrepancy between theory
and experiment is about 11 kJ-mol™".

For the reaction channel C¢H,NH, + CH; — P9 (C{HCH; +
NH,), the enthalpy change is only 2.5 kJ-mol™’, which agrees
closely with the experimental value of 2.68 + 0.46 kJ-mol ™',
indicating that the replacement process of the NH, group with
the CH; group needs to receive very little energy from the
environment. Among the last three reaction channels, namely,
CH,NH, + CH, — P11 (C4H,CH, + NH,), C(HNH, + CH,
— P12 (m-H(CH;)—CgH; + NH;), and C¢H{NH, + CH; —
P13 (p-H(CH;)—CgH, + NH,), the first one owns the lowest
enthalpy change of 37.63 kJ-mol ™', while the two latter channels
retain the values of 368 and 282.7 kJ-mol™’, respectively,
showing that the former consumes less energy than the two
latter. The two products, P12 and P13, may not occur in ambient
conditions. This statement is completely consistent with the
conclusion in the energy analysis of the reactions on the PES.
The agreement between the predicted values and the
experimental data confirms that the methods used in this
study are absolutely reliable.

3.3. Diagnostic and Spin Contamination Analysis. In
this study, the T1 diagnostic analysis was also examined to
approximately measure the multireference character in the wave
function. The calculated values for all species involved depicted
at the CCSD(T)/6-311++G(3df2p) level are tabulated in
Table S5. The table reveals that the T1 diagnostics for singlet-
state and doublet-state species are less than 0.02 and 0.04S,
respectively, except for the two species m-H(CH;)—CgHj; and p-
H(CH;)—CgH; with the T1 diagnostics of 0.051 and 0.048,
respectively (the threshold for the T1 diagnostic of a closed-shell
species and an open-shell species was known to be 0.02 and
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0.045, respectively),58 indicating that the T1 diagnostics of all
species do not have significant multireference characters.
Although the T1 diagnostics for m-H(CH;)—C¢H; and p-
H(CH;)—C¢H; produced incorrect energy values for these
species, they were considered to be not critical to the title
reaction; hence, it can be concluded that the single-reference
methods can be surely utilized in this study. Furthermore, the
analysis of spin contamination was also considered, and the
results displayed in Table SS indicate that the singlet states have
(S%) values of 0.0, whereas the doublet states have values of
~0.76, confirming that the impact of spin contamination on the
determination of activation barriers and the structures of all
species can be considered insignificant.

3.4. Rate Constant Calculations. As mentioned earlier,
several reaction pathways depicted in Figure S1 with elevated
energy barriers were not taken into account during the rate
constant calculations as their impact on the overall product
formation of the system was insignificant. Therefore, only the
following reaction channels displayed in Figure 1 were
considered to calculate rate constants for the second-order
reaction C¢qH;NH, + CHj,

C¢H,NH, + CH, — P1 (C;H,NH + CH,) via TOP1

(kal)
CsH,NH, + CH,

— P2 (o — C4H,NH, + CH,) via TOP2 (ka2)
C¢HNH, + CH,

- P3 (m — C¢H,NH, + CH,) via TOP3 (ka3)
C¢H,NH, + CH,

— P4 (p — C(H,NH, + CH,) via TOP4 (ka4)
C¢H{NH, + CH,; — IS1 via T0/1 (kb1)
C,HNH, + CH, — IS2 via T0/2 (kb2)
C¢H;NH, + CH, — 1S3 via T0/3 (kb3)
CsH{NH, + CH, — 1S4 via T0/4 (kb4)
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C¢HNH, + CH; — PS (0 — CH,—C,H,NH, + H)
(k1)
C¢HNH, + CH; — P8 (m — CH;—C,H,NH, + H)
(k2)
C¢H{NH, + CH; — P9 (C{H,CH, + NH,) (k3)

CHNH, + CH, — P10 (p — CH,—C,H,NH, + H)
(k4)

