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Theoretical analysis of the OH-initiated
atmospheric oxidation reactions of imidazole†

Thomas Golin Almeida, *ab Carles Martı́, c Theo Kurtén,ab Judit Zádor c and
Sommer L. Johansen*c

Imidazoles are present in Earth’s atmosphere in both the gas-phase and in aerosol particles, and have

been implicated in the formation of brown carbon aerosols. The gas-phase oxidation of imidazole

(C3N2H4) by hydroxyl radicals has been shown to be preferentially initiated via OH-addition to position

C5, producing the 5-hydroxyimidazolyl radical adduct. However, the fate of this adduct upon reaction

with O2 in the atmospheric gas-phase is currently unknown. We employed an automated approach to

investigate the reaction mechanism and kinetics of imidazole’s OH-initiated gas-phase oxidation, in the

presence of O2 and NOx. The explored mechanism included reactions available to first-generation RO2

radicals, as well as alkoxyl radicals produced from RO2 + NO reactions. Product distributions were

obtained by assembling and solving a master equation, under conditions relevant to the Earth’s

atmosphere. Our calculations show a complex, branched reaction mechanism, which nevertheless

converges to yield two major closed-shell products: 4H-imidazol-4-ol (4H-4ol) and N,N0-

diformylformamidine (FMF). At 298 K and 1 atm, we estimate the yields of 4H-4ol and FMF from

imidazole oxidation initiated via OH-addition to position C5 to be 34 : 66, 12 : 85 and 2 : 95 under 10 ppt,

100 ppt and 1 ppb of NO respectively. This work also revealed O2-migration pathways between the

a-N-imino peroxyl radical isomers. This reaction channel is fast for the first-generation RO2 radicals, and may

be important during the atmospheric oxidation of other unsaturated organic nitrogen compounds as well.

1 Introduction

Imidazole is a five-membered aromatic heterocycle with two
nitrogen atoms in meta positions: one that is pyrrole-like
(4NH) and one that is pyridine-like (QN–). Alongside other
organic nitrogen compounds,1 imidazole and its derivatives
(hence referred to as imidazoles) have been observed in the
Earth’s atmosphere, both in the gas-phase2,3 and in aerosol
particles.4–7 Recently, imidazole’s presence in the atmosphere
has garnered attention due to its potential influence on the
planet’s climate.4,8–10 More generally, imidazole is ubiquitous
in nature due to its role in biochemistry,11 where it can act as a
versatile catalyst in enzyme active sites.12

The majority of atmospheric imidazoles are thought to be
secondary in origin, i.e., formed in the atmosphere from

reaction of precursor compounds. Numerous experimental and
theoretical studies report that imidazoles can be formed from
a-dicarbonyl compounds, such as glyoxal, reacting with ammo-
nia or primary amines in aqueous aerosol particles.13–20 Other
possible sources of imidazoles to the atmosphere include
anthropogenic emissions from industrial activities,4 biomass
burning,21 and riverine water–air interface reactions.22 This
latter source, involving oxidation of organic compounds by
ozone at the river surface microlayer, may be a possible source
of imidazole emissions directly into the atmospheric gas-phase.
Although most studies investigating atmospheric imidazoles
focus on condensed-phase chemistry, recent field experiments
in the Hyytiälä boreal forest research station in Finland reported
the detection of these compounds also in the gas-phase,2,3 with
concentrations of up to B183 ppt, which is comparable to the
typical concentration of abundant amines.23

Concerning their impact on the atmosphere, imidazoles
have received much attention due to their role as components
of brown carbon, in which they strongly affect the aerosol
optical properties.4,24,25 Moreover, studies show that imida-
zoles may act as photosensitizers, promoting accelerated aero-
sol particle growth via gas-particle interface reactions.8,26,27

Aerosols still constitute one of the largest sources of uncertainty
in climate model predictions,28 largely due to insufficient
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understanding of the molecular-level processes controlling the
formation, growth, ageing, composition, and physical proper-
ties of atmospheric aerosol particles.9,29 Among these processes
is the degradation of aerosol precursor species by atmospheric
oxidation, which may lead to several different products, often-
times with widely different properties.

Either in the gas-phase or dissolved in aqueous aerosol
particles, imidazoles can react with OH radicals, the main
atmospheric oxidant,30–35 yet knowledge of their fate upon
oxidation is limited. The mechanism for imidazole reaction
with OH radical in aqueous solution has been previously
investigated with experiments32,33 and theory,35 revealing that
oxidation is preferentially initiated via electrophilic addition to
position C5 leading to the 5-hydroxyimidazolyl radical adduct
(5-OH) (Scheme 1).

There are only few studies investigating imidazole’s gas-
phase atmospheric chemistry.31,36,37 A rate coefficient for the
reaction of imidazole with OH radical was reported to be k(298
K) = 3.8 � 10�11 cm3 molecule�1 s�1,31 as measured with flash
photolysis-resonance fluorescence. Subsequent theoretical stu-
dies predicted that just like in the aqueous-phase, OH-addition
to position C5 is favored (B88% yield), while addition to
position C2 is a minor channel.36,37 However, no study has
explored the atmospherically important reactions of the 5-OH
product, an alkyl (C-centered) radical, with O2.

Alkyl radicals formed in the atmosphere are prone to react
fast with O2, yielding peroxyl radical (RO2) products:

R� + O2 - RO2
� (1)

which may further react via a myriad of unimolecular or
bimolecular reaction pathways.38–40

RO2 unimolecular reactions such as intramolecular H-shifts,

RO2
� - R0�OOH (2)

in which the peroxyl group abstracts a hydrogen from another
moiety in the molecule, or endo-cyclization,

(3)

in which the peroxyl group attacks a CQC double-bond,41 may
lead to propagation of the oxidative chain by reforming a C-
centered radical, allowing for addition of a second O2 molecule,
in what are called autoxidation channels.40,42,43 These channels
may eventually produce highly functionalized, low-volatility
products, contributing to enhanced aerosol particle growth.44

If, however, a N-centered radical is formed (e.g., via H-shift
from an amino group), subsequent reactions typically lead to
termination of the oxidative chain. Their reactions with O2

leads to the formation of a closed-shell imine plus HO2,45

RCH(–N�R0)R00 + O2 - RC(QNR0)R00 + HO2
� (4)

either via a step-wise addition/elimination mechanism or via a
direct H-abstraction mechanism.46–48 Since N-centered radicals
are much less reactive towards O2 than C-centered radicals,
reactions with NO or NO2 are also of importance,49 yielding
nitrosamines (RN(–NO)R0) or nitramines (RN(�NO2)R0) respec-
tively, known carcinogens.50

RN�R0 + NOx
� - RN(–NOx)R0 (5)

Other RO2 unimolecular channels may also lead to an early
termination of the oxidative chain, such as HO2-elimination
reactions, in which a concerted H-shift from a b-peroxyl C, N or
O atom (1,4 shift) and C–O(O) bond scission produces a CQC,
CQN or CQO p-bond plus HO2. In general, HO2-elimination
involving concerted H-shift from a carbon is negligible in the
atmosphere,48,51 whereas it becomes competitive, or even pre-
dominant, when it involves H-shift from a nitrogen48,52–54

RO2
� - R0C(QNR0 0 0)R00 + HO2

� (6)

or an oxygen:55

RO2
� - R0C(QO)R00 + HO2

� (7)

Relevant bimolecular channels of RO2 include reaction with
NO, NO2, HO2, and self- or cross-reaction with another R0O2

radical.38 These channels are often barrierless (or nearly so),
since they involve radical recombination, and therefore their
competitiveness is largely dictated by the favorability of uni-
molecular channels, as well as the concentration of reaction
partners. For instance, typical NOx concentrations in pristine
environments are on the order of 1–10 ppt, where unimolecu-
lar, RO2 + HO2 and RO2 + R0O2 reactions can compete, while in
more polluted conditions NOx concentrations may be 3 orders
of magnitude higher (1–10 ppb), and thus RO2 + NO reactions
tend to dominate.56 Reaction of a RO2 radical with NO leads
predominantly to the formation of NO2 plus the corresponding
alkoxyl radical (RO),

RO2
� + NO� - RO� + NO2

� (8)

another key reaction intermediate in the atmospheric oxidation
of organic compounds that is able to react via multiple chan-
nels. These channels include H-abstraction by O2, leading to a
carbonyl plus HO2, intramolecular H-shifts, and b-scissions,

RO� - R0C(QO)R00 + R0 0 0� (9)

in which cleavage of a Ca–Xb bond produces a carbonyl and a
X-centered radical.57 b-Scission reactions can be extremely fast,
especially in RO radicals derived from cyclic compounds, whose
ring-strain is released if cleavage occurs at an endocyclic bond.
Moreover, if cleavage occurs at a Ca–Nb bond, a N-centered

Scheme 1 Imidazole’s reaction with OH radical via attack on position C5.
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radical is formed, with potential to produce nitrosamines and
nitramines.

Since peroxyl radicals derived from cyclic compounds tend to
be, in general, less prone to react via unimolecular pathways than
acyclic analogues,58 RO2 + NO reactions could be important during
imidazole oxidation even under lower NO concentrations. The
rigid structure of a cyclic RO2 imposes constraints on the orienta-
tion of functional groups, thus hindering or completely preventing
access to some sites for intramolecular –OO� radical attack. On the
other hand, the presence of a nitrogen in the ring allows for the
possibility of HO2-elimination with imine formation, reaction
which can be fast even for cyclic reactants.48,54,59 Furthermore,
aromatic homocyclic compounds display some mechanistic pecu-
liarities during atmospheric oxidation, such as a prevalence of RO2

endo-cyclization pathways (Reaction (3)) producing bicyclic
endoperoxides.39,60,61 The mechanism of heterocyclic aromatic
atmospheric oxidation is less understood, and so far it is uncertain
whether the homocyclic reactivity trends apply also for these
compounds, or if they follow entirely different pathways.

