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Atmospheric oxidation reactions of imidazole
initiated by hydroxyl radicals: kinetics and
mechanism of reactions and atmospheric
implicationsf

a

Zahra Safaei, (22 Abolfazl Shiroudi, &2 *° Ehsan Zahedi (2 € and Mika Sillanpaa
The atmospheric oxidation mechanism of imidazole initiated by hydroxyl radicals is investigated via
OH-addition and H-abstraction pathways by quantum chemistry calculations at the M06-2X/aug-cc-pVTZ
level of theory coupled with reaction kinetics calculations using statistical Rice—Ramsperger—Kassel-Marcus
(RRKM) theory and transition state theory (TST). It was found that OH addition proceeds more rapidly than
H-abstraction by several orders of magnitude. Moreover, H-abstraction reactions with submerged barriers
exhibit positive temperature dependence. Effects of reaction temperature and pressure on the reaction
between imidazole and OH radicals are studied by means of RRKM calculations. Effective rate coefficients
involve two-step mechanisms. According to the experiment, the obtained branching ratios show that the
kinetically most efficient process corresponds to OH addition onto a carbon atom which is adjacent to a
nitrogen atom having a lower energy barrier. These ratios also reveal that the regioselectivity of the oxidation
reaction decreases with increasing temperatures and decreasing pressures. Because of negative activation
energies, pressures larger than 100 bar are required to reach the high pressure limit. The atmospheric lifetime
of imidazole in the presence of OH radicals is estimated to be ~4.74 days, based on the calculated overall
kinetic rate constant of 122 x 1072 cm® molecule™ s7*
temperature. NBO analysis demonstrates that the calculated energy barriers are dictated by charge transfer

at a pressure of 1 bar and nearly ambient

rsc.li/pccp

1. Introduction

The aromatic heterocycle imidazole is widespread in organic
compounds. Imidazole plays an important role in biochemical
processes because of its special acid-base characteristics. The
side chain of histidine contains a weakly basic imidazole group
that is a versatile catalyst; it is a strong Lewis base, besides a
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constants (k) for OH attack onto C,, C4, and C; positions of imidazole for
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and regioselectivity for the pathways 1-3 (x = 1, 2) at different pressures and
temperatures, using RRKM theory, and according to the computed M06-2X energy
profiles. See DOI: 10.1039/c9¢p00632j
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effects and aromaticity changes because of the delocalization of nitrogen lone pairs to empty n* orbitals.

nucleophile, and it is a Brgnsted acid in its protonated form.
Accordingly, some histidine residues are essential for the activity
of proteins such as hemoglobin, carbonic anhydrase, adenosine
deaminase, triose phosphate isomerase, serine proteases, chymo-
trypsin, etc. Moreover, two nitrogenous bases found in nucleotides,
adenine and guanine, are derivatives of purine, a heterocycle
consisting of fused pyrimidine and imidazole rings. Nucleotides
are building blocks of nucleic acids and coenzymes with diverse
functions.' It is well-known that the reactions of the OH radicals
with aromatic and heterocyclic compounds are much favored.

In the reaction between aromatic compounds and OH radicals,
an addition of hydroxyl radicals and the consequent unimolecular
decay of the [aromatic-OH]* adduct back to the isolated reactants
is assumed to be the main reaction path.” Since only some
investigations have been carried out on the reaction between
aromatic heterocyclic compounds and OH radicals,” > Witte and
Zetzsch™ have tried to get further information on the oxidation
reaction mechanism of imidazole initiated by OH radicals in the
gas phase. In order to consider the temperature dependence,
a flash photolysis resonance fluorescence (FP-RF) technique over
the temperature range 297-447 K has been used in this study.
Biexponential decays of OH radicals are found in the presence of
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Fig. 1 Arrhenius plot for the kinetic rate constant of reaction between
imidazole and OH radicals.?®

imidazole at a pressure of 133 mbar with argon (Ar) as an inert gas
over the temperature range from 353 to 425 K. The reaction
between imidazole and OH radicals shows negative activation
energy, which indicates an electrophilic addition of OH to the
imidazole. The ratio estimation for the amounts of biexponential
decay curve yield equilibrium constants, and therefore kinetic rate
constants for the unimolecular decay of the [imidazole-OH]®
adducts leading back to the isolated reactants. Using activation
energy, it is possible to derive the bond dissociation energies of the
[imidazole-OH]* adducts forming back hydroxyl radicals.

An Arrhenius plot of the rate coefficients measured at the
temperature range from 297 to 440 K is shown in Fig. 1. The
kinetic rate coefficient between imidazole and hydroxyl radicals
shows negative temperature dependences over the temperature
range 297-440 K, which is equivalent to Arrhenius activation
energies of —(1847.91 + 158.96) cal mol "."> Hence, the least-

square fit of the experimental rate constants yields as follows:**™*

Keorwara = (1.7 & 0.4) x 10~ ? exp[+(930 + 80)/T] cm® molecule ' s~*

Kreverse = 5 % 10° exp[—(7800 4 700)/T] s *
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Fig. 2 Oxidation reactions between imidazole and hydroxyl radicals.
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The kinetic rate coefficient decreases with increasing temperature
over the temperature range from 297 to 440 K,'® confirming
negative activation energies. The corresponding values vary from
(35.9 £ 3.3) x 107 ** to (9.1 & 1.1) x 10 ** cm® molecule * s~

Experiments show that hydroxyl radicals react with imidazoles by
addition at a carbon adjacent to the nitrogen (C, or Cs positions)."””*
The oxidation reaction of imidazole (I) initiated by hydroxyl radicals
might yield three possible adducts, i.e., the 2-hydroxyimidazolyl
(12-OH°*), 4-hydroxyimidazolyl (I4-OH*®), and 5-hydroxyimidazolyl
(I5-OH®) radicals. Nevertheless, electron spin resonance (ESR)
measurements and experimental data'” as well as a theoretical
study by Llano and Eriksson® revealed that in neutral and alka-
line (pH = 9-10) aqueous solutions, hydroxyl radicals exactly add
on the carbon adjacent to the nitrogen (C; position) and in acidic
media (pH = 2), to the same position leading to the 5-adduct.’”*°
In spite of the site specificity, 12-OH® adducts are energetically
more favored by ~4 kcal mol ™" than 15-OH® adducts.

