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Abstract: Monoterpenes are the most essential reactive biogenic volatile organic compounds. Their
removal from the atmosphere leads to the formation of oxygenated compounds, such as nopinone
(C9H14O), one of the most important first-generation β-pinene oxidation products that play a pivotal
role in environmental and biological applications. In this study, experimental and theoretical rate
coefficients were determined for the gas-phase reaction of nopinone with hydroxyl radicals (OH). The
absolute rate coefficient was measured for the first time using a cryogenically cooled cell along with
the pulsed laser photolysis–laser-induced fluorescence technique at 298 K and 7 Torr. The hydrogen
abstraction pathways were found by using electronic structure calculations to determine the most
favourable H-abstraction position. Pathway 5 (bridgehead position) was more favourable, with a
small barrier height of −1.23 kcal/mol. The rate coefficients were calculated based on the canonical
variational transition state theory with the small-curvature tunnelling method (CVT/SCT) as a
function of temperature. The average experimental rate coefficient (1.74 × 10−11 cm3 molecule−1 s−1)
was in good agreement with the theoretical value (2.2 × 10−11 cm3 molecule−1 s−1). Conclusively,
the results of this study pave the way to understand the atmospheric chemistry of nopinone with
OH radicals.

Keywords: nopinone; OH radical; abstraction mechanism; rate coefficient; atmospheric implications

1. Introduction

Biogenic volatile organic compounds (BVOCs) account for approximately 90% of VOCs
present in the atmosphere [1,2]. Monoterpenes (C10H16) are ubiquitous in the atmosphere
and contribute around 11% of the total estimated BVOC emission flux globally [3,4]. In
the atmosphere, monoterpenes may undergo a wide variety of chemical reactions with
photooxidants and form first-generation β-pinene oxidation products, which are likely
precursors of greenhouse gases (GHGs) and secondary organic aerosols (SOAs) [5]. Some of
these first-generation β-pinene oxidation products have been observed in the atmosphere
during field campaigns [6]. However, they were detected in small amounts, most likely due
to their rapid elimination by atmospheric oxidants and photolysis reactions. In addition,
the levels of SOA observed in field campaigns are often higher than those predicted by
models, suggesting that these species may be potential sources of SOAs [7]. Although
many studies exist on biogenic organic compounds emitted by vegetation, information on
the atmospheric fate of the first-generation β-pinene oxidation products is scarce.

Among those oxidation products, nopinone (C9H14O) is one of the optimal β-pinene
oxidation products for measurement in the atmosphere. Indeed, this product is consid-
ered a good gaseous tracer of the photo-oxidation of β-pinene, since it is formed in the
atmosphere in large quantities during the oxidation of β-pinene by OH radicals (>25%)
and O3 (40%) [8,9]. In addition to its formation by the atmospheric oxidation of β-pinene,
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nopinone is emitted into the atmosphere. It is used in many chemical reactions as a chiral
ligand and the medicinal and pharmaceutical industries [10]. The oxidation scheme of
β-pinene is provided below in Scheme 1.

Atmosphere 2022, 13, 1247 2 of 13 
 

 

considered a good gaseous tracer of the photo-oxidation of β-pinene, since it is formed in 
the atmosphere in large quantities during the oxidation of β-pinene by OH radicals (>25%) 
and O3 (40%) [8,9]. In addition to its formation by the atmospheric oxidation of β-pinene, 
nopinone is emitted into the atmosphere. It is used in many chemical reactions as a chiral 
ligand and the medicinal and pharmaceutical industries [10]. The oxidation scheme of β-
pinene is provided below in Scheme 1. 

 
Scheme 1. Oxidation of β-pinene. 