To gain fundamental understanding of imidazoles in the
atmosphere, we investigate the mechanism of imidazole gas-
phase oxidation initiated by OH radical addition to position C5,
and follow its chemistry upon the formation of RO2 in the
presence of NO (Reactions (1)–(8)). The explored oxidation
mechanism also includes the further reactions available to
RO radicals produced via reaction (8). We employ automated
high-level quantum chemistry methods to explore the reaction
pathways involved in the oxidation mechanism systematically,
calculate reaction rate coefficients, and explore the overall
reaction kinetics to predict product distributions under a range
of atmospherically relevant conditions.

2 Methods
2.1 Potential energy surface exploration

Unimolecular isomerization and decomposition reactions were
explored using KinBot,59,62,63 a workflow code for automated
gas-phase reaction search and kinetics. KinBot automatically
creates and submits calculations to explore and characterize
the relevant regions of a potential energy surface (PES) as
described below. Overall, starting from an initial reactant
structure well (e.g. RO2), KinBot proposes the set of unimole-
cular isomerization and dissociation reactions that this species
can undergo, and generates a guess for the related transition
state geometries based on reaction templates. After filtering out
the invalid reactions and the ones with barriers above a user-
defined energy cutoff, the process is repeated for each new well,
until no more new stationary points are found.

Stationary point geometries were first optimized at the
L1 = B3LYP/6-31+G* level of theory.64–69 We discarded all reac-
tions with an L1 barrier above a threshold, for which we found
that 20 kcal mol�1 relative to the initial reactant was a mean-
ingful choice in all cases. Additionally, intrinsic reaction coordi-
nate (IRC) calculations were used for each of the remaining
saddle points to identify the connected minima. Saddle-points

are discarded if neither or both of the connected minima
corresponded to the reactant. KinBot searched the conforma-
tional space of each stationary point at the L1 level. Subse-
quently, all unique conformers with a Boltzmann factor larger
than 0.05 at 300 K were re-optimized at the L2 = oB97X-D/aug-cc-
pVTZ level of theory.70–73 Finally, single-point L3 = ROHF-
ROCCSD(T)-F12a/cc-pVDZ-F1274,75 calculations were done for
the lowest energy conformers of each stationary point. As is
recommended for this type of calculation,75 we changed the
value of the geminal Slater exponent b to 0.9, using the keyword
‘‘gem_beta = 0.9’’. In order to understand the uncertainties
associated with our choice of method for L3, we performed
ROHF-ROCCSD(T)-F12a/cc-pVTZ-F1275 and ROHF-UCCSD(T)-
F12a/cc-pVDZ-F12 single-point calculations on a subset of impor-
tant species. Comparison of the results obtained is shown in
Table S11 (ESI†).

We selected the lowest energy structures in two ways, based
on the zero-point energy (ZPE) corrected energies and based on
the 300-K free-energy. The former definition was used in the
multi-conformer transition state theory (MC-TST) calculations,
while the latter was used to select the structure in the master-
equation, where we used a single conformer for each stationary
point. Note that in the MC-TST calculations we applied the
same L3//L2 energy correction to the higher energy conformers
as to the lowest one.

The L1 and L2 calculations were done via KinBot’s atomic
simulation environment (ASE)76 interface to Gaussian,77 while
Molpro v2022.278–80 was used for the L3 energies offline with
automatically generated inputs.

For a few reactions, such as bimolecular reactions connect-
ing successive parts of the oxidation mechanism, the PES was
explored manually. In those cases, conformer search was
performed with the Spartan v2081 software, employing the
Merck-molecular force field (MMFF94) method.82

2.2 Reaction kinetics

We estimated thermal rate coefficients for each unimolecular
reaction using transition state theory (TST),83 both using only the
lowest-energy conformer and a multi-conformer approach (MC-
TST),73 assuming rigid-rotor-harmonic-oscillator (RRHO) parti-
tion functions for each structure. Product yields were estimated
by assembling and solving a master equation, using the Master
Equation Solver for Multi-Energy well Reactions (MESMER) soft-
ware version 7.084 using the lowest-free energy conformers only.

2.2.1 Reaction rate coefficients. Thermal rate coefficients
(k(T)) were estimated using the Eyring equation83

kðTÞ ¼ k
kBT

h

QTS

QR
exp � DzEv¼0

kBT

� �
(10)

where kB is the Boltzmann constant, h is the Planck constant,
and T is the temperature. D‡Ev=0 is the reaction energy barrier,
defined as the difference in ZPE-corrected energies between
transition state and reactant, calculated at L3//L2. QTS and QR

are the total molecular partition functions of the transition
state and reactant respectively, calculated under the RRHO
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approximation. The transmission coefficient k was estimated
using the Eckart tunnelling correction.85

In order to assess the effect of multiple conformations
on reaction rates, we also used a MC-TST approach73 to
estimate k(T) values using a sum of Boltzmann-weighed con-
former contributions.

kMCðTÞ ¼ k
kBT

h

P
i

exp �ETS;i � ETS;0

kBT

� �
QTS;i

P
i

exp �ER;i � ER;0

kBT

� �
QR;i

exp � DzEv¼0
kBT

� �

(11)

where QR,i and QTS,i are the total molecular partition functions
of conformer i of the reactant and of the transition state,
respectively. ER,i � ER,0 and ETS,i � ETS,0 are the ZPE-corrected
energy differences between local minima and the global mini-
mum (subscript 0) for the reactant and the transition state
respectively, calculated at the L2 level.

2.2.2 Product yields. Oxidation product yields were
obtained by solving a master equation, and simulating the time-
evolution of species concentrations under atmospheric conditions.
Zero-point corrected energies, vibrational frequencies, and rota-
tional constants calculated for the lowest-free energy conformation
of each stationary point, under the RRHO approximation, were used
as input to the master equation. Initial association reactions, such
as OH radical addition to imidazole and O2 addition to the
subsequently produced 5-OH adduct, were assumed to be barrier-
less reactions and were treated using the inverse Laplace transform
(ILT) method.86,87 A temperature-dependent rate coefficient of 1.7�
10�12 exp(+930 K/T) cm3 molecule�1 s�1 was assigned to the
imidazole + OH reaction, corresponding to experimentally mea-
sured values.31 For all reaction steps involving O2 addition to alkyl
radicals, whose rate coefficients are unknown, a temperature-
dependent rate coefficient value typical of such reactions, 2.0 �
10�12 � (T/300 K)�1 cm3 molecule�1 s�1, was used.

Unimolecular reactions (isomerizations and dissociations)
were modelled with standard Rice–Ramsperger–Kassel–Marcus
(RRKM) theory, using the Eckart tunnelling correction.85 Each
dissociation transition state was assumed to be connected by
isomerization to a post-reactive complex (PC), whose decom-
position into bimolecular products was modelled in a separate,
irreversible and barrierless reaction step, using ILT with a rate
coefficient of 10�10 cm3 molecule�1 s�1 corresponding to the
reverse association reaction. Finally, RO2 + NO reactions were
modelled as simple bimolecular sinks, with a rate coefficient
value of 2.7 � 10�12 exp(+360 K/T) cm3 molecule�1 s�1.88

In the simulations a high concentration of OH radicals (1015

molecules cm�3 cf B 106 molecules cm�3 ambient OH concen-
tration) was used with the intent of starting the oxidative chain
within B1 ms. This enabled us to see reactive intermediates on
short time-scales and resolve low-yield intermediates better in
the numerical simulations, but it did not affect any other
reaction step in the master equation. For O2, a mixing ratio
of 0.20946 (5.16 � 1018 molecules cm�3 at 1 atm, 298 K) was
used. The RRKM-ME calculations were done in the 250–350 K

temperature range and using three NO concentrations (10 ppt,
100 ppt and 1 ppb). We extrapolated the range of investigated
temperatures beyond realistic atmospheric conditions, espe-
cially towards the hotter end, with the intention of gaining
further insight into the kinetics of oxidation.

We employed the single exponential down model to treat
collisional energy transfer, using a hDEidown parameter value of
225 cm�1. Lennard-Jones parameters for modelled wells were
calculated from pure-compound critical properties,89,90 which
were in turn estimated with the Joback group-additivity
method.91 N2 was set as the bath gas, with Lennard-Jones
parameters e/kB = 91.85 K and s = 3.919. We employed
50 cm�1 energy grains, which spanned a maximum energy of
20 kBT above the highest-energy stationary point. Test calcula-
tions done with a smaller energy grain size (30 cm�1) resulted
in negligible differences in product yields (maximum difference
of B0.04%). The time evolution of species distributions was
obtained by summing over populations in energy grains at each
time step. We used the quad-double (qd) numerical precision
in all ME calculations.

Once the product distributions from the reaction of first-
generation RO2 radicals were obtained, we explored the
reaction pathways available to the open-shell products with
significant yields, using KinBot and repeating the computa-
tional routine described above (PES exploration and RRKM-ME
simulation), with a few differences. The fate of each major
alkoxyl radical product was investigated with a separate RRKM-
ME calculation, setting the parent RO2 radical as the initial
reactant. Formation of the alkoxyl radical occurs with two steps,
both modelled with standard ILT: first, RO2 + NO reaction
produces a ROONO adduct, which then dissociates into RO +
NO2 in a second step. We set the NO and NO2 concentrations to
100 ppt. An O2 addition reaction step is added for each possible
alkyl radical intermediate, but this time modelled as simple
bimolecular sinks. Once a major, second-generation RO2 pro-
duct is identified, the RRKM-ME calculation is run again, but
this time treating the corresponding O2-addition channel with
standard ILT, and including subsequent unimolecular
reaction steps.