Rate constants for the abstraction channels (k,;—k,,) and the
addition channels (k,,—k,,) have been predicted by the
transition state theory (TST), whereas those for the bimolecular
reaction channels (k;—k,) have been calculated by the RRKM/
ME approach. All rate-constant calculations were implemented
by using the MESMER code®' with the use of the Eckart
tunneling effects.*

The calculated second-order rate constants k,;—k,, and k;—k,
in the temperature range of 300—2000 K and at 760 Torr (Ar)
pressure for the channels C;H,NH, + CH; — (P1-P4) and
C¢H,NH, + CH; — (PS, P8, P9, and P10) are presented in
Table 2, whereas the ky;—ky, rate coeflicients for the C;H.NH,
+ CH; — C,H (N (IS1—IS4) channels are tabulated in Table 3.

Table 3. Rate Constants of the Reactions C;(H;NH, + CH; —
ISx (x = 1—4) at P = 760 Torr (Ar) and T = 300—2000 K

T Ky, Ky, kys Kyq
300 525 %1072 3.50 X 107 192 x 1072 255x 1072
400 5.78 X 1073 3.61 x 107Y 382X 107 4.96 x 107
500 3.32x 1074 6.11 X 10718 9.06 X 107 1.17 x 1078
600 457 x 107% 3.78 x 1077 6.90 X 10718 8.80 X 10718
700 2.69 X 107Y 124 x 1071¢ 2.63 x 1077 3.32x 1077
800 9.57 x 107¥ 2.70 x 10716 6.53 x 1077 8.10 X 1077
900 248 x 107" 451x 1071 124 x 10716 1.50 X 107'¢
1000 522x 107 638 %1071 198 X107 233 x107'¢
1100 9.54x107%  819x 107  284x107'¢  325x107'¢
1200 1.58 x 107V 9.92 X 10716 3.82x 107 425x107%
1300 244 x 107V 116 X 107 490 x 107  535x 10716
1400  3.59x 107V 134x 107" 612x 107 6.56 x 107'¢
1500  5.06 x 107V 1531078 747x 107 791 %1071
1600  6.90 x 107" 1.73x 107 897 x 107 942 x 107!
1700 9.14 x 1077 1.94 x 1075 1.06 x 1071 1.11 x 1075
1800 1.18 X 1071¢ 2.16 X 1071 1.24 x 1071% 1.30 X 107"
1900 1.46 X 10716 239 X 1071 142 x 1075 1.51 x 1075
2000 1.76 X 107'¢ 2.61 X 1071 1.60 x 107" 1.74 x 1075

The values of k,;—k,,, ky;—kp4, and k;—k, over the 300—2000 K
range and P = 76—76,000 Torr are shown in Tables S6—S11.
The calculated temperature- and pressure-dependent rate
constants and branching ratios for the main channels are
graphically displayed in Figures 2—6.

The modified Arrhenius equations with three parameters
adequately describes the calculated data in the temperature
range of 300—2000 K at 760 Torr (Ar) pressure and can be given
(in units of cm® molecule™ s™') as follows

k= 7.5 % 1072 T*% exp[(—40.63 + 0.29 kJ-mol ")
/RT]

k, =795 % 107 T**' exp[(—65.98 + 0.17 kJ-mol ")
/RT]
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—e—Kk1b: RA to IS1
—e—k2b: RA to IS2

A Kk3b: RA to IS3
I kdb: RA to IS4
g —e—Kkla: RA to P1
S —e—k2a: RA to P2
mE —e—k3a: RA to P3
§ —e—k4a: RA to P4
= —e—Kk1: RA to P5
»—=1 —e—k2: RA to P8

—e—k3: RA to P9
¢ k4: RA to P10

0.5 1

35
1000/T (1/K)

Figure 2. Plots of the predicted rate constants for the main reactions of
the CsH;NH, + CHj; system in the temperature range of 300—2000 K
and at a pressure of 76 Torr Ar.