In this work, the reaction of nopinone with OH radicals was investigated. This 
reaction is expected to be the major removal process for nopinone in the troposphere with 
respect to a OH radical concentration of 1 × 106 molecule cm−3. In fact, the reactions of 
nopinone with NO3 and O3 are of negligible significance, as loss processes of nopinone are 
given in its molecular structure [7]. Only a little information exists in the literature on this 
reaction. Atkinson and Aschmann [8] studied this reaction at room temperature and 
atmospheric pressure by the relative rate technique and gas chromatography with flame 
ionization detection (GC-FID). A rate coefficient of (1.43 ± 0.37) × 10−11 cm3 molecule−1 s−1 
was obtained. This value is in agreement with the unpublished rate coefficient cited by 
Hatakeyama et al. [9] of 1.5 × 10−11 cm3 molecule−1 s−1. Calogirou et al. [7] studied the gas-
phase reactions of nopinone with OH by a relative rate technique using Fourier-transform 
infrared (FTIR) spectroscopy at room temperature and atmospheric pressure, and 
obtained a rate coefficient of (1.7 ± 0.2) × 10−11 cm3 molecule−1 s−1. These authors identified 
the oxidation products of this reaction by gas chromatography with mass spectrometry 
(GC-MS) and high-performance liquid chromatography (HPLC). In the same study, the 
reactions of nopinone with NO3 and ozone were also investigated, and their upper-limit 
rate coefficients were 2 × 10−15 cm3 molecule−1 s−1 and 5 × 10−21 cm3 molecule−1 s−1, 
respectively. Lewis et al. [11] studied the oxidation of nopinone with OH radicals at only 
three temperatures—273, 298 and 323 K—by electronic structure calculations. An overall 
rate coefficient of 6.92 × 10−12 cm3 molecule−1 s−1 was obtained at 298 K based on the 
transition state theory (TST). 

In this work, we investigated the atmospheric degradation of nopinone with OH 
radicals. This study helps understand the behaviour of nopinone by employing a 
systematic approach using both experimental and theoretical calculations. This study 
provides the first absolute rate coefficient for the studied reaction. In addition, the current 
work reports the theoretical rate coefficients for the reaction of nopinone with OH in the 
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In this work, the reaction of nopinone with OH radicals was investigated. This
reaction is expected to be the major removal process for nopinone in the troposphere with
respect to a OH radical concentration of 1 × 106 molecule cm−3. In fact, the reactions of
nopinone with NO3 and O3 are of negligible significance, as loss processes of nopinone
are given in its molecular structure [7]. Only a little information exists in the literature on
this reaction. Atkinson and Aschmann [8] studied this reaction at room temperature and
atmospheric pressure by the relative rate technique and gas chromatography with flame
ionization detection (GC-FID). A rate coefficient of (1.43 ± 0.37) × 10−11 cm3 molecule−1 s−1

was obtained. This value is in agreement with the unpublished rate coefficient cited by
Hatakeyama et al. [9] of 1.5 × 10−11 cm3 molecule−1 s−1. Calogirou et al. [7] studied the gas-
phase reactions of nopinone with OH by a relative rate technique using Fourier-transform
infrared (FTIR) spectroscopy at room temperature and atmospheric pressure, and obtained
a rate coefficient of (1.7 ± 0.2) × 10−11 cm3 molecule−1 s−1. These authors identified
the oxidation products of this reaction by gas chromatography with mass spectrometry
(GC-MS) and high-performance liquid chromatography (HPLC). In the same study, the
reactions of nopinone with NO3 and ozone were also investigated, and their upper-limit
rate coefficients were 2 × 10−15 cm3 molecule−1 s−1 and 5 × 10−21 cm3 molecule−1 s−1,
respectively. Lewis et al. [11] studied the oxidation of nopinone with OH radicals at only
three temperatures—273, 298 and 323 K—by electronic structure calculations. An overall
rate coefficient of 6.92 × 10−12 cm3 molecule−1 s−1 was obtained at 298 K based on the
transition state theory (TST).

In this work, we investigated the atmospheric degradation of nopinone with OH
radicals. This study helps understand the behaviour of nopinone by employing a systematic
approach using both experimental and theoretical calculations. This study provides the
first absolute rate coefficient for the studied reaction. In addition, the current work reports
the theoretical rate coefficients for the reaction of nopinone with OH in the gas phase in
a wide range of temperatures—278–350 K. So far, very little has been known about the
atmospheric role of the oxidation of nopinone with OH radicals; hence, we attempted to
gain complete knowledge about the atmospheric chemistry of nopinone with OH radicals.