Finally, to assess the uncertainty of calculated product yields
due to the uncertainty in RRKM-ME model parameters and the
calculated PES, we employed the automated procedure present
in KinBot.59 Here the approach was adapted for the MESMER
code. A detailed description for this procedure is given in the
ESI.†

3 Results and discussion
3.1 First generation peroxyl radicals

We start by exploring the fate of imidazole after initial OH
radical addition to position C5, producing the C-centered alkyl
radical, 5-OH. Adduct 5-OH has no unimolecular reaction
channel that is able to compete with O2-addition, as the only
pathway found during reaction search (within the 20 kcal mol�1

energy barrier cutoff) was dissociation back to reactants
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(imidazole + OH). Direct H-abstraction from C5 by O2, leading
to the aromatic species 1H-imidazol-5-ol (5-ol), is also unable to
compete with O2-addition. The calculated energy barrier for
this reaction is 9.93 kcal mol�1, and the associated rate
coefficient value estimated with TST is 1.14 � 10�21 cm3

molecule�1 s�1.
Reaction of O2 with 5-OH may initially lead to the formation

of one of four different RO2 isomers. The odd-electron density
in 5-OH is delocalized over two carbon atoms, C2 and C4, due
to resonance stabilization, thus the addition of O2 may occur at
either of these positions. Moreover, depending on the side of
the ring at which the O2 attack occurs, addition to positions C2
and C4 may lead to two RO2 stereoisomers each. Anti-addition
(relative to the OH moiety) may lead to peroxyl radicals 2a-RO2

or 4a-RO2, while syn-addition may lead to peroxyl radicals 2s-
RO2 or 4s-RO2. The stationary points on the PES, including O2-
addition reactions, as well as the unimolecular reaction path-
ways available to each of the RO2 species, are shown in Fig. 1.

The 4-RO2 adducts are 3–4 kcal mol�1 more stable than their
2-RO2 counterparts. This difference can be explained by the
hyperconjugative interaction between the amine nitrogen’s
lone-pair and the imine’s p-antibonding orbital (nN - pCN*),
which is retained in the C4-addition products (in the amidine
group), but lost upon O2-addition to position C2. The energy

differences between syn- and anti-adducts are smaller, and the
reasons are less obvious. Unlike in anti-isomers, the peroxyl
and hydroxyl groups in syn-isomers are able to interact via an
intramolecular H-bond, albeit a weak one, since ring-strain
prevents an optimal O–H–O orientation. The 2s-RO2 isomer is
therefore 0.8 kcal mol�1 lower in energy compared to 2a-RO2.
However, the opposite trend is observed for the 4-isomers: 4s-
RO2 is 0.4 kcal mol�1 higher in energy than 4a-RO2. Here,
destabilization brought by steric repulsion between the neigh-
boring peroxyl and hydroxyl groups, which is significant with
b-OH syn-substitution, overcomes the stabilizing effect of the
H-bond.

In the 2-RO2 isomers, the peroxyl group is bonded to an a-
amino C, and thus both of these species may undergo HO2-
elimination (1,4 H-shift from the nitrogen concerted with
cleavage of the C–O(O) bond), resulting in CQN double-bond
formation via transition states TS5a or TS5s. These two HO2-
elimination pathways have similar reaction barrier heights,
differing by about 0.4 kcal mol�1, and lead to the same
products, the cyclic diimine 4H-imidazol-4-ol (4H-4ol) plus
HO2 radical. In contrast, the reaction channels which are
available to the 4-RO2 isomers depend on the reactant’s stereo-
chemistry that determines which moieties are accessible for
attack of the peroxyl group. Unlike the syn isomer 4s-RO2, the

Fig. 1 PES of the studied reaction pathways available to the first-generation RO2 from imidazole atmospheric oxidation, initiated via OH radical-addition
to position C5. Relative ZPE-corrected energies shown in kcal mol�1, calculated at the ROHF-ROCCSD(T)-F12a/cc-pVDZ-F12//oB97X-D/aug-cc-pVTZ
level of theory. Solid black lines indicate unimolecular steps, solid gray lines indicate barrierless association and dissociation steps, and dotted lines
indicate minor channels. The dashed circle indicates the initial reactants (imidazole + OH + O2), and dashed boxes indicate the major products from
major unimolecular channels (Z-FMF + OH, and 4H-4ol + HO2).
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anti isomer 4a-RO2 may also react via HO2-elimination
(via transition state TS6a), but in this case with concerted H-
transfer from the a-hydroxyl carbon, producing the aromatic
species 1H-imidazol-5-ol (5-ol) plus HO2 radical. Even though
this channel recovers the aromaticity of the heterocycle, leading
to a product that is more stable than 4H-4ol by 16.7 kcal mol�1,
its reaction barrier is the highest among the ones studied here
for first-generation RO2 species.

The peroxyl group in the syn isomer 4s-RO2 has access to the
alcohol group, and this species may react via an 1,5 H-shift (via
TS7s), producing the hydroperoxy-alkoxyl radical (HOOQO)
M7s. This channel has a slightly lower reaction barrier height
than the HO2-elimination pathways, and it initiates a cascade
of exothermic unimolecular reaction steps, ultimately leading
to the formation of another closed-shell product, (Z)-N,N0-
diformylformamidine (Z-FMF), plus OH radical. Most substi-
tuted RO radicals may undergo fast b-scission, producing a
carbonyl and a C-centered radical. Species M7s is especially
prone to react in this manner (via TS8s) because the reaction
barrier associated with b-scission is only 0.9 kcal mol�1.
Release of ring-strain and the development of a high degree
of electron delocalization in TS8s may explain the increased
reactivity observed. The (HOO)C–C(O) distance in M7s is also
abnormally large (B2 Å), and for this reason, this part of the
PES was calculated manually. The product of this b-scission,
species M8s, is an a-OOH alkyl radical, a class of intermediates
which are known to undergo spontaneous OH radical
elimination,92 producing a closed-shell carbonyl compound

RC�(–OOH)R0 - RC(QO)R0 + �OH (12)

Since most conformations of the reactant spontaneously
decompose into the products (Z-FMF and OH radical) during
geometry optimization, we assumed that dissociation of M8s
occurs without a barrier.

Finally, O2-migration reaction steps connect the two anti-
isomers (2a-RO2 $ 4a-RO2) and the two syn-isomers (2s-RO2 $

4s-RO2), via TS4a and TS4s respectively, with the lowest energy
barriers among the RO2 unimolecular channels. These reac-
tions resemble endo-cyclization steps (Reaction (3)), but

involving a concerted attack of the peroxyl group on the C-
terminus of the CQN double-bond and C–O(O) bond cleavage.
As a result, the peroxyl group and the CQN double-bond
exchange positions.

We note that T1 diagnostics and the percentage of triples (T)
contribution to the total atomization energy %TAE[(T)]93,94

suggest that transition states TS4a, TS4s, TS5a, TS5s, TS6a,
TS7s, and TS8s have a mild degree of multi-configurational
character (see Section S9 in the ESI†). Test calculations with a
unrestricted coupled-cluster wavefunction (ROHF-UCCSD(T)-
F12a/cc-pVDZ-F12) show a substantially lower (B2.1 kcal
mol�1) relative energy for TS7s, in comparison to the restricted
open-shell method used for L3 (see Table S11, ESI†). However,
since this difference does not change the order of importance
among exit reaction channels, uncertainties associated with the
use of a ROCCSD(T) method (as opposed to UCCSD(T)95) are
not expected to significantly affect branching ratios.

While the formation of electronically-excited RO2 intermedi-
ates directly from the association of an alkyl radical with O2

may be possible,96 a thorough exploration of excited-state
reaction mechanisms is beyond the scope of this study. We
argue, however, that if excited RO2 species are formed from
association of 5-OH and O2, the likely major outcome is fast
relaxation to the electronic ground state via internal
conversion.97 Further discussion is presented in Section S8 of
the ESI† alongside test calculations.

The calculated reaction barrier heights and associated ther-
mal rate coefficients, estimated with TST, for each unimolecu-
lar reaction described above are shown in Table 1. To capture
the chemical evolution of the first-generation RO2 system, we
invoked an RRKM-ME model, in which we also included the
reaction of each RO2 radical with NO (Reaction (8)) as loss
terms as described in the Methods section, to determine the
competition between unimolecular and bimolecular channels.
The alkoxyl radicals produced this way are 4a-RO, 4s-RO, 2a-RO
and 2s-RO. The simulation results (298 K and 10 ppt NO) are
summarized in Fig. 2.