—e—Kk1b: RA to IS1
—eo—Kk2b: RA to IS2
k3b: RA to IS3
k4b: RA to IS4
—e—kla: RA to P1
RA to P2
RA to P3
—e—k4a: RA to P4
—e—Kk1: RA to P5
—e—Kk2: RA to P8
—e—k3: RA to P9
¢ k4: RA to P10

P =760 Torr

—e—Kk2a:

—o—k3a:

Ln(k / cm3 molecule! s1)

0.5 1

35
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Figure 3. Plots of the predicted rate constants for the main reactions of
the C¢H{NH, + CHj system in the temperature range of 300—2000 K
and at a pressure of 760 Torr Ar.

—e—Kk1b: RA to IS1
—e—k2b: RA to IS2
k3b: RA to IS3
kdb: RA to IS4
—e—kla: RA to P1
RA to P2
RA to P3
RA to P4
—e—k1: RA to PS5
—o—k2: RA to P8
—e—Kk3: RA to P9
¢ k4: RA to P10

P=7600 Torr

—eo—k2a:
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0.5 1 35
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Figure 4. Plots of the predicted rate constants for the main reactions of
the C¢H{NH, + CHj system in the temperature range of 300—2000 K
and at a pressure of 7600 Torr Ar.

k=974 x 107 T3 exp[(—64.73 + 0.29 kJ-mol ")
/RT]

k., = 928 X 107 T*" exp[(—68.49 + 0.29 kJ-mol ")
/RT]

ky, = 1.59 x 107 T7 exp[(—72.09 + 1.21 kJ-mol™")
/RT]
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—e—Kklb: RA to IS1
—e—k2b: RA to IS2
k3b: RA to IS3
k4b: RA to IS4
—e—kla: RA to P1
—e—k2a: RA to P2
—e—k3a: RA to P3
—e—Kkd4a: RA to P4
—e—kl1: RA to P5
—e—k2: RA to P8
—e—Kk3: RA to P9
* k4: RA to P10

P=76000 Torr
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Figure 5. Plots of the predicted rate constants for the main reactions of
the CqH;NH, + CH; system in the temperature range of 300—2000 K
and at a pressure of 76,000 Torr Ar.

100% —e—Kk1b: RA to IS1
90% —e—k2b: RA to IS2
80% 1 —e—k3b: RA to IS3
70% + kdb: RA to IS4
60% 1 —e—kla: RA to P1
50% 1 —eo—Kk2a: RA to P2
a0% | —e—k3a: RA to P3

—eo—kd4a: RA to P4
30% —e—kI: RA to P5
20% 1 —o—k2: RA to P8
10% T —e—k3: RA to P9
0% o } o =

* t —e—k4: RA to P10
0.5 1 1.5 2 2.5 3 35

1000/T (K1)

Branching ratios

Figure 6. Branching ratios for the main channels of the C;H;NH, +
CH; system in the temperature range of 300—2000 K and at 760 Torr
(Ar) pressure. It should be noted that the branching ratios of some
products (IS1, P2-PS, P8, P9) in this figure may not be visible due to
their insignificant data. For more information, please refer to Table S14.

ky, = 229 x 107 T7>" exp[(—56.94 + 1.17 kJ-mol ')
/RT]

1.09 kJ-mol ")

H+

ky, = 1.19 X 107° T~>** exp[(—60.21
/RT]

kp, = 7.24 X 107> T>77 exp[(—60.71 + 1.30 kJ-mol ")

/RT]

I+

k, = 9.51 x 107" T™%% exp[(—83.09 + 2.68 kJ-mol™")
/RT]

k, = 2.16 x 107"® T exp[(—82.63 + 2.85 kJ-mol ")
/RT]

ky = 4.88 x 107 T"* exp[(—82.22 + 3.05 kJ-mol ")
/RT]

k, = 3.34 x 1077 T** exp[(—85.48 + 2.34 kJ-mol ")
/RT]

ke = 771 X 1077 T2 exp[(—40.96 + 2.18 kJ-mol ™)