2. Methodology
2.1. Experimental

The absolute rate coefficient was measured by using a cryogenically cooled cell coupled
with the pulsed laser photolysis–laser-induced fluorescence (PLP-LIF) technique at 298 K
and under a pressure range of 7 to 80 Torr in argon. The experimental set-up is briefly
described in this section, since it has been described in detail in previous studies [12–14].
The reactor is a stainless-steel cryogenically cooled cell (320 cm3), 65 cm in length and 2.5 cm
in diameter. OH radicals were generated by the photolysis of H2O2 as described below.
H2O2 was introduced into the reactor in the gas phase using a bubbler system similar
to that described in a previous study [15]. A controlled flow of argon passed through
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the bubbler containing H2O2 in the liquid phase, and it was saturated with H2O2 vapour
when exiting from the bubbler. A thermocouple was attached to the bubbler wall in order
to measure the temperature in real time and thus to precisely determine the H2O2 and
OH vapour pressures. The concentrations of H2O2 in the gas mixture in the reactor were
calculated from the mass flow rates, the vapour pressure of H2O2, the temperature and the
pressure in the reactor and those in the bubbler. A mixture of 0.5% of nopinone vapour in
750 Torr of argon was prepared in a bulb with a known volume. This mixture was then
introduced into the reactor, in which the concentration of nopinone was calculated from
the temperature and the total pressure in the reactor, the mass flow rates and the mixture
rate in the bulb.

The main carrier gas was introduced into the reactor 25 cm upstream of the detection
zone. The mass flow rates were measured by using calibrated mass flow controllers from
MKS (100–10,000 sccm). Two thermocouples positioned at the entrance of the gas and
upstream of the detection zone were used to measure the temperature inside the reactor.
The pressure was measured by using (10–1000 Torr) MKS capacitance manometers. OH
radicals were generated in the ground state X2Π, ν” = 0 by the photodissociation of H2O2
using the pulsed-laser photolysis (PLP) technique, where a photolysis beam emitted by a
Nd:YAG laser at 266 nm passed longitudinally through the reactor to photodissociate H2O2.
The laser fluence was typically 30 ± 1 mJ pulse−1 cm−2. The OH radical concentration at
the initial time was calculated according to the following equation:

[OH]0 = 5 × 1012 × λ × Fl × σ × ϕ × [H2O2] (1)

where λ is the wavelength (266 nm), Fl is the energy fluence of the photolysis laser
(mJ cm−2), σ is the absorption cross-section of H2O2 at 265 nm, ϕ = 2 is the quantum
yield of the photodissociation of H2O2 and [H2O2] is the concentration of H2O2 introduced
into the reactor.

The laser-induced fluorescence (LIF) technique was used to monitor the temporal OH
decay due to its reaction with nopinone. A frequency-doubled dye laser (Continuum ND 6000)
pumped by a Nd:YAG laser (Spectra Physics, GCR 230) emitting at 532 nm was used as
the probe laser. This later crossed perpendicularly with the photolysis beam through the
reactor to excite the OH radicals at 281.99 nm (electronic transition A2Σ+-X2Π (1,0)). A
photomultiplier tube (PMT) positioned in the middle of the reactor perpendicular to both
the laser beams and gas flows was used to detect the OH fluorescence (transition A2Σ+-X2Π
(1,1) and (0,0) at ca. 310 nm). The output pulse of the PMT was then integrated for a pre-set
period by a gated charge integrator. Both the photolysis and the fluorescence lasers had
repetition rates of 10 Hz.

The OH decay was determined according to the following relation:

[OH] = [OH]0 e−k
first

t (2)

with
kfirst = k [nopinone] (3)

where t is the delay time between photolysis and the probe beams, [OH]0 and [OH] are
the concentrations of OH at the initial time and at time t, respectively, kfirst is the first-order
rate coefficient and k is the rate coefficient for the reaction of nopinone with OH radicals.
Typically, 10 fluorescence decays were averaged to generate OH concentration vs. time
profiles (see Figure 1).

The rate coefficient was determined under pseudo-first-order conditions, where the
concentration of nopinone was in large excess compared to that of OH. Experiments were
carried out under flow conditions, where the gas mixture was renewed between two
consecutive photolysis pulses to avoid the accumulation of photolysis or reaction products.
Table 1 summarizes the experimental conditions used during this study.
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Table 1. Experimental conditions and rate coefficients obtained experimentally at 298 K and under a
pressure range of 7 to 80 Torr in argon.