Significantly faster than other competing channels, the O2-
migration reactions serve to rapidly establish equilibrium

Table 1 Reaction barrier heights (D‡Ev=0) calculated as the difference in zero-point corrected energy between TS and reactant, calculated at L3//L2
level, for unimolecular reaction steps available to first-generation RO2 intermediates. Thermal rate coefficients estimated with lowest-conformer TST
(kLC-TST) and multi-conformer TST (kMC-TST) at 298 K, ratio of lowest-conformer partition functions (QTS/QR), and Eckart tunnelling factors (k). *: non-
elementary reaction steps. Rate coefficient values estimated assuming a direct connection between 4a-RO2 and TS5a, and between 4s-RO2 and TS5s.
**: Eckart tunnelling factor lower than unity arrises because of quantum mechanical reflection98

Reaction step Description D‡Ev=0 (kcal mol�1) kLC-TST (s�1) kMC-TST (s�1) kMC/kLC QTS/QR k

2a-RO2 - 4a-RO2 O2-Migration 10.05 1.69 � 105 8.24 � 104 0.49 0.61 1.04
2a-RO2 - PC5a HO2-Elimination 17.57 4.14 3.05 0.74 1.67 3.02
4a-RO2 - 2a-RO2 O2-Migration 14.04 2.01 � 102 30.94 0.49 0.47 1.04
4a-RO2 - PC6a HO2-Elimination 24.29 1.78 � 10�5 5.54 � 10�6 0.31 1.04 1.77
4a-RO2 - PC5a* HO2-Elimination* 21.56 3.82 � 10�3 1.46 � 10�3 0.38 1.31 3.02
2s-RO2 - 4s-RO2 O2-Migration 11.89 2.49 � 104 1.05 � 104 0.42 2.05 1.02
2s-RO2 - PC5s HO2-Elimination 19.17 0.328 0.145 0.44 2.40 2.46
4s-RO2 - 2s-RO2 O2-Migration 14.39 3.65 � 102 93.6 0.42 1.54 1.02
4s-RO2 - M7s 1,5 H-shift 20.50 8.37 � 10�3 2.83 � 10�3 0.34 0.38 3.75
4s-RO2 - PC5s* HO2-Elimination* 21.67 3.62 � 10�3 1.30 � 10�3 0.36 1.81 2.46
M7s - M8s b-Scission 0.93 1.28 � 1012 9.88 � 1011 0.77 1.03 0.96**
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between the 2- and 4-RO2 isomer pairs, highly favoring the
4-RO2 isomers. Past point B in Fig. 2, i.e., after B1 ms most of
the produced 2a-RO2 and 2s-RO2 radicals have been converted
into their respective more stable 4a-RO2 and 4s-RO2 isomers.
Due to these fast O2-migration steps, the 4-RO2 isomers also
have prompt, indirect access to the HO2-elimination pathways
available to the 2-RO2 isomers via TS5a and TS5s.

Equilibrium between the syn and anti 4-RO2 isomers is
approached after around 1 s (Fig. 2(C)), with a portion of the
4s-RO2 species being converted into the slightly more stable
(B0.3 kcal mol�1) 4a-RO2, indicating that dissociation of the
RO2 adducts back to the reactants (5-OH + O2) is significant.
Some studies investigating the reaction of O2 with other reso-
nance stabilized radicals reported a similar behaviour.99 Due to
partial or complete loss of resonance stabilization, the RO2

radicals produced in these reactions correspond to relatively
shallow wells, leading to faster back-reaction rates. In the
absence of other fast RO2 sinks, which seems to be the case
during the OH-initiated oxidation of imidazole, the R� + O2 $

RO2
� reaction may approach equilibrium on relatively short

timescales. As a consequence, the calculated product yields
have a low dependence on the uncertainty in the rate coeffi-
cients of the four O2-addition reactions, which were estimated
as described in the Methods section.

As seen in Table 2 and Fig. 3, results from RRKM-ME
calculations show that unimolecular channels via TS5a, TS5s
and TS7s, as well as bimolecular RO2 + NO - RO + NO2

channels involving the 4a-RO2 and 4s-RO2 isomers are all
competitive at 298 K and 1 atm. The branching ratios of
competitive channels are, however, strongly dependent on the
NO concentration. We illustrate this effect in Fig. 3, where we
show the branching fraction predictions and their uncertainty
at various NO concentrations for the main channels. The only
negligible channel under most conditions considered here is
HO2-elimination via TS6a to produce 5-ol. This finding is in line
with other studies indicating that this type of reaction (HO2-
elimination involving H-shift from a C atom) is a negligible
pathway in the Earth’s atmosphere.48,51,59 Production of 5-ol via
direct H-abstraction from 5-OH by O2 is also negligible, as
confirmed by a test RRKM-ME calculation where this channel
was included alongside the RO2 channels.

Under more pristine conditions ([NO] = 10 ppt) unimolecu-
lar channels predominate, products 4H-4ol + HO2 and Z-FMF +
OH showing yields of 33.7 (+15.6

�9.4 )% and 47.0 (+11.3
�16.6)% respec-

tively at 298 K, whereas bimolecular channels are minor,
with products 4a-RO + NO2 and 4s-RO + NO2 showing yields
of 14.2 (+5.0

�5.9)% and 4.9 (+2.2
�2.3)% respectively. Rising NO concen-

trations are accompanied by a sharp rise in the yield of alkoxyl
radicals, which become the major products at intermediate
(100 ppt) and high (1 ppb) NO concentration levels. Unlike with
unimolecular channels, competition among the four bimole-
cular channels depends on the relative concentration of the
RO2 reactants. Thus, the equilibrium established between the
RO2 isomers is reflected on the relative yield of RO products:
the yield of 4a-RO is about 3 times larger than that of 4s-RO,
while 2a-RO and 2s-RO have a combined yield of only 0.4
(�0.1)% under high NO concentration (1 ppb).

Product yields from first-generation RO2 also display a
strong temperature dependence. As expected, unimolecular
channels are favored at higher temperatures, while the barrier-
less bimolecular RO2 + NO - RO + NO2 channels, whose rate
coefficients have a weak negative temperature dependence, are
favored at lower temperatures. Thus, rising temperatures coun-
teract the effect of rising NO concentrations, as seen in Fig. 3.
Also, upwards of 312 K at [NO] = 100 ppt, 4H-4ol becomes the
major product, with a yield of 45.5%, surpassing that of Z-FMF
(42.4%). While only one reaction channel leads to Z-FMF, two
HO2-elimination channels can produce 4H-4ol, both with very
similar energy barrier heights and loose transition states (see
ratio of TS and reactant partition functions QTS/QR in Table 1).
So, as the temperature rises, entropy favors formation of 4H-
4ol. The equilibrium with the four RO2 isomers discussed
previously is more clearly observed when comparing the
RRKM-ME time evolution of concentrations calculated at dif-
ferent temperatures, shown in Fig. S5 (ESI†). Lower tempera-
tures see a delay in the establishment of these equilibria, which
is reflected in the ratio of RO stereoisomer yields. At 250 K, RO2

back-reactions are minor and only occur prior to thermalization
of the RO2 adducts, seen by the slightly higher concentration of
4a-RO2 relative to 4s-RO2.

Fig. 2 Time evolution of species distributions from RRKM-ME calculation
for the first-generation RO2 radicals, at 298 K, 1 atm and 10 ppt NO, with
imidazole + OH as starting reactants. Vertical dashed lines indicate
relevant time-scales: (A) onset of oxidation; (B) 4s-RO2 $ 2s-RO2 and
4a-RO2 $ 2a-RO2 equilibria are achieved; (C) 4a-RO2 $ 4s-RO2 equili-
brium is approached; (D) onset of unimolecular reactions; (E) onset of
bimolecular RO2 + NO - RO + NO2 reactions; (F) end of reaction.

Table 2 Product yields obtained from ME calculations for reaction of
first-generation RO2 radicals, at 298.15 K and 1 atm. Standard deviations
(�s) calculated with the logit-transformed distribution of yields obtained
with uncertainty analysis

Product

Yield (%) (�s)

[NO] = 10 ppt [NO] = 100 ppt [NO] = 1 ppb

5-ol 0.1 (+0.1
�0.0) 0.0 (+0.1

�0.0) 0.0 (+ 0.1
�0.0 )

4H-4ol 33.7 (+15.6
�9.4 ) 12.4 (+6.4

�4.7) 1.8 (+1.1
�0.6)

Z-FMF 47.0 (+11.3
�16.6) 17.3 (+9.2

�7.2) 2.4 (+1.8
�1.0)

4s-RO 4.9 (+2.2
�2.3) 18.1 (+4.4

�6.6) 25.3 (+9.8
�6.0)

4a-RO 14.2 (+5.0
�5.9) 51.9 (+9.9

�11.4) 70.1 (+6.0
�11.1)

2-RO 0.1 (+0.0
�0.0) 0.3 (+0.1

�0.1) 0.4 (+0.1
�0.1)
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The dependence of product yields on pressure is weak, as
seen from Table S7 (ESI†), with yields changing by a maximum
of B0.5% in the 0.1–10 atm range, at 298 K. This possibly

indicates that the kinetics for this part of the oxidation mecha-
nism is close to the high-pressure limit, the regime at which
TST is applicable.

Fig. 3 Product branching ratios obtained from ME calculations for reaction of adduct 5-OH with O2, at a range of temperatures (250 K, 262.5 K, 275 K,
287.5, 298 K, 312.5 K, 325 K, 337.5 K, 350 K) and NO concentrations (10 ppt, 100 ppt and 1 ppb). All calculations were done at 1 atm. Gray circles represent
branching ratio values obtained from uncertainty analysis runs. Gray shaded areas represent standard deviations, calculated with the logit-transformed
distribution of branching ratios from uncertainty analysis. Dark gray: �s; light gray: �2s.
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3.2 Alkoxyl radical products

Given that the alkoxyl radicals 4a-RO and 4s-RO appear to be major
products of imidazole oxidation by OH radicals, being competitive
even under low NO concentrations, we also investigated their fate
in the atmosphere, as illustrated by the PES in Fig. 4. The RO
species were assumed to be produced via the following:

4s-RO2
� + NO� - 4s-ROONO DE = �24.8 kcal mol�1 (13)

4s-ROONO - 4s-RO� + NO2
� DE = +12.7 kcal mol�1 (14)

4a-RO2
� + NO� - 4a-ROONO DE = �24.5 kcal mol�1 (15)

4a-ROONO - 4a-RO� + NO2
� DE = +13.4 kcal mol�1 (16)

Three initial unimolecular reaction pathways are available to
both the syn isomer (via TS12s, TS13s and TS14s) and the anti
isomer (via TS12a, TS13a and TS14a) of the major alkoxyl
radical intermediate 4-RO. Each of these channels correspond
to the cleavage of one of the RO� Ca–Xb bonds (b-scissions),
leading to the formation of a carbonyl group and a X-centered
radical.