To explain the difference of the kinetic rate constants, six various
reactions (1)-(6) were proposed for the oxidation of imidazole by OH
radicals in the gas phase (Fig. 2) via H-abstraction and OH-addition
reactions. In this study, the main purpose is to investigate
theoretically these pathways, upon the assumption of a two-
step mechanism. To our knowledge, the present work is the first
one, which investigates the oxidation mechanisms between
imidazole and hydroxyl radicals under experimental conditions:

- OH-addition pathway through attack of hydroxyl radicals
onto C,, C, and Cs atoms yields the products P1-P3, respectively.

- H-abstraction pathway via attack of OH radicals bonded to
C,, C, and Cs atoms gives the products P4-P6, respectively.

In proportion to the hypothesis of the first reversible addition
step, the negative energy barrier of this pathway at 298 K points out
that the main pathway of the [imidazole-OH]* adducts is loss of OH
radicals to regenerate the isolated reactants.® Upon investigating
the regioselectivity of OH-addition pathways on imidazole under
an inert atmosphere, it was observed that the pathways 1 and 3
associated with the OH addition onto C, and C5; atoms dominate
over hydroxyl radical addition onto the C, atom (pathway 2).
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The obtained M06-2X results will be investigated concerning
natural bond orbital (NBO) occupancies,**?® nucleus independent
chemical shift (NICS) indices of aromaticity,”®>* and the nature of
electron donor-acceptor interactions for the sake of chemical
insights. In this work, we studied the kinetics of oxidation of
imidazole. Ab initio calculations of the transition state theory (TST)
as well as RRKM theory were used to determine the kinetic rate
coefficients via H-abstraction and OH-addition pathways over the
temperatures ranging from 297 to 440 K using the M06-2X method
to explore the intrinsic insight of the imidazole in the gas-phase
which can provide important information for the experimental
mechanism investigation. Finally, our obtained theoretical results
were compared with experimental data and the results from
preceding theoretical studies.

2. Theory and computational details

All the electronic structure calculations were achieved using
the Gaussian 09 program.>” The geometrical structures of the
stationary points are optimized and vibrational frequencies are
calculated at the MO06-2X/aug-cc-pVTZ theoretical level®®?°
which was found to be a suitable exchange—correlation functional
for thermochemical and kinetics calculations.*® Zero-point vibra-
tional energies (ZPVE) were calculated from the M06-2X harmonic
frequencies with the scaling factor of 0.971.3%*

The intrinsic reaction coordinates (IRC)*" for both directions
(forward and reverse) were also performed in order to confirm that
the transition state structure properly connects reactants and
products.*® IRC calculation uses 30 points in the forward direction
and 30 points in the reverse direction, in steps of 0.1 amu"? Bohr
along the path. The NICS values are achieved by implementation
of the gauge-independent atomic orbital (GIAO) method® to
determine the diamagnetic ring current intensity on the optimized
geometries of all stationary points along the studied reaction
pathways. Schleyer et al.>* state that there is a good linear relation-
ship between the geometric, energetic, and magnetic properties in
the organic molecules. The magnetic shielding tensor is calculated
for Bq ghost atoms which located at the ring critical point, the
point of lowest density in the ring plane to yield NICS(0)
values.** ¢ The NICS(0) values calculated at the center of the ring
were influenced by c-bonds, whereas the NICS(1) values calculated
at 1 A above the plane were more affected by the n-system which is
considered to better reflect the n-electron effects than NICS(0).”>?*

The oxidation reaction of imidazole by hydroxyl radicals was
analyzed consistent with the scheme®’ that is expected; the
pathway takes place consistent with the two-step reaction
mechanism®® including first the fast pre-equilibrium between
the reactants (C3H4N, + OH®) and a prereactive complex
[C3H,N,- - -OH]* (IM) leading to the related products as follows:

k
C;H4N, + OH* k:‘] [CsH4N, - - OH]*
-1

[C3H4N; - - OH]* 22, [C3H4N, — OHJ'; (OH-addition)

[C3H4N, - --OHJ* k) C3H3Nj + H»O; (H-abstraction)

This journal is © the Owner Societies 2019

View Article Online

Paper

where k; and k_; are the forward and backward rate constants
for the first step, and k, and k,’ correspond to the second step.
The rate coefficient for the overall reaction (k.g) is given by:*"*°

kegr = Koy (1)

where K. = ki/k_; is the equilibrium constant for fast pre-
equilibrium between the isolated reactants and the pre-reactive
complex. In the high-pressure limit (TST), the unimolecular rate
coefficient can be obtained as follows

ool Ors exp[—(Ets — Em)/RT]  (2)

h Om

where ¢ is the reaction path degeneracy, 4 and kg represent the
Planck’s and Boltzmann’s constants, respectively, and R is the
ideal gas constant. Qn and Qps represent the total molecular
partition functions for the pre-reactive complex (IM) and transition
state (TS) related to the unimolecular reaction (step 2), respectively.
Furthermore, Ey, and Eyg are consistent with energies, including
MO06-2X estimates for zero-point vibrational contributions, and
k(T) represents the tunneling correction factor which is calculated
using the Wigner model.***!

ky = K(T) x

g (T) = 1+ 2 0hm(0) kT ®)

where Im(v;) is the imaginary vibrational frequency of the relevant
transition state.

The high-pressure limit kinetic rate coefficients for unimolecular
(kuni, in s~ ') and bimolecular (kp, in cm® molecule * s™) reactions

using TST are given by:**>*?
JkBT QTS Vm(T)
ko = k(T) % X X x exp(—AEy/RT) (4
b = K(T) x T 5 S x i x exp(—AB/RT) (4
kg T
keuni = k(T) % 7 : X % x exp(—AEy/RT) (5)
R

where Q4, Qp, and Qps are the partition functions for the
isolated reactants (A and B), and transition state related to
the unimolecular reaction (step 2), respectively.

In the oxidation of benzene initiated by OH radicals, there are
some unimolecular reactions which might not reach their high-
pressure limits under typical atmospheric conditions,** though the
resulting product yields from RRKM theory and high-pressure
limit agreed excellently. Therefore to check the validity of the
high-pressure limit in imidazole oxidation, RRKM calculations
were carried out for the oxidation of imidazole by OH radicals.