Pressure
/Torr

Linear Velocity
/cm s−1

[OH]0
/1011 radical cm−3

[nopinone]
/1014 molecule

cm−3

k
/10−11 cm3

molecule−1 s−1

7 370 9 0.30–4.35 1.75 ± 0.35

20 320 11 0.44–4.35 1.79 ± 0.35

20 320 11 0.70–4.25 1.69 ± 0.35

80 248 11 0.30–4.65 1.73 ± 0.35

1.74 ± 0.35 a

a The uncertainty of the average value was calculated according to this equation: σaverage =
1√

n
∑

i=1
(1/σi

2)

.

The chemicals used in this work were provided by Sigma Aldrich. Nopinone (purity > 95%)
was purified by repeated freeze–pump–thaw cycles before use. The final purity was equal
to 97%. The H2O2 solution (50% in water) was concentrated by bubbling argon through the
solution to remove water for several days prior to use. Argon > 99.995% was provided by
Air Liquid.

2.2. Computational Details

The abstraction reaction mechanism of nopinone with OH radicals was theoretically
studied to support and analyse the experimental results. The geometries of the stationary
points involved in the hydrogen abstraction reaction of nopinone with OH radicals were
determined using the density functional theory (DFT) method at the M06-2X/6-311++G(d,p)
basis set. Previous studies [16–19] have reported that this level of theory provides accurate
results for atmospheric reactions and kinetics calculations. Vibrational analysis was carried
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out at the same level of theory, and the transition state structures were characterized
with one imaginary frequency; these structures corresponded to first-order saddle points.
Intrinsic reaction co-ordinate (IRC) calculations were performed to confirm the reaction
energy paths [20,21]. In addition to reaction energy barrier calculations, the rate coefficient
of the reaction was calculated using the canonical variational transition state theory (CVT)
with a small-curvature tunnelling method [22–24]. The rate coefficient at temperature T is
given by the following relationship [22,23]:

kCVT (T) = minskGT (T, s) (4)

where

kGT(T, s) =
σkBT

h
QGT(T, s)

φR(T)
exp(

−vMEP(s)

kBT
) (5)

where mins signifies the location of the generalized transition state (GTS) at the minimized
dividing surface s, kGT(T, s) is the generalized transition state (GTS) theory rate constant at
the dividing surface s, σ is the symmetry factor to illustrate the possibility of more than one
symmetry-related reaction path, kB is Boltzmann’s constant, h is Planck’s constant, φR(T) is
the reactant classical partition function per unit volume, QGT(T, s) is the classical partition
function of a GTS with a local zero of energy vMEP(s) and with all rotational symmetry
numbers set to unity, vMEP(s) is the classical potential energy at point s on the minimum
energy path.

The kinetics of all reaction pathways were calculated using the GAUSSRATE 2009A [22]
program, an interface between the GAUSSIAN09 and POLYRATE 2010A [25] programs. All
of the electronic structure calculations were performed using the GAUSSIAN09 [26] program.

3. Results and Discussion
3.1. Experimental Kinetic Study

The results obtained experimentally are summarized in Table 1. All rate coefficients
were measured at 298 K and under a pressure range of 7 to 80 Torr in argon. As shown
in Table 1, the variation in the total pressure from 7 to 80 Torr had no effect on the rate
coefficients within the experimental errors.

An example of a plot of the pseudo-first-order decay rates as a function of the nopinone
concentration is shown in Figure 2. The slope of the straight line is the second-order rate
coefficient according to Equation (3). Each individual second-rate coefficient presented
in Table 1 is the average resulting from three runs conducted under the same conditions.
The uncertainties in these values were estimated at around 20%, and they came from
both statistical and systematic errors. The statistical errors originated from the least-
squares analysis of the plot of kfirst vs. [nopinone] displayed in Figure 2, multiplied by the
Student’s t-factor appropriate for the 95% confidence interval and the number of degrees of
freedom. The systematic errors are mainly due to difficulty handling nopinone, given its
low volatility.
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3.2. Theoretical Study