The RO channels involving cleavage of the C–C bond, via
TS12a and TS12s, have the lowest associated reaction energy
barriers (4.17 and 5.04 kcal mol�1 respectively), and initially
lead to different products. In the syn RO isomer, the oxyl and
alcohol groups interact with a weak H-bond, which is preserved

(and perhaps strengthened) as the C–C bond is broken during
reaction via TS12s, as revealed by IRC calculations. Further
along the post-TS reaction coordinate, the alcohol hydrogen is
spontaneously transferred to the carbonyl oxygen atom in a 1,7
H-shift, producing the C-centered radical M12s. On the other
hand, no such intramolecular H-bond is present in the anti
RO isomer, and C–C bond scission proceeds with no concerted
rearrangements, leading to species M12a. However, torsion
about the C�–N bond in M12a (through transition state
TS15a) brings the alcohol group in proximity of the
carbonyl, allowing for the 1,7 H-shift to spontaneously occur,
thus connecting M12a to M12s via a low torsional barrier
(B3.6 kcal mol�1).

Resonance brought by N-imino and N-amido substitution to
the radical center makes species M12s especially stable, being
almost 15 kcal mol�1 lower in energy than M12a. M12s is also
completely planar and assumes a 8-membered ring-like struc-
ture, held together by an intramolecular H-bond. Planarity
favors conjugation of the functional groups, but the ring-like
conformation requires large bond angles, introducing strain to
the system. The H-bond is lost with inversion at the conjugated
C–N–C moiety (TS17s), producing species M17s, but it also
leads to strain relief while maintaining the planar geometry.
As a consequence, M17s is just slightly less stable than M12s,
by about 0.6 kcal mol�1.

Fig. 4 Potential energy surface of studied reaction pathways available to the major alkoxyl radical products. Relative zero-point energy values shown in
kcal mol�1, calculated at the ROHF-ROCCSD(T)-F12a/cc-pVDZ-F12//oB97X-D/aug-cc-pVTZ level of theory. Dotted lines indicate minor channels.
Dashed circles indicate the initial reactants 4s-RO and 4a-RO (‘‘s’’ and ‘‘a’’ stand for syn- and anti-respectively), and dashed boxes indicate major
products.
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The channels involving cleavage of the C–N bond, via TS13a
and TS13s, have slightly higher reaction energy barriers (9.57
and 7.37 kcal mol�1 respectively), both leading to the same
product, the N-centered (amidinyl) radical M13. Similarly,
cleavage of the C–H bond (H-elimination) in either RO stereo-
isomer via TS14a or TS14s leads to the same outcome, the
closed-shell product imidazol-4-one (P4) plus an H atom, but
crossing much higher reaction barriers (16.02 and 15.38 kcal
mol�1 respectively).

All of the C–C and C–N bond scission transition states
(TS12a, TS12s, TS13a, and TS13s) are stabilized by release of
ring strain, which can explain the low energy barriers observed
overall (o10 kcal mol�1). Additionally, TS12a and TS12s are
further stabilized by a hyperconjugative interaction of the
developing, singly-occupied pC-orbital with the hydroxyl O
lone-pair (nO - pC), and to a lesser extent, with the amidine
N(H) lone-pair (nN - pC). These interactions can explain the
lower C–C bond scission energy barriers relative to C–N bond
scissions. The effects underlying the observed difference in
reactivity between stereoisomers is less clear, but a tentative
explanation could be the presence of an intramolecular H-bond
in 4s-RO and the maintenance of such bond in TS12s and
TS13s. Similar to what is observed with 4s-RO2, an H-bond
between the oxyl and hydroxyl groups in 4s-RO is possible but
sub-optimal, due to a constraint imposed by the cyclic struc-
ture. This constraint is relaxed as the C–N bond is lengthened
in TS13s, allowing for a stronger H-bond, which grants extra
stabilization to the transition state. Thus, the energy barrier to
C–N bond scission is B3 kcal mol�1 lower for 4s-RO than it is
for 4a-RO, where no such H-bond is possible.

Subsequent reactions available to the two C-centered radi-
cals (M12a and M12s) and the N-centered radical (M13) pro-
duced from the RO b-scission channels were also explored.
Several of these reaction pathways were found during
reaction search for M12a and M12s. However, most have high
(420 kcal mol�1) associated energy barriers, and are not
expected to compete with O2-addition. Thus, for species M12a
and M12s, we limited our analysis to the pathways whose
reaction barriers are lower in energy than the original RO
reactants 4a-RO and 4s-RO. These reactions are included in
the PES in Fig. 4.

We also note here that, given the high degree of conjugation
present in species M12s and M12a, it is not immediately
obvious whether equilibrium between their respective confor-
mations (or E–Z isomers) can be achieved, especially consider-
ing the short lifetime of C-centered radicals. For this reason, we
treated M12a and M12s as single-conformer species, corres-
ponding to the structures obtained from IRC end-points, con-
nected to TS12a and TS12s respectively. An exhaustive search
for reaction paths connecting E–Z isomers would go beyond the
scope of this work, but a few critical torsional and inversion
transition states were found, either accidentally by KinBot’s
algorithm (TS15a, TS17a, TS18a) or by manual search (TS17s).
Thus, torsional isomerism in species M12a and M12s was
treated explicitly, but including only the steps necessary to
properly connect reaction channels to either M12a or M12s.

For example, one of the reaction channels found is the one
leading from species M12a to species M19a, involving a 1,5 H-
shift. In order to react in this manner, species M12a must first
undergo torsion about the imine CQN bond (TS17a), followed
by torsion about the C�–N bond (TS18a), leading to species
M18a, which may then finally react via H-shift (TS19a) to yield
product M19a. The N-inversion transition state TS17s was
included in the analysis because, as shall be discussed further
in Section 3.3, O2-addition to species M12s or M17s leads to
different RO2 radicals which are not necessarily interconnected
via low-barrier channels.

Species M12a and M12s may also react by cyclization
(via TS16a or TS16s), where the carbonyl O attacks the radical
center, forming a 6-membered ring. A more detailed discussion
on the cyclization and H-shift channels available to M12a or
M12s is provided in Section S2 of the ESI.†

Species M13, the product of RO C–N bond scission, may
react further via a 1,4 H-shift (TS20), where the hydrogen is
transferred from the a-OH carbon to the imine N, or via a 1,5 H-
shift (TS21), where the hydrogen is transferred from the alde-
hyde group instead.

The calculated reaction barrier heights and associated ther-
mal rate coefficients for the unimolecular channels discussed
in this section are shown in Table 3. Product yields obtained
from ME calculations at 298.15 K and 1 atm are shown in
Table 4. For the sake of limiting computational costs, a separate
ME calculation was done for each RO stereoisomer, produced
from their respective parent RO2 radical via reactions (13)–(16).
Reaction of O2 with C-centered radicals M12a, M12s, M16a,
M16s, M17s, M19a, M20, and M21 was treated as a simple
bimolecular sink, with a rate coefficient value of kO2

(298 K) =
2 � 10�12 cm3 molecule�1 s�1. Typically, N-centered radicals
formed in the atmosphere may also react with O2, NO or NO2

(Reactions (4) and (5)). Reaction of M13 with O2 is expected to
lead to the formation of a nitrile plus HO2,100 whereas reaction
with NO or NO2 may produce a nitrosamine or a nitramine.
Only reaction with O2 was included in the ME modelling for
bimolecular loss terms involving M13, but treated as a simple
bimolecular sink leading to a single product with a rate
coefficient value of 10�16 cm3 molecule�1 s�1, corresponding
to an upper limit to rate coefficients typically observed for the
reaction of N-centered radicals with O2.47

Results from ME calculations revealed that both 4a-RO and
4s-RO react almost solely via their respective C–C bond scission
channels, producing species M12a and M12s respectively. For
4s-RO, C–N bond scission (via TS13s) is slightly competitive,
with a yield of B4.4% at 298 K, whereas it is a negligible
channel for the anti isomer (via TS13a). The channels involving
C–H bond scission via TS14a and TS14s, expected to be
negligible due to their much higher energy barriers, were not
included in the ME treatment.

As for the fate of the subsequently produced C-centered
radicals, the major loss channel of species M12a is conversion
to M12s via bond torsion/H-shift, as described above, with a
yield of about 97.4% at 298 K. Thus, the great majority of the
RO radicals (either syn or anti) produced from imidazole + OH

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

li 
20

24
. D

ow
nl

oa
de

d 
on

 2
9.

01
.2

6 
00

:3
2:

08
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02103g


23580 |  Phys. Chem. Chem. Phys., 2024, 26, 23570–23587 This journal is © the Owner Societies 2024

reacts further leading to the same C-centered radical, M12s.
Once formed, M12s can undergo fast N-inversion via TS17s to
produce M17s. The only competitive loss channel for M12s and
M17s is reaction with O2, yielding second-generation RO2

radicals. These RO2 are the major products from both RO
isomers, with summed yields of about 95.7% and 97.4% from
4s-RO and 4a-RO respectively. About 85% of the second-
generation RO2 is produced from O2-addition to M17s, whereas
15% is produced from O2-addition to M12s, a distribution
which indicates that equilibrium between M12s and M17s is
approached, favoring the latter. Due to a less rigid structure,
M17s is B0.2 kcal mol�1 lower in free energy relative to M12s.