The energy-dependent microcanonical rate coefficients, k(E)
for the unimolecular reaction according to the RRKM theory is
given by:**

_ oG'(E — Eq)

K(E) hN(E)

(6)
where N(E) is the density of states for the activated molecule at
an energy E, and G'(E — E,) is the sum of states of the transition
state.”

Kinetic rate constants by means of TST and RRKM theories for
the studied pathways were obtained using the KiSThelP program.*®
It is worth mentioning that every collision deactivates the
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molecule with @ = f.-Z;[M], which is consistent with the
effective collision frequency w, along with the total gas con-
centration [M], the collisional efficiency f., and the Lennard-
Jones (LJ) collision frequency Z;; that was computed from the L]
parameters. The employed Lennard-Jones potential parameters
(0 and ¢/kg) for [C3H4N,-OH]* adducts and argon (as diluent
gas) are equal to (¢ = 4.8 A and ¢/kg = 492.7 K)*® and (o = 3.465 A
and e/kg = 113.5 K),*° respectively.

3. Result and discussion

3.1. The reaction of imidazole with OH radicals

The reactions between imidazole and OH radicals involve two
kinds of reaction pathways:

(1) Attack of hydroxyl radicals onto the C,, C,, and Cs
positions.

(2) Abstraction of hydrogen bonded to the C,, C4, and Cs
atoms (H abstraction from C,-Hg, C4—H,, and Cs-H,, bonds).

In line with a study by Alvarez-Idaboy et al,*® such a pre-
reactive intermediate complex IM is a common feature in reactions
between radical species and unsaturated molecules, which finds its
origin in long range Coulomb interactions between the reactant
molecules.>

3.1.1. Addition of hydroxyl radicals to imidazole. Two
carbon atoms (C, and C; positions) in the C,—Cs bond of imidazole
are not equivalent; thus, three different [C;H,N,~OH]* energized
adducts (P1-P3) can be formed via addition of hydroxyl radicals
onto the C,, C,, and Cs positions, respectively, as depicted in Fig. 2.
Under atmospheric conditions, the [C;H;N,-OH]* energized
adducts could easily further react with oxygen molecules, and
form intermediate [C;H,4N,-OH-0,]* radicals, transition states
(TS1-TS3) for the three OH-additions and confirmed by the
intrinsic reaction coordinate (IRC) approach. The reaction energies
and energy barriers, as well as thermodynamical parameters,

View Article Online
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are calculated at the M06-2X/aug-cc-pVIZ level of theory for
hydroxyl radical attacks onto C,, C4, and Cs positions of
imidazole and are shown in Table 1.

The hydroxyl radicals attack on the imidazole ring to form
two prereactive intermediates IM1 and IMx (x = 2,3) for path-
ways 1-3. In IM1 and IMx (x = 2,3), the lengths of the C,-Os,
C4-Og, and Cs-Og bonds are 2.542, 2.555 and 2.847 A, respectively.
The IM1 and IMx (x = 2,3) prereactive complexes are located at
4.47 and 4.0 kcal mol " under the total energy of imidazole and
OH radicals (as the isolated reactants), respectively. The energy
barriers (IM1 — TS1 or IMx — TS2/TS3) encountered along the
pathways 1-3 amount to 2.94, 4.70, and 1.03 kcal mol ',
respectively. Two isomerization processes are identified from
the IM1 and IMx (x = 2,3): the oxidation process to product P1
via the transition state TS1, and the reaction between imidazole
and OH radicals to produce pre-reactive intermediate IMx
(x = 2,3) via the transition states TS2 and TS3.

In line with experimental data,"*** all our calculations identify
the TS3 structure (as the lowest transition state) on reaction (3),
which is located at 2.97 kcal mol™* under the reactants. The TS1
structure on reaction (1) is found at 1.53 kecal mol~* under the
isolated reactants while the TS2 structure on reaction (2) is located
at 0.71 keal mol " above the isolated reactants. The barrier height
for pathway 3 is therefore lower by 1.44 and 3.67 kcal mol ™" than
that for reactions (1) and (2), respectively (Table 1). This difference
in energy barriers for the reactions R + OH®* — Pi, i = 1-3 shows
that the production of product P3 species via OH attack at the Cs
position will be kinetically favored over the production of P1
and P2 species (through OH attack onto C, and C, positions,
respectively).

The obtained results indicate that all considered reactions (1)(3)
are extremely exoergic processes (AG < 0), and extremely exothermic
processes (AH ~ —28.56, —18.45, and —25.92 kcal mol !,
respectively) at P=1 bar and T = 298 K. Obviously, it is formation
of product P1 (OH attack at the C, position), which will also be

Table 1 The relative total reaction and activated energies (in kcal mol™), as well as activation entropies (in cal mol™ K™2) for all the reactions between
imidazole and hydroxyl radicals at the M062X/aug-cc-pVTZ level. (T = 298 K, P = 1 atm)

Parameters
Species AE AH5x Aok AEg AH;;SK AG;LSK
Imidazole + OH® 0.000 0.000 0.000
IM1 [C, position] —4.472 —4.725 2.703
IMx (x = 2,3)[C, & Cs positions] —3.996 —4.209 2.708
OH-Addition pathways: [R-OH]*
P1 (2-hydroxyimidazolyl radical) —27.657 —28.559 —19.081
P2 (4-hydroxyimidazolyl radical) —17.607 —18.445 —8.993
P3 (5-hydroxyimidazolyl radical) —24.962 —25.921 —16.303
TS1 [C, position] —1.529 —2.449 6.919
TS2 [C, position] 0.703 —0.230 9.219
TS3 [C; position] —2.966 —3.801 5.313
H-Abstraction pathways: [R]* + H,O
P4 (2-dehydroimidazolyl + H,0) —1.814 —1.522 —2.621
P5 (4-dehydroimidazolyl + H,0) —1.681 —1.414 —2.469
P6 (5-dehydroimidazolyl + H,0) 1.748 2.030 0.944
TS4 [C, position] 6.075 5.555 13.665
TS5 [C, position] 5.856 5.301 13.577
TS6 [Cs position] 7.605 7.039 15.358
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Fig. 3 Energy profiles of the H-abstraction and OH-addition reactions.

thermodynamically favored (see Fig. 3), because the reaction is
strongly exoergic (AG = —19.08 keal mol ") and strongly exothermic
(AH = —28.56 kcal mol ).