/RT]

total

Overall, it is observed that the rate constants for the designated
reaction channels tend to increase with increasing temperature
in the range of 300—2000 K, in which the most significant
increase in rate constants can be seen in the values of k,,, ks, k,,,
and k,—k,. The rate constant k,;, of the C;H,NH, + CH; — IS2
channel is the highest if the temperature is less than or equal to
900 K with the branching ratio over the range of 43—84% (T =
300—900, P = 760 Torr). In contrast, the k;, value of the
C¢H;NH, + CH; — P1 (C4H,NH + CH,) channel will occupy
the first place if T > 900 K with the branching ratio of 30—92%
(T =900—2000 K, P = 760 Torr), cf. Figures 2—6. For example,
the rate constants at (T = 300 K, P = 760 Torr) of k;, and ky, are
2.08 X 1072? and 3.50 X 107" cm® molecule™ s7!, respectively,
while those values at (T = 2000 K, P = 760 Torr) correspond to
7.46 X 107" and 2.61 X 107"° cm® molecule™" s™'. Despite the
sharp increase in value as mentioned above, the rate constants
k,,, ks, and k4, of the reaction channels C(H,NH, + CH; — P2
(0-CH,NH, + CH,), C;H,NH, + CH, — P3 (m-C,H,NH, +
CH,), and C;H,NH, + CH, — P4 (p-C(H,NH, + CH,) still
hold the lowest values in comparison with the others, ranging
from ~107* to ~107° cm® molecule™ s™ (T = 300—2000 K).
The remaining rate constants k;—k, of the reaction routes
CHNH, + CH, — PS5 (0-CH,—C,H,NH, + H), C;H.NH, +
CH, — P8 (m-CH,—CH,NH, + H), C;H,NH, + CH, — P9
(C¢H,CH, + NH,), and C;H,NH, + CH, — P10 (p-CH,—
C¢H,NH, + H) occupy moderate values compared to the
others, being about ~107*° to ~107"7 cm® molecule™ s, with
the total branching ratio being less than 1% (T = 900—2000 K, P
=760 Torr). It should be noted that the calculated rate constants
for each channel on the PES are completely consistent with the
above-analyzed results in energy.

It is worth noting that the effect of pressure on the rate
constants has also been considered in the present study. From
Tables 2, 3, and S6—S11, it can be seen that the k;,—k,, rate
constants are pressure-independent values. These calculated
results are completely reasonable because all of the four
abstraction channels (k,,)—(k,,) are elementary reactions, in
which each of them overcomes only one transition state as
discussed above. The k;,—k,;, rate constants were recorded to
slightly increase with an increase of pressure in the 7.6—76,000
Torr range and in the case of T > 300 K. At T = 300 K, those
values are independent of the pressure. If going into specific
conditions, it is easy to realize that at the conditions of (T < 400
K and 760 < P < 7600 Torr) or (T < 800 K and 7600 < P <
76,000 Torr), the ky;, values do not depend on the pressure; e.g.,
the 400 K rate constant of ky;, is 5.78 X 107 cm® molecule ™' s™*
at both the pressure numbers of 760 and 7600 Torr. At the
conditions of (T < 400 K and 76 < P < 760 Torr), (T <700 K
and 760 < P < 7600 Torr), or (T < 900 K and 7600 < P <
76,000 Torr), the effect of pressure on the k,, values can be
ignored. Similar signs have also been found in the condition
ranges of (T <400 Kand 76 < P <760 Torr), (T < 600 K and
760 < P < 7600 Torr), or (T < 1000 K and 7600 < P < 76,000
Torr) for the values of ky, and (T < 400 K and 76 < P < 760
Torr), (T < 600 K and 760 < P < 7600 Torr), or (T < 1100 K
and 7600 < P < 76,000 Torr) for the values of ky, cf. Tables 2,3,
and S6—S11. Unlike the k;;,—k,;, rate constants, the k,—k, values
tend to reduce steadily as the pressure increases. For instance,
the 300 K values of k; at P = 76, 760, 7600, and 76,000 Torr were
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predicted to be 1.03 X 10728, 1.03 x 107, 1.03 X 107, and
1.03 X 107*! cm® molecule™ s, respectively; the 1000 K rate
constants of k, were 5.88 X 107", 5.97 x 107, 5.97 x 1072},
and 5.97 X 1072 cm® molecule™ s7! calculated at P = 76, 760,
7600, and 76,000 Torr, respectively. Although the k,—k, values
decrease with increasing pressures, the total rate constant of the
title reaction system still increases as the pressure increases in
the range of 76—76,000 Torr (see Table S12 and Figure 7). This
can be explained by the very weak decrease of the k;—k, values
compared with the strong increase of the k;,—k,, data.