Cyclization constitutes a minor channel for M12a, with a
yield of 0.4% at 298 K, and it is negligible for M12s. The H-shift
channel initiated via the torsional transition state TS17a is also
minor for M12a, but with a slightly higher yield (1.9% at 298 K),
despite involving a reaction energy barrier B2.6 kcal mol�1

higher than cyclization. This observation, which may be
explained by vibrationally hot molecules reacting at non-
thermal rates, is further discussed in Section S2 of the ESI.†

Concerning the fate of the N-centered radical M13, results
indicate that its reaction with O2 is a minor channel, with a
maximum yield of only 1.5% at 298 K from the total 4s-RO, the

1,5 H-shift channel via TS21 being slightly more competitive,
with a yield of 2.4%. Reaction of N-centered radicals with NO or
NO2 can lead to nitrosamines (RN–NO) or nitramines (RN–NO2)
respectively, compounds which are known to be toxic. However,
these channels are expected to be negligible for 4s-RO, given
that reaction of M13 with O2 is a barely competitive sink, even
when assuming an upper limit to the rate coefficient. Under
this assumption, reaction with O2 has a pseudo-first order rate
coefficient of B500 s�1, which is 20 times faster than the upper
limit for the rate of reaction with NO or NO2 (B25 s�1,
assuming collision-limit kNOx

= 10�10 cm3 molecule�1 s�1 and
[NOx] = 10 ppb).

In contrast to what was seen with first-generation RO2, the
fate of alkoxyl radicals 4s-RO and 4a-RO shows a weak tem-
perature dependence in the range analysed here (see Tables S3–
S5 in the ESI†). Variation in product yields is, at most, just over
1% for 4a-RO, and B3% for 4s-RO.

3.3 Second generation peroxyl radicals

The reaction mechanisms which determine the fate of the
second-generation RO2 radicals are seemingly rather complex;
however, they all converge to the same outcome. The investi-
gated second-generation RO2, as well as the unimolecular
reactions available to these radicals are shown in Scheme 2.
Reaction of M12s or M17s (circled in Scheme 2) with O2 may
initially lead to two different RO2 products each, depending on
which C atom of the conjugated C–N–C moiety O2-addition
occurs. O2-addition to M12s may lead to Z2-RO2 or Z4-RO2,
while O2-addition to M17s may lead to E2-RO2 or E4-RO2.
Analogous to what is observed with the first-generation RO2,
an O2-migration step connects the Z-RO2 isomer pair via
transition state TS25 and another connects the E-RO2 isomer
pair via TS26. Since the a-peroxyl carbon in these RO2 is sp3

hybridized, torsion about the adjacent C–N bond is possible,
which allows for two additional connections by O2-migration:
TS27 connects E2-RO2 to Z4-RO2 and TS28 connects Z2-RO2

to E4-RO2. Direct connection between E4-RO2 and Z4-RO2

or between E2-RO2 and Z2-RO2 is possible only via imine

Table 3 Reaction barrier heights (D‡Ev=0) calculated as the difference in zero-point corrected energy between TS and reactant, calculated at the L3//L2
level, for unimolecular reaction steps available to the major RO intermediates and its bond scission products. Thermal rate coefficients estimated with
lowest-conformer TST (kLC-TST) and multi-conformer TST (kMC-TST) at 298 K, ratio of lowest-conformer partition functions (QTS/QR), and Eckart tunnelling
factors (k)

Reaction step Description D‡Ev=0 (kcal mol�1) kLC-TST (s�1) kMC-TST (s�1) kMC/kLC QTS/QR k

4a-RO - M12a b-Scission 4.17 5.78 � 109 9.01 � 109 1.56 0.91 1.17
4a-RO - M13 b-Scission 9.57 6.24 � 105 3.90 � 105 0.63 0.73 1.40
4a-RO - P4 + H H-Elimination 16.02 6.93 5.61 0.81 0.62 —
4s-RO - M12s b-Scission 5.04 1.47 � 109 1.00 � 109 0.68 1.06 1.10
4s-RO - M13 b-Scission 7.37 2.32 � 107 1.58 � 107 0.68 0.70 1.35
4s-RO - P4 + H H-Elimination 15.38 48.8 33.3 0.68 1.47 —
M12a - M16a Cyclization 7.05 6.66 � 106 7.43 � 106 1.12 0.14 1.10
M12a - M17a N-Inversion 9.65 6.37 � 105 — 1 1.18 1.04
M12a - M12s C–N torsion 3.58 1.35 � 1010 — 1 0.87 1.05
M17a - M18a C–N torsion 6.13 3.52 � 108 — 1 1.55 1.14
M12s - M16s Cyclization 17.30 0.212 — 1 0.13 1.29
M12s - M17s N-Inversion 11.98 7.92 � 103 — 1 0.73 1.05
M13 - M20 1,4 H-shift 17.73 56.4 39.6 0.70 0.26 351.24
M13 - M21 1,5 H-shift 16.22 3.04 � 102 2.14 � 102 0.70 0.51 74.58

Table 4 Product yields obtained from ME calculations for reaction of
major RO radical products, at 298.15 K and 1 atm. Species R-O2 corre-
spond to the products of reaction of R with O2. Standard deviations (�s)
calculated with the logit-transformed distribution of yields obtained with
uncertainty analysis. *: combined yields of M12s-O2 and M17s-O2

Product

Yield (%) (�s)

Initial reactant: 4a-RO2 Initial reactant: 4s-RO2

M12s-O2/M17s-O2* 97.8 (+1.0
�1.4) 95.8 (+1.6

�3.3)
M13-O2 B 0 1.5 (+1.5

�0.8)
M16a-O2 0.4 (+0.3

�0.1) B 0
M19a-O2 1.9 (+1.3

�0.8) B 0
M20-O2 B0 0.5 (+1.1

�0.3)
M21-O2 B0 2.4 (+1.8

�1.4)
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N-inversion channels (via TS36 and TS37), which have energy
barriers too high (422 kcal mol�1) to be important. KinBot’s
conformer sampling algorithm accounts for E–Z isomerism in
alkenes, but the version used here does not separate those
isomers in imines, and for this reason we chose to employ only
the reaction search module of the code for second-generation
RO2. Conformer sampling and high-level quantum chemistry
calculations were done manually.

The second-generation RO2 species correspond to signifi-
cantly deeper wells than the first-generation ones, and most
have access to decomposition channels with lower reaction
barriers than their O2-migration steps, so rapid equilibrium
between RO2 isomers is not achieved. Species Z2-RO2, E2-RO2

and Z4-RO2 can react via HO2-elimination with CQO double-
bond formation, all yielding FMF, the first RO2 producing the
(Z) isomer and the latter two producing the (E) isomer. While
HO2-elimination in Z2-RO2 and E2-RO2 involves the typical
concerted 1,4 H-shift/C–O bond scission, in Z4-RO2 this reac-
tion occurs with a 1,6 span instead, which is possible due to the
presence of an imine group between the reacting OH and
OO groups. Species E4-RO2 cannot react in this manner, since
the OH group is not accessible to the peroxyl group. However,
E4-RO2 has access to a low-barrier (10.2 kcal mol�1, via TS26)
O2-migration, connecting it to E2-RO2, and granting the former
indirect access to the latter’s HO2-elimination channel.
Reaction channels involving HO2-elimination with CQN
double-bond formation were also found for Z2-RO2, E4-RO2

and Z4-RO2, but these have significantly higher reaction bar-
riers (see Fig. S4, ESI†) and are therefore expected to be
negligible.

The reaction pathways available to the second-generation
RO2 are included in the RRKM-ME modelling for alkoxyl
radicals 4s-RO and 4a-RO, connecting the PESs in Fig. 4 and
Scheme 2. Results from ME calculations, shown in Table 5,
indicate that virtually all of the second-generation RO2 radicals
formed in the atmosphere undergo HO2-elimination to yield
FMF, about 91% of which formed as the (E) isomer and about
9% as the (Z) isomer. This ratio between E–Z isomers is largely
insensitive to the temperature or to the stereochemistry of the
precursor RO radical. Nevertheless, the energy barrier of imine
N-inversion in FMF is B15 kcal mol�1, and inter-conversion
between these isomers is relatively fast, with a rate coefficient
of B100 s�1 at 298 K. Thus, under these conditions, an
equilibrium favoring the more stable (Z)-FMF is expected to
be established on the time-scales relevant to the fate of this
product. A (Z)/(E) ratio of 57/43 is expected at equilibrium, at
298.15 K.

3.4 Multiple conformer effects

In comparison to the standard lowest-conformer TST, the inclu-
sion of multiple-conformer effects with MC-TST lowers the
estimated rate coefficients of most of the studied reactions by
a similar factor, as seen from Tables 1, 3, and Table S6 (ESI†).
Thus, relying on error cancellation, we expect that the neglect of
multiple conformations in the RRKM-ME calculations intro-
duces small errors, which are well within the variation ranges
assumed during uncertainty analysis of product distributions.
The exceptions to this trend are 4a-RO C–C bond scission (4a-
RO - M12a), M12a cyclization (M12a - M16a), O2-migration
via TS25 (Z2-RO2 - E2-RO2), and HO2-elimination via TS31.