The transition states TS1-TS3 are considered by nucleus
independent chemical shifts equal to —17.41, —9.82 and —19.01,
respectively. Obviously, the more noticeable aromatic nature of
the TS3 structure describes its higher stability, compared with the
TS1 and TS2 ones. Furthermore, the lesser energy of intermediate
IM1 compared with IMx (x = 2,3) reveals the more noticeable
aromatic nature of the former pre-reactive molecular complex:
indeed, the IM1 and IMx intermediates are characterized by NICS
indices equal to —12.25 and —11.77, respectively.

3.1.2. Hydrogen abstraction pathways. Schematic potential
energy diagram of the hydrogen abstraction reactions (4)-(6) is
given in Fig. 3. There are three types of hydrogen in imidazole,
which shows that three possible oxidation reactions could be
defined.

According to the M06-2X data, two prereactive intermediates
IM1 and IMx (x = 2,3) are characterized by Hg-Os, Hy—Og, and
H,0-Os bond distances equal to 2.639, 2.722, and 3.253 A,
respectively. Proceeding further on reactions (1)-(3), the hydrogen
Hg, Hy or Hy, abstraction via the transition states TS4, TS5, and
TS6 requires activation energies of 6.07, 5.86, and 7.61 kcal mol !
corresponding to the isolated reactants energies (Fig. 3), respectively.

The breaking C-H bond length is elongated by ~15.7-18.3%
(0.17-0.20 A in absolute value) at the level of the transition states
TS4, TS5 and TS6, compared with the equilibrium structure. On
the other hand, the forming O-H bond distance is larger than in
H,O0. The elongation of the O-H bond in the TS4, TS5, and TS6
structures is of the order of ~24.3-27.5% (0.23-0.27 A in absolute
value) compared with the latter. The optimized structures show
that the relative elongation of the C-H bond is less than that of
the forming O-H bond, which shows that the TS4, TS5, and TS6

This journal is © the Owner Societies 2019
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structures are closer to the reactants than the associated products,
which is in proportion to Hammond’s principle.”>

According to the characteristic transition states, the obtained
results at ambient temperature and pressure show that the
chemical pathways for 4 and 5 are found to be exothermic
(AH < 0) as well as exoergic (AG < 0) processes while the
pathway for 6 is found to be an endothermic (AH > 0) as well
as endoergic (AG > 0) process. Because pathway 4 is exoergic
(AG = —2.62 keal mol™") and exothermic (AH = —1.52 kcal mol ),
it is clear that the formation of P4 species will be thermo-
dynamically stable. Addition of hydroxyl radicals onto the H
atom bonded to the carbon C, has the lowest Gibbs energy

barriers (AGlyg = —16.303 kcal mol™1).

In proportion to the experimental activation energy of
(—840 4+ 30) cal mol™' for oxidation of imidazole by OH
radicals, the corresponding activation energy of these reactions
(4)-(6) is 5.86 to 7.61 kcal mol " above the isolated reactants.
The obtained energy barriers for the studied reactions
R + OH®* — P; (i = 4-6) show that the formation of P5 species
can be obtained by removal of a hydrogen atom bonded to the C,
atom leading to a H,O molecule and that 4-dehydroimidazolyl
radical formation is kinetically favorable over the production of
P4 and P6 species. The transition state TS5 on pathway 5 is the
lowest transition state, which is located at 5.86 kcal mol ! above
the isolated reactants. The transition states TS4 and TS6 on
reaction pathways 4 and 6 are located at 6.08 and 7.61 kcal mol *
above the isolated reactants, respectively. The barrier height
for reaction (5) is therefore less by 0.22 and 1.75 kcal mol™*
than the activation energy for reactions (4) and (6), respectively
(Table 1).

3.1.3. Comparison of OH-addition and hydrogen abstraction

pathways. All energy barrier heights of the pathways 4-6 are
higher than those for pathways 1-3. Three pathways P4-P6 were
found and correspond to the Hg, Ho and H,, abstraction path-
ways with the Gibbs free activation energies of 13.67, 13.58, and
15.36 kcal mol " for the production of P4, P5, and P6, respec-
tively. Noticeably, production of P4 species dominated. As can be
seen from Fig. 3 and Table 1, the differences in reaction energies
for both the H abstraction and OH addition reactions show
that the production of P1-P3 species was thermodynamically
favorable. Among the P1-P3 species, the production of P1
species [OH attack onto C, atom] was the most favorable
reaction among the other products, since pathway 1 is strongly
exoergic (AG = —19.08 kcal mol™") and strongly exothermic
(AH = —28.56 kcal mol ). With reaction energies —17.61 to
—27.66 kcal mol™', OH-addition pathways 1-3 seem to be the
rather strongly exothermic chemical reactions, while H-abstraction
pathways 4-6 appear to be exothermic for pathways 4 and 5
(—1.41 to —1.52 kecal mol™") and endothermic for reaction (6)
(AH = 2.03 kcal mol "), with the reaction energies —1.81 to
1.75 keal mol .

We can see from Table 1 that oxidation processes via
OH-addition reactions have negative Gibbs free energy of reaction
AG, which indicates that OH attacks onto different carbon
atoms (C,, C4, and Cs) are thermodynamically spontaneous
processes. Moreover, the hydroxyl radical addition occurring
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at the C, position is thermodynamically the most favorable
(AEok = —27.66 keal mol™?), followed by addition onto the Cj
atom, and hydroxyl radical addition bonded to the Cs position
leading to a H,O molecule and the related radical is the most
unfavorable (AEqx = 1.75 kcal mol ™). Instead, from the kinetic
viewpoint, addition onto the C5 atom has the lowest Gibbs free
activation energy (AG' = 5.31 kcal mol ™), followed by addition
occurring at the C, position, while OH addition occurring at the
Cs position for the H-abstraction pathways has the highest AG'
value (AG' = 15.36 kcal mol™").