-30
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Figure 7. Plots of the predicted total rate constants of the CqHNH, +
CH; system in the temperature range of 300—2000 K and at different
pressures of 76—76,000 Torr Ar. It should be noted that the invisibility
of the kinetic lines at 76, 760, and 7600 Torr should be acknowledged
because the calculated values at these pressures exhibit only minor
differences as can be seen in Table SIS.

Furthermore, in order to evaluate the capability of the
C¢HsNH, + CHj; reaction system, in this study, the calculated
rate constants for the H-abstraction channels (k;,—k,,) have also
been compared with those (kcp,—ciy kcuy-o Kom,m ke, p) of the

similar system, C;H;CH; + CH;,”” as shown in Table S13. From
the table, it can be seen that the k;,—k,, values of the CCH.NH, +
CH; reaction are much smaller than the respective values
kew,—chy kenyo keremw and ke, of the CiH;CH; + CHj
reaction. Particularly, the k;, number is approximately two
orders of magnitude smaller than the kcy,_cy, number over the

300—2000 K temperature range, and the k,,—k,, values are
about 18 orders of magnitude lower than the kcy,., ki, and

kcp,p values at T = 300 K but the difference between them tends

to slightly reduce to 17 orders of magnitude as the temperature
reaches 2000 K. In both reaction systems, the deviation in
reaction rate constants of H-abstraction by CH; from ortho-,
meta-, and para-positions is negligible. Thus, it can be observed
that the kinetic comparison results are also consistent with the
energy comparison results mentioned in the previous section.
This further confirms that the H-abstraction processes from the
different positions of toluene by the methyl radical are much
easier than those from the various sites of aniline.

Last but not the least, the rate constant of the CH; +
C¢HNH, reaction should also be compared to that of the CH,
+ O, reaction to consider the relevance of the former for the
atmospheric chemistry. It is not difficult to realize that molecular
oxygen exists in the atmosphere with a very high concentration

compared to aniline (~5.3 X 10'® molecule/cm® vs tens of
pptv); thus, the density of oxygen is dominant relative to aniline
density in the atmosphere. Also, in the air, the reaction of the
CH; radical with molecular oxygen proceeds so fast with the rate
constant at room temperature of ~1.2 X 107'* cm® molecule ™
s71°? while, in this condition, the total rate constant of the
reaction between aniline and CHj is only 4.2 X 107! cm’®
molecule™! s7!. Therefore, it can be said that aniline cannot
compete with the molecular oxygen in the reaction with the CH,
radical unless this radical appears with such a high concentration
(more than 6 X 10'* molecule/cm?).” However, the interaction
of CH; with O, is normally affected by inert gases such as N, or
Ne in the atmosphere, leading to a third-order reaction (CH; +
0, +M — CH;00 + M, M = N, or Ne) with the rate constant
of only 1.6 X 107! [(cm®/molecule)? s7'1°" or 1.35 x 107!
[(cm®/molecule)? s71];°% in this case, the CH; + C{HNH,
reaction is apparently much faster than the CH; + O, + M
reaction. Thus, it can be said that these two reactions can
compete with each other, depending on different influencing
factors.