The structure of nopinone consists of different C–H bonds, and the oxidation of
nopinone by OH radicals proceeds by the abstraction of H atoms from seven different
reactive sites, from either -CH, -CH2 or -CH3 groups. The abstraction reaction pathways of
nopinone with OH radicals were calculated using geometry optimization at the M06-2X/6-
311++G(d,p) level of theory. The proposed initial H-atom abstraction reaction mechanism
of nopinone with OH radicals is given in Scheme 2. The relative energy ∆E (kcal/mol),
enthalpy ∆H (kcal/mol) and Gibbs free energy ∆G (kcal/mol) of the proposed H-atom
abstraction reactions of nopinone with OH radicals calculated at the M06-2X/6-311++G(d,p)
level of theory are given in Table 2. In addition to the initial reaction mechanism, we studied
the subsequent secondary reaction mechanism of the most favourable pathway (Scheme S1).
The values of the relative energy ∆E (kcal/mol), enthalpy ∆H (kcal/mol) and Gibbs free
energy ∆G (kcal/mol) are tabulated in Table 3. The atom numbers are labelled and the
optimized reactive species of all reactants (R), reactive complexes (RC), transition states,
(TS) intermediate complexes (IC), intermediates (I) and products (P) of the initial and
secondary reactions at the M06-2X level of theory with the 6-311++G(d,p) level of theory
are given in the Supplementary Information (Figures S1 and S2). The initial reaction
energy profiles of the H-atom abstraction pathways and those of the subsequent secondary
reaction mechanisms calculated at the M06-2X/6-311++G(d,p) level of theory are given in
Figures S3 and S4.
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Table 2. Relative energy, enthalpy, and Gibb’s free energy (in kcal/mol) for the reaction of nopinone
with OH radicals calculated at the M06-2X/6-311++g(d,p) level of theory.

Reaction Pathways M06-2X/6-311++G(d,p)

∆E ∆H ∆G

PATHWAY 1

R 0 0 0

RC1 −9.41 −7.48 1.30

TS1 −0.79 −2.13 7.34

IC1 −36.13 −34.48 −26.75

I1 + H2O −27.16 −27.90 −29.11

PATHWAY 2

TS2 1.37 0.06 8.44

IC2 −27.18 −26.55 −20.06

I2 + H2O −19.26 −20.62 −22.34

PATHWAY 3

TS3 1.12 0.02 8.10

IC3 −21.67 −20.03 −12.85

I3 + H2O −13.59 −13.92 −15.32

PATHWAY 4

TS4 2.26 0.71 9.38

IC4 −23.43 −22.47 −15.30

I4 + H2O −17.84 −16.53 −18.11
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Table 2. Cont.

Reaction Pathways M06-2X/6-311++G(d,p)

∆E ∆H ∆G

PATHWAY 5

TS5 −1.23 −2.45 6.81

IC5 −18.92 −17.10 −9.58

I5 + H2O −10.61 −10.93 −12.38

PATHWAY 6

TS6 2.64 1.24 9.97

IC6 −24.08 −23.41 −16.61

I6 + H2O −15.80 −17.08 −18.53

PATHWAY 7

TS7 −0.95 −1.75 8.32

IC7 −24.57 −23.62 −16.02

I7 + H2O −16.13 −17.34 −18.95

Table 3. Relative energy, enthalpy and Gibb’s free energy (in kcal/mol) for the reaction of the most
favourable pathway with secondary atmospheric oxidants calculated at the M06-2X/6-311++g(d,p)
level of theory.

Reaction Pathways M06-2X/6-311++G(d,p)

∆E ∆H ∆G

PATHWAY 8
I5 + O2 0 0 0

I8 −43.39 −40.71 −35.54

PATHWAY 9

I8 + HO2 0 0 0

TS8 35.40 34.68 32.71

P1 −77.24 −75.93 −76.45

PATHWAY 10
I8 + NO 0 0 0

I9 −63.79 −61.76 −61.27

It is well known from the initial reaction Scheme 1 that the H-atom abstraction path-
ways (1 to 7) take place from the C–H bond based on the -CH, -CH2 and -CH3 groups
present in nopinone. Initially, the reactant (R) moves towards the pre-reactant complex
(RC) through a barrierless reaction. The pre-reactant complexes (RCs) exhibit a hydrogen
bond interaction between the H15 atom of the OH group and the O1 atom of nopinone,
O2–H15•••O1, with a bond distance of 1.940 Å. As shown in Scheme 2, seven H-atom
abstraction reactions occur from the C1 position to the C9 position. All seven H-atom
abstraction reactions start from the RC complex and lead to intermediate complexes IC1 to
IC7, along with the water molecule, through a transition state TS1 to TS7. Further, the reac-
tion is transformed via TS to afford an intermediate complex formed by an intermolecular
hydrogen bond and transformed into an intermediate (I1 to I7) along with a water molecule.