The energy barriers from the OH-addition processes (1-3)
are lower than those from the H-abstraction pathways (4-6) by
~10.57 kecal mol™" for reactions between imidazole and OH

radicals (AGE%K, 6.92 vs. 13.67 kcal mol™" for C, position,

AG;%K, 9.22 vs. 13.58 kcal mol™! for C, atom and 5.31 vs.
15.36 keal mol " for Cs position). Accordingly, the hydroxyl addition
pathways are more important than the hydrogen atom abstraction
processes. Evidently, the process reactions via OH-addition path-
ways are faster than the consistently H-abstraction pathways, as they
involve noticeably lower activation energies (Table 1). Thus, from a
thermodynamic viewpoint, OH addition pathways 1-3 are favored
for the oxidation reaction. The obtained results show that P1-P3
species can be obtained from pathways 1-3 and are important
intermediates produced in the processes. The products P1-P3
are activated radicals and can further react with the global
oxygen molecules to form the related organic peroxy radicals in
the atmosphere.

Furthermore, as can be seen in Table 1, the difference in
activation energies shows that the production of P1-P3 species
related to the OH addition onto C,, C4, and C; positions will be
kinetically the most favorable compared to the other products
[P4-P6]. Among the reactions (1)-(3) leading to products P1-P3,

View Article Online
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the supplied data demonstrate that the most favorable process
is OH* attack onto the Cs position from a kinetic viewpoint. The
predicted Gibbs free activation energies are 6.92, 9.22, 5.31,
13.67, 13.58, and 15.36 kcal mol ' for the reactions (1)-(6),
respectively. Obviously, formation reactions of (1)-(3) related to
the OH attack onto different positions on the ring (C,, C,4, and
C;) dominate. Therefore in the kinetic section, we only focus on
the OH-addition pathways.

Addition of OH radicals to the hydrogen bonded C, and C,
atoms is exothermic by —1.52 and —1.41 keal mol ', whereas for
the Cs position it is endothermic by 2.03 kcal mol . The corres-
ponding Gibbs free activation barriers are 13.67, 13.58, and
15.36 keal mol ', respectively. Due to the significantly higher
activation barriers, these three H-abstraction reactions will not be
further discussed. The Gibbs free activation barriers of the hydroxyl
radical attacks onto the C,, C,4, and Cs atoms via pathways 1-3
are 5.31-9.22 kcal mol™", and the Gibbs reaction energies are
from —8.99 to —19.08 kcal mol . Particularly, the hydroxyl
radical attack onto the C, position is the most exothermic
(AH = —28.56 kcal mol '), while OH attacks onto the Cs position
have the lowest activation barrier (AH = —2.97 kcal mol ).
Evidently, pathways (1-3) have lower barrier heights and are more
exothermic compared with pathways (4-6).

3.2. Kinetic analysis

RRKM and TST bimolecular kinetic rate coefficients of the
atmospheric reactions between imidazole and OH radicals are
listed in Tables 2 and 3 at the pressures of 1 bar and 133 mbar
and over the considered temperatures. Further RRKM data
computed at higher and lower pressures are shown for the
same temperature regimes in Tables S1a-j of the ESI.{ Effective
rate coefficients [k.g] of the reactions (1)-(3) involve a two-step

Table 2 Kinetic rate constants, effective rate coefficients, and branching ratios for the pathways 1-3 by means of TST and RRKM theory (x = 2,3)

Rate constants

Branching ratio (%)

M1 -P1 IMx ->P2 IMx—->P3 R->P1 R — P2 R —» P3
TK) K™ k@) 6™ B k) (em®mol™ s™) ke (2) (em® mol™ s7") ke (3) (ecm® mol ™' s™") R(1) R(2) R(3)
297 1.75 x 10° 3.80 x 10" 4.04 x 10"° 6.61 x 10~ 1.15 x 107" 1.22 x 1072 512  0.09  94.79
(4.49 x 10%) (4.33 x 107) (1.57 x 10°) (1.70 x 10 %) (1.31 x 107%9) (4.77 x 10714 (25.72) (1.99) (72.29)
316 2.37 x 10°  6.11 x 10" 4.43 x 10*° 6.88 x 10~ 1.52 x 107 1.10 x 107 *? 5.87  0.13  94.00
(5.38 x 10%) (6.57 x 107) (1.55 x 10°) (1.56 x 1074 (1.64 x 107%%) (3.86 x 10719 (27.99) (2.93) (69.08)
331 293 x 10° 8.54 x 10”7 4.73 x 10*° 7.11 x 107 1.85 x 10 1.03 x 1072 6.46 0.17  93.37
(6.05 x 10%) (8.76 x 107) (1.53 x 10°) (1.47 x 10 %) (1.90 x 107'%) (3.32 x 1071 (29.47) (3.83) (66.71)
344 3.48 x 10° 1.12 x 10° 4.98 x 10" 7.32 x 10™ ™ 2.18 x 10°*° 9.75 x 10~ ** 6.97 021  92.82
(6.59 x 10%) (1.09 x 10%) (1.50 x 10°) (1.39 x 10 %) (2.14 x 107"9) (2.95 x 10714 (30.52) (4.71) (64.77)
353 3.89 x 10° 1.33 x 10° 5.15 x 10*° 7.49 x 10~ 2.42 x 107*° 9.42 x 107 7.34 024  92.42
(6.95 x 10%) (1.26 x 10%) (1.49 x 10°) (1.34 x 10 ') (2.30 x 107%9) (2.72 x 10714 (31.20) (5.37) (63.43)
362 432 x 10° 156 x 10° 5.32 x 10*° 7.64 x 107 2.69 x 107 *° 9.15 x 107 7.69 027  92.04
(7.28 x 10%) (1.44 x 10%) (1.47 x 10°) (1.29 x 107" (2.47 x 107%9) (2.53 x 10719 (31.71) (6.08) (62.21)
386 5.59 x 10° 2.34 x 10° 5.76 x 10" 8.40 x 10~ 4.08 x 107 *° 8.28 x 10 8.61 037  91.02
(8.07 x 10%) (1.95 x 10%) (1.42 x 10°) (1.17 x 10 ') (2.90 x 107*%) (2.11 x 1074 (32.73) (8.12) (59.15)
402  6.52 x 10° 2.98 x 10° 6.04 x 10" 8.40 x 10™ ™ 4.08 x 107 "° 8.28 x 107 9.16 0.45  90.39
(8.50 x 10%) (2.32 x 10%) (1.39 x 10°) (1.09 x 10 %) (3.19 x 107%9) (1.90 x 1074 (33.01) (9.61) (57.38)
425 7.98 x 10° 4.08 x 10° 6.43 x 10*° 8.89 x 10~ 5.05 x 10°*° 7.96 x 107 10.00 0.57  89.44
(9.00 x 10%) (2.88 x 10%) (1.34 x 10°) (1.00 x 1074 (3.57 x 107%9) (1.66 x 10714 (33.23) (11.82) (54.96)
440 8.99 x 10° 4.92 x 10° 6.67 x 10" 9.24 x 107 5.74 x 107 *° 7.78 x 1073 10.54 0.66  88.80
(9.25 x 10%) (3.25 x 10%) (1.31 x 10°) (9.50 x 10~ *%) (3.79 x 107"9) (1.53 x 107 (33.24) (13.28) (53.48)