Scheme 2 Studied reaction pathways available to the second-generation RO2 from imidazole + OH reaction, beginning with M12s and M17s, circled.
Relative zero-point-corrected energies given in kcal mol�1, calculated at the ROHF-ROCCSD(T)-F12a/cc-pVDZ-F12//oB97X-D/aug-cc-pVTZ level of
theory. Major products are shown in dashed squares.
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However, apart from cyclization, these reactions are either the
only competitive channels for their respective reactants, or much
slower than competing channels, so that a slight increase in rate
coefficients is not expected to affect product yields. Treatment of
multiple-conformations leads to a small increase in the rate
coefficient for M12a cyclization (a factor of 1.12) and this
reaction competes only with single-conformer channels.

3.5 Uncertainties in product yields

Uncertainties in product yields are given as standard deviation
ranges in Fig. 3 and Table 2 for first-generation RO2, in Table 4
for the alkoxyl radical products, and in Table 5 for second-
generation RO2. The first stage of the oxidation mechanism,
involving reactions with the first-generation RO2, is by far the
most uncertain when it comes to predicting product yields. The
largest sources of uncertainty are likely to be the rates of
unimolecular reaction pathways, more specifically, the HO2-
elimination steps via TS5a or TS5s and the 1,5 H-shift step via
TS7s. The calculated energy barrier heights for these three
reactions are very similar (0.8, 1.2 and 0.1 kcal mol�1, relative
to 5-OH + O2, for TS5a, TS5s, and TS7s respectively), and
therefore a variation of �0.5 kcal mol�1 to the energy of their
transition states can completely alter their order of importance.
This is clearly observed from the broad product yield uncer-
tainty ranges under conditions in which unimolecular channels
dominate, such as low [NO] and high temperatures.

Smaller, but still present, the uncertainty associated with
bimolecular RO2 channels is mostly due to the �0.25 kcal mol�1

variation in the energy of RO2 wells, altering their relative con-
centrations at equilibrium (or near-equilibrium), than it is to the
variation in kNO rate coefficients. The rate coefficients for RO2 +
NO reactions are not very sensitive to the identity of the R group,88

hence a small variation range was applied to kNO during the
analysis (see Methods section). Surprisingly, variation in the rate
coefficients of O2-addition reactions (kO2

), which can have values
spanning different orders of magnitude, and are unknown for the
systems investigated here, had a minimal impact in the overall
product yield uncertainty. As discussed in Section 3.1, the equili-
brium established (or approached) between the four RO2 isomers
nullifies the uncertainties associated with their formation rates. A
test RRKM-ME uncertainty analysis at 298 K and [NO] = 100 ppt,
applying random variations only to 5-OH + O2 kO2

values, pro-
duces negligible uncertainties in product yields, with a maximum
standard deviation of +0.03%/�0.05%.

Concerning the latter stage of the oxidation mechanism, the
fate of the alkoxyl radical products is much less uncertain, and

largely independent of the ratio of stereoisomers produced –
97.8 (+1.0

�1.4)% of the 4a-RO and 95.8 (+1.6
�3.3)% of the 4s-RO formed

react leading to M12s (and M17s), B100% of which produces
FMF upon O2-addition/HO2-elimination. The ratio of E–Z iso-
mers of FMF produced immediately after oxidative chain
termination is somewhat uncertain, however, as discussed in
Section 3.3, equilibrium between these isomers is expected to
be rapidly established, favoring Z-FMF.

3.6 Comparison to oxidation of similar compounds

Similar to aliphatic N-containing heterocycles whose RO2 chemistry
has been studied, such as pyrrolidine,59 piperazine,54 piperidine,101

and 1,2,3,6-tetrahydropyrazine (THP),48 HO2-elimination with
imine formation is also an important reaction channel during
imidazole OH-initiated gas-phase oxidation. However, unlike with
these aliphatic species, this reaction is not the major channel for
imidazole, due to a few structural and mechanistic differences, as
outlined below.

Relative to their respective a-amino RO2 reactants, the
reaction barrier heights of HO2-elimination channels in the
oxidation of imidazole, pyrrolidine, piperazine, piperidine and
THP are all relatively low, with calculated D‡E values ranging
from 14.4 to 19.2 kcal mol�1. As it seems, a more important
factor controlling differences in reactivity here is the well depth
of those RO2. The RO2 derivatives of saturated species (pyrro-
lidine, piperazine, and piperidine), and the b-N-imino RO2

derivative of THP correspond to deep wells (�33.9, �35.4,
�35.1, and �33.3 kcal mol�1 respectively), and their respective
HO2-elimination barriers are submerged far below the entrance
energy level (R� + O2), meaning that excess energy imparted to
the system during the preceding O2-addition step may propel
these reactions to happen at non-thermal rates. On the other
hand, since imidazole is an aromatic species whose oxidation is
initiated preferentially via OH-addition, rather than via H-
abstraction, subsequent O2-addition reactions are bound to
be accompanied by loss of resonance stabilization, producing
RO2 radicals corresponding to shallower wells. Thus, reaction
barriers to HO2-elimination are not submerged for imidazole,
albeit nearly so, and non-thermal reactions are less likely. THP
is not completely saturated, bearing an endocyclic imine group,
and its oxidation shares some characteristics with that of
imidazole. The a-C-imino RO2 derivative of THP, whose parent
alkyl radical is also resonance stabilized, corresponds to a
shallow well (�14.8 kcal mol�1), with its available HO2-
elimination channel having a slightly submerged barrier
(�0.4 kcal mol�1).48

Another important factor is that O2 attack at the other
available site in a parent resonance stabilized alkyl radical
can compete with the a-amino substitution required for HO2-
elimination. In imidazole, the effect of this competition is
partly counteracted by the availability of fast O2-migration
channels, which promote an equilibrium between the g-
amino RO2 (4-RO2) and the a-amino RO2 (2-RO2). This means
that the g-amino RO2 species also have access to the HO2-
elimination channel, but surpassing a higher reaction energy
barrier, since these RO2 correspond to deeper wells. In the

Table 5 Product yields obtained from ME calculations for reaction of
second-generation RO2 radical products, at 298.15 K and 1 atm. Standard
deviations (�s) calculated with the logit-transformed distribution of yields
obtained with uncertainty analysis

Product

Yield (%) (�s)

Initial reactant: 4a-RO2 Initial reactant: 4s-RO2

E-FMF 91.2 (+3.4
�7.0) 91.2 (+4.3

�7.4)
Z-FMF 8.8 (+6.4

�3.3) 8.8 (+5.4
�4.2)
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oxidation of THP, however, no such competition is possible. In
the a-C-imino alkyl radical, resonance occurs at a conjugated
C–CQN moiety, and O2 attack on the nitrogen cannot compete
with C-addition.

Finally, the reactivity of imidazole’s RO2 derivatives is
significantly affected by OH-substitution, which is absent from
the aliphatic heterocycles considered in this comparison. The
OH group not only grants access to a slightly faster reaction
channel, the 1,5 H-shift via TS7s, but it can alter the energetics
of competing pathways, via intramolecular H-bonds and steric
effects, as discussed in Section 3.1. Moreover, OH-substitution
adds further complexity to the oxidation mechanism by intro-
ducing stereoisomeric effects.

Many of the characteristics of imidazole’s oxidation mecha-
nism are also observed for homocyclic aromatics, such as a OH-
addition-initiated oxidation, shallow RO2 wells, and stereoiso-
meric effects.102,103 The major differences displayed by oxida-
tion of homocyclic aromatics, such as toluene102 and
benzene,103 are the absence of competitive HO2-elimination
channels, which are in general slower if involving H-shift from
a C atom, and the predominance of endo-cyclization reactions
leading to bicyclic endoperoxides. Endo-cyclization transition
states were found for imidazole’s RO2 derivatives during reac-
tion search, but the corresponding energy barriers exceed the
20 kcal mol�1 cutoff at L1. Manual calculations at the L3//L2
level revealed that these reactions indeed cannot be competitive
for imidazole’s products (see Fig. S1 in the ESI†), with barriers
412 kcal mol�1 relative to 5-OH + O2. The high barriers may be
due to the extra ring-strain brought to an already strained five-
membered cycle, and the placement the radical center on the
less-accommodating nitrogen bridge atom. That being said, a
similarly high barrier was found for analogous reactions during
the OH-initiated oxidation of THP, a less strained six-
membered heterocycle,48 possibly indicating that the channel
is unfavorable for N-containing RO2 mainly due to destabiliza-
tion brought by formation of the N-centered radical.

Perhaps a unique mechanistic feature of the oxidation of
imidazole is the availability of O2-migration channels. The
molecular structure of the O2-migration transition state TS4a
is depicted in Fig. 5. To the best of our knowledge, no such
reaction channel has been reported before in mechanistic
studies of atmospheric oxidation reactions. As of yet, it is
unclear whether these reactions are possible for other N-
containing aromatics, but the availability of O2-migrations for
the second-generation RO2 studied here indicates that these
reactions should only require the formation of a-N-imino RO2

radicals. In the OH-initiated oxidation of oxazole,104 for exam-
ple, O2-migration is presumably possible and competitive. In
the oxidation of pyrrole,105 however, a a-N-imino RO2 cannot be
formed, and O2-migration may not be available. Despite this,
drawing from knowledge of imidazole’s oxidation mechanism,
we would expect pyrrole’s RO2 derivatives to react preferentially
via similar unimolecular channels: HO2-elimination with imine
formation and 1,5 H-shift from the alcohol group. A previous
computational study105 has investigated the fate of the first-
generation RO2 from pyrrole’s OH-initiated oxidation, however,

neither of these channels were reported. We speculate that
these reactions do exist for pyrrole, and could very well be the
major loss channels, alongside bimolecular RO2 + NO
reactions.