Initial H-atom abstraction from the -CH2 group (Pathways 1, 2 and 4):

As shown in Scheme 1 and Table 2, Pathways 1, 2 and 4 take place through H-atom
abstraction from the -CH2 group located at the C6, C5 and C3 positions, respectively.
Herein, we have shown that it is possible to characterize the potential energy surface of
nopinone with OH radicals, in which the reaction Pathways 1, 2 and 4 take place via a
H-atom abstraction reaction of the -CH2 group via transition states TS1, TS2 and TS4,
respectively, with an energy barrier of −0.79, 1.37 and 2.26 kcal/mol and an elongation
of the C6–H8, C5–H6, and C3–H2 bonds in TS1, TS2 and TS4 by 1.183 Å, 1.153 Å and
1.163 Å, respectively; however, with respect to RC, the same C–H bond has bond distances
of 1.090 Å, 1.092 Å and 1.092 Å, respectively. From Table 2, it is evident that all three
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pathways (1, 2 and 4) are exothermic and exergonic, with reaction enthalpies (∆H) and
Gibbs free energies (∆G) of −27.90, −20.62 and −16.53 kcal/mol, and −29.11, −22.34 and
−18.11 kcal/mol, respectively. Based on the barrier heights of Pathways 1, 2 and 4, we
found that Pathway 1 was the favourable pathway, with a small barrier height.

Initial H-atom abstraction from the -CH group (Pathways 3 and 5):

Pathways 3 and 5 correspond to H-atom abstraction from the C–H group, in which
both the C4 and C2 positions of nopinone are attached to the C7 position, which carries two
methyl groups. From Figure S1, the C4–H4 bond in TS3 has a bond distance of 1.149 Å with
respect to the same bond in RC, which has a bond distance of 1.093 Å; hence, elongation
of the bond takes place in TS3, which leads to the formation of intermediate I3 with an
energy barrier of 1.12 kcal/mol. In Pathway 5, in the transition state (TS5) the C2–H1
bond is elongated, with a bond distance of 1.188 Å with respect to RC. The H1 atom is
cleaved and abstracted by the OH radical, with a bond distance (H1•••O2) of 1.351 Å. The
product complex (PC1) is formed by means of an intermolecular hydrogen bond between
O1–H15•••O2, with a bond distance of 1.945 Å, and transformed into intermediate I5
along with a water molecule. Comparing both Pathways 3 and 5, it is well agreed by
Table 2 that Pathway 5 is more favourable than Pathway 3, with an energy barrier of
−1.23 kcal/mol. This may be due to the presence of carbon atom C6 situated at the four-
membered ring, which is the bridge head position of nopinone. The reaction is exothermic
and exergonic, with a reaction enthalpy and Gibbs free energy of −13.92 and −10.93, and
−15.32 and −12.38 kcal/mol, respectively.

Initial H-atom abstraction from the -CH3 group (Pathways 6 and 7):

In Pathways 6 and 7, H-abstraction occurs on the -CH3 group, in which the carbon
atom is situated at the four-membered ring of nopinone with two methyl groups. From the
above discussion, in the same manner, for the other pathways, Pathways 6 and 7 began
with the reactant complex (RC) in transition states TS6 and TS7. The C9–H12 bond is
cleaved, with a bond distance of 1.178 Å, and the H12 atom is abstracted by the OH radical,
with a bond distance of 1.402 Å. Pathway 6 has an energy barrier of 2.64 kcal/mol, with
a reaction enthalpy and Gibb’s free energy of −17.08 and −18.53 kcal/mol, respectively.
In Pathway 7, the C8–H10 bond is cleaved and O2 abstracts the H10 atom, with a bond
distance of 1.361 Å in transition state TS7 and a small energy barrier of −0.95 kcal/mol.
The reaction is exothermic and exergonic, with enthalpy and Gibbs free energy of −17.34
and −18.95 kcal/mol, respectively.