The kinetic parameters in parentheses were calculated at the M06-2X/aug-cc-pVTZ level by means of RRKM theory.
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Table 3 Kinetic rate constants, effective rate coefficients, and branching ratios for the pathways 1-3 by means of RRKM (P = 133 mbar) (x = 2,3)

Rate constants

Branching ratio (%)

IM1 > P1 IMx —> P2 IMx > P3 R - P1 R — P2 R — P3
kesr (1) kerr (2) ketr (3) Kexp x 101213710
TK) M6 @6 LB)E™H (em®mol™s™) (em’mol™s™") (em’>mol™'s™) R(1) R(2) R@B) (ecm’mol's™)
297  7.54 x 107 1.59 x 10" 2.14 x 10® 2.85 x 10 *° 4.82 x 107'° 6.49 x 10° " 29.02 491 66.08 (35.9 & 3.3)
316  8.80 x 107 2.26 x 10" 2.11 x 10® 2.40 x 10" 5.28 x 107 '° 493 x 107" 30.54 672 62.74 (31.1 £ 0.1)
331 9.71 x 107 2.86 x 107 2.07 x 10® 2.11 x 107*° 5.57 x 107 *° 4.03 x 1077 3151 832 60.18 (27.3 £ 2.5)
344  1.04 x 10° 3.42 x 107 2.04 x 10° 1.89 x 10°*° 5.78 x 107 ¢ 3.45 x 107" 3194 9.77 5830 (252 +0.3)
353 1.09 x 10° 3.83 x 10" 2.01 x 10® 1.77 x 10°** 5.89 x 107 '° 3.09 x 107" 32.48 10.81 56.71 (22.5 + 1.0)
362 1.13 x 10° 4.24 x 10" 1.99 x 10® 1.64 x 10" 5.98 x 10~ '° 2.81 x 1077 32.49 11.85 55.67 (19.8 £ 1.0)
386  1.23 x 10° 537 x 10" 1.92 x 10® 1.37 x 107" 6.15 x 107 '° 2.20 x 107" 32.74 1470 52.57 (16.3 £ 0.3)
402 1.28 x 10° 6.11 x 107 1.87 x 10° 1.22 x 10 *® 6.19 x 10~ '° 1.89 x 107" 32.72  16.60 50.68 (13.9 & 0.5)
425  1.33 x 10° 7.12 x 107 1.80 x 10° 1.04 x 107 *® 6.16 x 107 '° 1.56 x 107" 32.34 19.15 48.51 (10.4 £ 0.7)
440  1.35 x 10° 7.74 x 107 1.76 x 10° 9.36 x 10 '¢ 6.10 x 107 '° 1.39 x 107" 31.88 2078 47.34 (9.1 £ 0.1)

mechanism: at first, a fast and reversible pre-equilibrium
between the reactants (R) and the pre-reactive complex IM is
established, followed by a further irreversible step leading to
the related products:

kl[Rﬂle]

C3H4N, + OH* [C3H4N2 cee OH].

“liMz—R

2IMz—Pz]
_

k
[C3H4N; ---OHJ* [C3H4N, — OHJ*
Thus, the effective rate coefficients for the reactions (1)—(3) are
given by:

kr—1MikiMi—pi

keff(i) ~ KC(R = IMi)klMiﬂPi

kivior + kiviopi

= (RT) x Kyr=mikimi—pis (i =1-3)

)

where kg _1mii=1-3) i the forward rate constant for the
first step (in cm® molecule ™ s™"), while kp—p and kpyor
denote the forward and backward unimolecular reaction rate
coefficients (in s7).

A more quantitative insight into the evolution of the regio-
selectivity for the effective rate coefficients (1)-(3), which is
obtained by means of TST and RRKM theories at the pressures
of 1.0 bar and 133 mbar and temperatures ranging from 297 to
440 K, is given by:

R(i) = keff(i)/Z ke(i); (i=1-13)
pa

The comparison of the kinetic rate coefficients and branching
ratios that have been achieved at the studied temperatures and at
a pressure of 1 bar are summarized in Table 2. The main
difference is found for the kinetic rate coefficient of the second
step in reaction (3) [k,(3)]. Because the pressure issues have to
be taken into consideration for a reliable interpretation of
the experimental kinetic data, it seems preferable to consider
the RRKM approach for evaluating the kinetic rate constant.
According to the calculated M06-2X energy profiles and related
vibrational frequencies, Wigner tunneling correction «(7) values
equal to 1.18, 1.17 and 1.08 were found with TST calculation

(8)

This journal is © the Owner Societies 2019

for the second reaction step [IM1 — P1; IMx — P2,P3] of the
pathways 1-3. These results show that tunneling effects are
practically negligible.