4. CONCLUDING REMARKS

In the present study, the quantum chemical approach has been
applied to investigate the mechanism, kinetics, thermochemical
properties, as well as diagnostic and spin contamination analysis
of the C¢qHNH, + CH; reaction system. All of the species of the
system including the reactants, intermediate states, transition
states, and products have been optimized by the M06-2X
method in conjunction with the basis set 6-311++G(3df,2p).
The single-point energy values of the substances displayed on
the PES have been calculated by the very expensive method,
CCSD(T), with the same basis set above.

The mechanism of the CqH;NH, + CHj reaction can take
place as the addition style and/or the abstraction style. In the
first direction, the system proceeds via four well-defined
transition states T0/1, T0/2, T0/3, and T0/4 to form the
stable intermediates, namely, IS1, IS2, IS3, and 1S4 located 32,
49.8, 38.7, and 43.1 kJ-mol ™" below the reactants. In the second
direction, the system proceeds through four saddle points TOP1,
TOP2, TOP3, and TOP4 to generate the corresponding
bimolecular products P1, P2, P3, and P4. The calculated results
also revealed that the most dominant channels are the addition
path C¢H;NH, + CH; — IS2 going via T0/2 and the abstraction
channel C¢H;NH, + CH; — P1 proceeding via TOP1. These
two channels compete with each other in energy.

The predicted enthalpy changes (AH®,5¢) of some species
such as C¢H;NH,, CH;, CH,, NH,, C;H;NH as well as the heats
of the reaction paths leading to the P1—P13 products were
predicted at the CCSD(T)//M06-2X/6-311++G(3df,2p) level
of theory. The calculated values are satisfactory with the
available experimental data within their uncertainties (the
maximum deviation between theory and experiment is ~11 kJ-
mol™"). Such good agreement confirms that the methods used in
this work are reliable and the calculated energies can be utilized
to compute rate constants for the title reaction. The calculation
results for T1 diagnostics and the spin contamination indicated
that the T1 diagnostics of all species do not have significant
multireference character and the spin contamination effect can
be ignored.

The rate constants of the main channels are highly
temperature-dependent. Specifically, the k,, value of the
C¢HsNH, + CH; — IS2 channel exhibits the highest at T <
900 K, whereas the k;, value of the C¢(H{NH, + CH; — P1
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(C¢HsNH + CH,) channel exhibits the highest at T > 900 K.
Although the rate constants k,,, k3,, and k,, rapidly increase with
increasing temperature, they remain the lowest in the given
temperature region, being ~107* to ~107* cm® molecule ™" s~
Compared to the others, the rate constants k;—k, are of
moderate magnitude, being ~1073 to ~107Y7 cm? molecule™
s™!, and they show a consistent decrease as the pressure
increases. The k;,—k,, values are pressure-independent, whereas
the k;,—k,;, values were observed to exhibit a slight increase with
increasing pressure within the range of 76—76,000 Torr and T >
300 K. The total rate constant of the title reaction generally
increases as the pressure increases. Additionally, in this study,
the reaction rate constant of CH; + O, has been compared with
that of the title reaction. It was observed that in air, the
bimolecular reaction CH; + O, occurs rapidly compared to the
C¢HNH, + CHj reaction. However, the third-order reaction
(CH; + O, + M = CH;00 + M, where M = N, or Ne) was
found to proceed slowly in comparison to the C;qH;NH, + CHj
reaction. Therefore, it can be concluded that the reaction
between aniline and the methyl radical can proceed fully in the
atmospheric environment, despite the presence of molecular
oxygen at high concentrations.

The results of this study are crucial for comprehending the
mechanism and kinetics of the reaction between C;H;NH, and
the CH; radical. Considering the species produced by the title
reaction, the main species (namely, product P1 and intermediate
IS2, cf. Figure 1) should be included in any photolysis-related
model under atmospheric conditions. In addition, the dominant
intermediate product, IS2 (2-methyl-aniline), of the title
reaction produced at temperatures below 900 K can help us
somewhat understand the chemistry of aniline (the simplest
aromatic compound containing nitrogen) under the attack of
the methyl radical in the troposphere.
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