3.7 Atmospheric implications

Our calculations predict that over 95% of imidazole oxidized by
OH radicals in the atmospheric gas-phase, via addition to
position C5, leads to oxidative chain termination within two
RO2 generations, producing two closed-shell products, the
cyclic diimine 4H-4ol and the acyclic amidine FMF. A scheme
depicting the overall mechanism of imidazole’s OH-initiated
oxidation via adduct 5-OH, simplified to include only important
reaction steps, is shown in Scheme 3. Relative yields of 4H-4ol
and FMF are relatively uncertain and sensitive to NOx concen-
trations, but the latter species is consistently predicted to be the
major product, with B66%, B85%, and B95% yield under 10
ppt, 100 ppt and 1 ppb of NO respectively, at 298 K. The minor
product 4H-4ol is predicted to be formed with B34%, B12%,
and B2% yield under 10 ppt, 100 ppt and 1 ppb of NO
respectively, at 298 K. The reaction channels leading to N-
centered radical M13 are minor, with a maximum yield of
B2% at 298 K and 1 ppb NO, considering the combined
uncertainties in product yields. Moreover, subsequent unim-
olecular reactions available to M13 are fast, leading to C-
centered radicals M20 and M21. Thus, we expect that formation
of nitrosamines or nitramines via reaction of M13 with NO or
NO2 to be negligible. Yield of autoxidation channels, leading to
highly functionalized products, is also expected to be negligi-
ble. The C-centered radical with the highest yield (M19a),
predicted to be formed with a maximum of B2% yield at
298 K and 1 ppb NO, has access to a potentially predominant
O2-addition/HO2-elimination channel leading to FMF. It is
apparent that no matter how complex imidazole’s oxidation
may be, reaction pathways seem to converge to the formation of
the dicarbonyl amidine FMF. In fact, this compound was also
proposed as a bio-degradation product of ornidazole,106 an
imidazole derivative used as antibiotic.

Concerning the atmospheric implications of the major
product FMF, we speculate on its fate in the atmosphere. Upon
reaction with another OH radical in the gas-phase, FMF could
produce an isocyanate (R–NQCQO) via three different initial
H-abstraction pathways. Initial H-abstraction by OH radicals
from the amide (–NH–CHQO) carbon107,108 or nitrogen, fol-
lowed by O2-addition/HO2-elimination, could both lead to

Fig. 5 Structure of O2-migration transition state TS4a. C atoms in gray, H
atoms in white, O atoms in red, and N atoms in blue.
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N-formylformimidoyl isocyanate (OQCH–NQCH–NCO). Simi-
larly, initial H-abstraction/O2-addition at the QN–CHQO group
could lead to the exact same isocyanate, but via a HO2-elimination
transition state with a larger 1,6 span, like that observed for Z4-
RO2 (TS29z). If, however, the amidine hydrogen is abstracted, and
assuming HO2-elimination is both available and competitive for a
R–NQC(OO)–NH–R type radical, it could lead to a carbodiimide
(R–NQCQN–R0). Nothing is known about carbodiimides in the
atmosphere, however, formation of isocyanates has indeed been
reported to be possible from the OH-oxidation of amides107,108

and imines.48 Given that isocyanates are typically toxic, their
potential formation from FMF oxidation warrants further

investigation. Nevertheless, FMF is likely to be highly water
soluble due to a presence multiple H-bond acceptors in its
structure, and therefore it may partition into aerosol particles
efficiently. Assuming a condensation sink rate typical of more
pristine environments (10�4 s�1), and an imidazole concentration
of 183 ppt, we estimate a steady-state gas-phase concentration for
FMF of up B46 ppt. In aerosols, FMF may participate in aqueous-
phase reactions with potentially many outcomes. One such reac-
tion, which is perhaps the most important, is amidine hydrolysis
leading to formamide plus N-formylformamide. Speculating
further, another possibility is the formation of 1,3,5-triazine, a
six-membered aromatic compound with three alternated nitro-
gens, via a multi-step reaction analogous to imidazole’s own
proposed formation route in aerosols, from reaction of glyoxal
with ammonia.19

4 Conclusions

In this work we used quantum chemistry and theoretical
reaction kinetics to investigate the atmospheric gas-phase
chemistry of imidazole. We employed an automated kinetics
workflow code to explore and characterize the stationary points
on the potential energy surface relevant for imidazole’s atmo-
spheric oxidation initated by OH-radical addition to position
C5, and propagated onwards by RO2 chemistry. We estimated
product distributions by assembling and solving a master
equation under a range of different atmospheric conditions.
The explored mechanism included pathways available to the
alkoxyl radical products from RO2 + NO reactions, and the
subsequently formed second-generation RO2 radicals. Our cal-
culations predict a complex, branched oxidation mechanism,
but with converging pathways leading to two major closed shell
species, the cyclic diimine 4H-imidazol-4-ol (4H-4ol) and the
acyclic N,N0-diformylformamidine (FMF). Relative yields of 4H-
4ol and FMF are strongly dependent on NO concentrations, but
the latter species consistently appears as the main product.

Overall, we estimate the branching percentage for FMF and
4H-4ol formation from imidazole’s oxidation initiated via OH-
addition to position C5 to be 66 : 34, 85 : 12, and 95 : 2 under 10
ppt, 100 ppt and 1 ppb of NO respectively, at 298 K. Under more
pristine atmospheric conditions ([NO] = 10 ppt) and 298 K,
major reaction channels for first-generation peroxyl radicals are
HO2-elimination leading to 4H-4ol (B34%), a 1,5 H-shift chan-
nel followed by b-scission and OH-elimination leading to FMF
(B47%), and RO2 + NO reactions leading to alkoxyl radicals
(B19%). Under more polluted conditions ([NO] = 1 ppb),
however, bimolecular reactions with NO dominate (B96%).
The major alkoxyl radical products may further react, the
majority (B96–98%) of which undergoing C–C bond scission,
followed by O2-addition/HO2-elimination to yield FMF.

Our calculations also revealed the availability of O2-
migration reaction pathways for a-N-imino peroxyl radicals.
This type of reaction involves a concerted attack of the peroxyl
group on the C-terminus of the imine and C–O(O) bond
scission, exchanging the positions of the two groups:

Scheme 3 Overall mechanism of OH-initiated oxidation of imidazole via
adduct 5-OH. Dashed boxes indicate major products. Minor products and
less important reaction steps omitted for clarity.
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RR0CQN–C(OO)R00R0 0 0 $ RR0(OO)C–NQCR00R0 0 0 (17)

For imidazole’s first-generation peroxyl radicals, these reac-
tions are fast (102–105 s�1), and serve to establish equilibrium
between the connected RO2 isomers. If available, this mecha-
nism may be important in the atmospheric oxidation of other
unsaturated organic nitrogen compounds.

This work provides a detailed description of imidazole
chemistry in the atmospheric gas-phase, and may serve as a
blueprint to understand the fate of important substituted
imidazole compounds, as well as other N-containing aromatics.
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63 J. Zádor, R. Van de Vijver, A. Dewyer and C. Martı́, KinBot,
2023, https://github.com/zadorlab/KinBot.git.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

li 
20

24
. D

ow
nl

oa
de

d 
on

 2
9.

01
.2

6 
00

:3
2:

08
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://github.com/zadorlab/KinBot.git
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02103g


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 23570–23587 |  23587

64 A. D. Becke, J. Chem. Phys., 1993, 98, 1372–1377.
65 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B: Condens.

Matter Mater. Phys., 1988, 37, 785.
66 R. Ditchfield, W. J. Hehre and J. A. Pople, J. Chem. Phys.,

1971, 54, 724–728.
67 W. J. Hehre, R. Ditchfield and J. A. Pople, J. Chem. Phys.,

1972, 56, 2257–2261.
68 P. C. Hariharan and J. A. Pople, Theor. Chim. Acta, 1973, 28,

213–222.
69 T. Clark, J. Chandrasekhar, G. W. Spitznagel and

P. V. R. Schleyer, J. Comput. Chem., 1983, 4, 294–301.
70 J.-D. Chai and M. Head-Gordon, Phys. Chem. Chem. Phys.,

2008, 10, 6615–6620.
71 T. H. Dunning Jr, J. Chem. Phys., 1989, 90, 1007–1023.
72 R. A. Kendall, T. H. Dunning Jr and R. J. Harrison, J. Chem.

Phys., 1992, 96, 6796–6806.
73 K. H. Møller, R. V. Otkjær, N. Hyttinen, T. Kurtén and

H. G. Kjaergaard, J. Phys. Chem. A, 2016, 120, 10072–10087.
74 G. Knizia, T. B. Adler and H.-J. Werner, J. Chem. Phys.,

2009, 130, 054104.
75 K. A. Peterson, T. B. Adler and H.-J. Werner, J. Chem. Phys.,

2008, 128, 084102.
76 A. H. Larsen, J. J. Mortensen, J. Blomqvist, I. E. Castelli,

R. Christensen, M. Dułak, J. Friis, M. N. Groves, B. Hammer,
C. Hargus, E. D. Hermes, P. C. Jennings, P. B. Jensen,
J. Kermode, J. R. Kitchin, E. L. Kolsbjerg, J. Kubal,
K. Kaasbjerg, S. Lysgaard, J. B. Maronsson, T. Maxson,
T. Olsen, L. Pastewka, A. Peterson, C. Rostgaard,
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