As can be seen in Table S2 of the ESI,T because the effective
rate coefficient k. cannot be compared directly with the corres-
ponding k¢ [R + OH®* — P; i = 1-3], we can treat the 2nd order
oxidation reaction as a pseudo 1st order reaction. Using an average
hydroxyl radical concentration of 2 x 10° molecule cm ™ in the
atmosphere,® apparent kinetic rate constants for forward
OH-addition processes, k{OH] are obtained. All reactions (1)-(3)
occurring on the C,, C4, and Cs positions indicate that they are
reversible processes. Because the k{OH] values are small, their
contribution to atmospheric oxidation of imidazole by OH
radicals is negligible. The values of k. are consistently greater
than that of k{OH] (see Table S2, ESIt). The obtained results in
Table S2 of the ESI, show that the backward processes of the
reactions (1)-(3) are much faster than the forward chemical
pathways. Hence, to calculate the possibility of the reactions
studied here [reactions (1)-(3)], the subsequent reactions of the
corresponding adducts in these reactions should be taken into
account.

RRKM estimates for unimolecular (k,) and effective bimolecular
(kegr) kinetic rate coefficients were performed over a temperature
range 297-440 K and pressure of 133 mbar and the obtained
effective rate coefficients compared with the available experimental
data (Table 3)."*** More kinetic data were calculated by means
of RRKM theory at higher and lower pressures for the same
temperature regimes (summarized in Tables S1a-j of the ESIT).

The Arrhenius plot of the effective rate coefficients for the
reaction channels 1-3 using RRKM theory clearly confirms that
the formation of P3 species via OH radical attacks onto the
Cs position will consequently dominate over the formation of
the other species (P1 and P2) over a temperature range of
297-440 K and pressure of 133 mbar (see Fig. 4).

The obtained results in Table 3 indicate that RRKM effective
rate constants keg(3) for reaction (3) are larger by factors 1.49 to
2.28 and 2.28 to 13.46, respectively, than the effective rate
constants keg(1) and keg(2) for reaction pathways 1 and 2.
One can find a similar trend for pressures ranging from 10~ '°
to 10® bars in Tables S3a-j of the ESL. Because of the involved
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Fig. 4 The Arrhenius plot of the obtained RRKM effective rate coefficients
(P = 133 mbar). Legend: (@) effective kinetic rates for reaction (1);
(©) effective kinetic rates for reaction (2); (A) effective kinetic rates for
reaction (3).

negative energy barriers for the reactions (1) and (3), the RRKM
effective rate coefficients for OH addition onto the C, and Cs
positions will decrease gradually with increasing temperatures,
while for reaction (2) (OH radical onto the C, atom), it is in the
opposite manner (see also Tables Sla-j of the ESIt). Thus,
the reaction channel 3 is a favorable process compared with the
reactions (1) and (2) from a kinetic point of view.

It appears that the branching ratios for OH addition onto
the C,, C, and Cs positions leading to the related energized
adducts are predicted as 29.02-32.74%, 4.91-20.78%, and
47.34-66.08%, respectively (see Fig. 5 and Table 3). Branching
ratios of the chemical channels 1 and 3 increase gradually with
increasing temperatures. In contrast, for the reaction (2) a
decrease in the branching ratio is observed. Under atmospheric
conditions, the OH addition onto the Cs position accounts for
~66% of the branching ratio, whereas the remaining ~29%
and ~5% for OH addition onto the C, and C, positions,
respectively, are based on the evaluated preceding theoretical
results. We remind that the kinetically less efficient reaction is
precisely pathway 2, with branching ratios equal to 4.91-20.78%
over the temperature range from 297 to 440 K.

We display in Fig. 5 the evolution of branching ratios for
the addition of OH attack onto the C,, C, and C5 atoms as a
function of the temperature and pressure, respectively (see also
Table 3 and Tables S3a-j of the ESI,f for detailed numerical
values at various temperatures ranging from 297 to 440 K, and
pressures ranging from 107 '° to 10® bar). In line with the
computed energy profiles and kinetic rate constants (RRKM
data), the production of the P3 species (via channel 3) clearly
dominates over the formation of the P1 and P2 species (via
channels 1 and 2) at the studied temperatures, down to
extremely low pressures, P > 10 '° bar. Nevertheless, from
these data, and the correspondingly computed regioselectivity
indices {RSI = R(3) — [R(1) + R(2)J/[R(1) + R(2) + R(3)]}, the
regioselectivity of the oxidation process decreases with increasing
temperatures and decreasing pressures (see Fig. 6).
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Fig. 5 Evolution of branching ratios as a function of the increasing
temperatures for chemical reactions (1)—(3).
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The pressure dependence of the calculated effective rate
coefficients at 297, 344, 386 and 440 K is shown in Fig. 7. As can
be seen in Fig. 7, for ensuring their saturation to the high-
pressure limit, pressures P > 10” bar are required. This observation
shows that the calculation of the effective rate constants by means
of transition state theory is not valid at atmospheric pressure (1 bar).
Hence, pressure effects need to be taken into account on the
kinetic study using RRKM theory for consistent insight into the
experiment,®** which was obtained at a pressure of 133 mbar.
The obtained RRKM effective rate coefficients related to the
reaction (3) are about 2-3 orders of magnitude underestimated.
Both the theoretical and experimental rate coefficients for this
reaction with increasing temperatures are decreased, which con-
firms that there is a negative activation energy for this reaction.

3.3. Atmospheric implications

In this study, we used DFT calculations for the chemical
reaction (1)-(3) to consider the atmospheric oxidation reaction
of imidazole initiated by hydroxyl radicals. The overall TST rate
constant for reactions between imidazole with OH radicals at
P=1bar and T =297 K was 1.22 x 10~ *? cm® molecule * s,
The obtained kinetic rate coefficient can be applied to measure
the lifetime for imidazole under the atmospheric conditions.
Assuming typical tropospheric 12 h daytime average concentrations
of OH radicals as 2 x 10° molecule cm3,> the lifetime of imidazole
relative to reaction with hydroxyl radicals is calculated to be
~4.74 days which suggests imidazole can contribute to the
formation of various secondary pollutants like ozone, peroxyacyl
nitrates (PANs), and nitric acid following emission into the
atmosphere.

3.4. Natural bond orbital analysis

Natural bond orbital analysis was initially established as a way
of quantifying resonance structure contributions to molecular
systems. The energetic stabilizations are taken into account for
all possible interactions between “filled”” (donor) Lewis-type
NBOs and ‘“empty” (acceptor) non-Lewis NBOs and then their
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Fig. 6 Temperature and pressure dependence of the regioselectivity in the oxidation of imidazole by OH radicals based on the obtained effective rate

constants [Keg(1), kert(2), and ker(3)] by means of RRKM theory.
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energies are estimated by 2nd-order perturbation theory.>*
Delocalization energy (E,) for each donor NBO(7) and acceptor
NBO(/) is given by:>®

 AE, — {Fo:j)z}

E, = AE,'j =q;|—— (9)
& — &

where ¢; and ¢;, represent diagonal matrixes of orbital energies,

F; j denotes the off-diagonal NBO Fock matrix elements, and g;

is the donor orbital occupancy.

Based on the optimized geometries of the 2-hydroxyimidazolyl
radical (P1) and 5-hydroxyimidazolyl (P3) radical, the natural
bond orbital analysis demonstrates that the delocalization
energies related to the electron delocalization from the non-
bonding nitrogen lone pair orbital LP(1)N; to 6*(C,-Cs) anti-
bonding orbitals are equal to 4.58 and 4.61 kcal mol *, respec-
tively. Furthermore, NBO analysis shows that the o(C,—Cs)
bonding orbital occupancies for energized adducts P1 and P3
are both equal to ~0.994, whereas the 6*(C,-Cs) antibonding
orbital occupancies in the energized adducts P1 and P3 are
equal to ~0.040 and ~ 0.022, respectively.

Table 4 shows that for the transition states TS1 and TS3,
strong interaction prevails between one nitrogen lone pair of
imidazole and the unoccupied n*(C,-Cs) orbital, resulting
for the latter orbital in occupancies around 0.157 and 0.167,
respectively. The delocalization energies for TS1 and TS3 are
equal to 20.31 and 27.12 kcal mol ™', respectively. Moreover,
charge transfer delocalization donates the larger stability of the
TS3 (OH attack onto Cs atom) compared with the TS1 (OH
attack onto C, atom). NBO analysis demonstrates that, compared
with imidazole, the LP(1)N; — n*(C,-Cs) delocalization energies
have a strong effect on the energy barriers which was computed
for pathway 1 (E, = 20.31 kcal mol ') and pathway 3 (E, =
27.12 keal mol™"). The occupancies of the m(C,~Cs) bonding
orbital in the transition states TS1 and TS3 amount to 0.948
and 0.911, respectively, whereas the occupancies of n*(C,~Cs)
antibonding orbitals in these structures are equal to 0.157 and
0.167, respectively. Furthermore, the NBO data for the transition
states TS1 and TS3 show that a slight interaction prevails
between one of the nitrogen lone pairs of imidazole and the
unoccupied 6*(C,-Cs) orbital, resulting for the latter orbital in
an occupancy around 0.011. The corresponding stabilization

Table 4 Delocalization energies (in kcal mol™) and natural bond orbital
occupancies of transition states and products along the reactions (1) and
(3)

Imidazole TS1 TS3 P1 P3
Occupancies
o(C4-Cs) 0.99369  0.99388 0.99363 0.99300 0.99361
7(C4—Cs) 0.92975  0.94807 0.91073 0.98827 0.82432
LP(1)N; 0.79424  0.80502 0.78782 0.93083 0.90059
LP(1)N; 0.96186  0.96280 0.96233 0.96419 0.96009
6*(C4—Cs) 0.01014  0.01078 0.01091 0.03945 0.02207
m*(C4~Cs) 0.14731  0.15739 0.16649 0.16680 0.19802
Stabilization energies (E,)
LP(1)N, — *(C,~Cs) 20.68 2031 2712 9.01 445
LP(1)N; — o*(C4~Cs5) 3.50 3.88 3.68 458  4.61
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energies for TS1 and TS3 are equal to 3.68 and 3.88 kcal mol ™,
respectively.

4. Conclusions

The atmospheric oxidation mechanisms of imidazole initiated
by hydroxyl radicals vie OH-addition and H-abstraction pro-
cesses were studied for the first time at the M06-2X/aug-cc-pVTZ
level of theory. The difference in reaction energies shows that
the production of species related to the OH-addition process
will be thermodynamically favorable, and these reactions seem
to be strongly exothermic reactions. This first reaction step for
OH addition onto the different carbon positions was found to
be an exoergic process (AG < 0) at ambient temperature and
pressure. In line with the experiment, due to the formation of a
prereactive complex [C3H,N,- - -OH]*, the corresponding transition
state lies below the isolated reactant; therefore, effective negative
activation energies around —1.53 and —2.97 kcal mol ' are
related to the OH radical attacks onto the C, and Cs positions,
respectively.

Kinetic rate coefficients for unimolecular and bimolecular
reaction steps were estimated by means of transition state theory
and Rice-Ramsperger-Kassel-Marcus theory. Effective rate coeffi-
cients involve a two-step mechanism: at first, a fast and reversible
pre-equilibrium between the isolated reactants (imidazole and OH
radicals) and the pre-reactive complex [CsH,N,---OH]® is estab-
lished, followed by a further irreversible step leading to the related
products. In proportion to the experiment, the obtained branching
ratios show that the kinetically most efficient process over the
temperature range 297-440 K correspond to OH addition onto
a carbon atom which is adjacent to the nitrogen atom having a
lower energy barrier. These ratios also reveal that the regio-
selectivity of the oxidation reaction decreases with increasing
temperatures and decreasing pressures.

A comparison with TST results seems to validate RRKM
theory for all OH additions onto different carbon atoms of imida-
zole (C,, Cy4, and Cs positions). The obtained RRKM effective rate
coefficients for the favorable reaction appear to be sufficient
for achieving semi-quantitative insights into the available
experimental kinetic data with discrepancies, which are about
2-3 orders of magnitude underestimated. The theoretical rate
coefficient for the favorable reaction shows that it decreases
with increasing temperatures, which confirms that there is a
negative activation energy.

In line with negative activation energies, it was found that
the standard transition-state-approximation breaks down at
ambient pressure for the first bimolecular reaction steps. RRKM
calculations reveal that overwhelmingly high pressures, where
P > 10 bar, are required to ensure the validity of the transition
state theory approximation for the OH addition onto all carbon
position pathways.

NICS indices and natural bond orbital analysis show that the
computed activation energies are dictated by charge transfer
effects and aromaticity changes because of the delocalization of
nitrogen lone pairs to neighboring empty n* orbitals.
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