Conclusively from the above discussion, from all the abstraction sites, Pathway 5 was
found to be the most favourable reaction site, which had the bridge head position at C2 and
a small barrier height. It is well agreed that, in the previous theoretical study of nopinone
with OH radicals [11], the same reaction site remained the most favourable for reaction.

Secondary reaction mechanism of nopinone with OH radicals:

The optimized structure of the reactive species corresponding to the formation of
secondary reactions of nopinone with OH radicals is shown in Figure S2.

The relative energy ∆E (kcal/mol), enthalpy ∆H (kcal/mol) and Gibbs free energy
∆G (kcal/mol) of the secondary reactions of nopinone were calculated at the M06-2X/6-
311++G(d,p) level of theory. The obtained values are given in Table 3. Herein, the in-
termediate I5 reacts with O2 to form a peroxy intermediate I8 (Pathway 8), as shown in
Scheme 2. The formation of I8 (peroxy radical) is a barrierless reaction, reacting with
atmospheric oxidants, such as HO2 and NO radicals [27,28]. In Pathway 9, intermediate
I8 reacts with the HO2 radical, in which the reactants are transformed into product P1
through a transition state TS8, the H14 atom is abstracted by an O3 atom with a bond
distance of 1.547 Å and an energy barrier of 35.40 kcal/mol. The obtained product P1
(1-hydroperoxy-6,6-dimethylbicyclo [3.1.1] heptan-2-one) is exothermic and exergonic, with
a reaction enthalpy and Gibbs free energy of −75.93 and −76.45 kcal/mol, respectively.
I8 may react with NO (Pathway 10), leading to the formation of I9, in which the O3 atom is
abstracted by N1 in the form of a barrierless reaction. The expected products obtained from
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the most favourable pathway in this study are the 1-peroxy-6,6-dimethylbicyclo [3.1.1]
heptan-2-one radical and 1-hydroperoxy-6,6-dimethylbicyclo [3.1.1] heptan-2-one explored
from the secondary atmospheric oxidants, O2 and HO2 radicals.

Kinetics of Nopinone with OH radicals:

The rate coefficient (cm3 molecule−1 s−1) for the most favourable pathway of nopinone
with OH radicals calculated at the M06-2x/6-311++g(d,p) level of theory was calculated as
a function of temperature in the range 278–350 K and is tabulated in Table 4. From the initial
reaction mechanism, we found that Pathway 5 was the most favourable, with a small energy
barrier. The rate coefficient of the H-atom abstraction reaction of Pathway 5 was found to be
2.21 × 10−11 cm3 molecule−1 s−1 at 298 K. The obtained theoretical rate coefficient agreed
with our experimental value ((1.74 ± 0.35) × 10−11 cm3 molecule−1 s−1). Figure 3 shows
the temperature dependence of the rate coefficient of the reaction of nopinone with OH in
the studied range of 278–350 K, where a negative temperature dependence is observed.

Figure 3. Theoretical and Experimental rate coefficients of the reaction of nopinone with OH radicals.
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Table 4. Cont.

Temp (K) K CVT/SCT
(cm3 molecule−1 s−1) × 10−11

338 1.53

348 1.34

350 1.28

With respect to the current theoretical and experimental study, the rate coefficient
was compared with previous theoretical studies found in the literature [11], in which the
authors calculated the rate coefficient by using the transition state theory (TST) in the
order of 10−12 magnitude at 298 K. Additionally, it is interesting to compare both TST
and CVT method; hence, the CVT method gives more accurate results with respect to the
small-curvature tunnelling method.

As mentioned before, little information exists in the literature on the reaction of
nopinone with OH radicals. Atkinson and Aschmann [8] studied this reaction at room tem-
perature and atmospheric pressure using the relative rate technique by gas chromatography
with flame ionization detection (GC-FID). A rate coefficient of (1.43 ± 0.37) × 10−11 cm3

molecule−1 s−1 was obtained using cyclohexane as a reference compound. The absolute
rate coefficient of (1.74 ± 0.35) × 10−11 cm3 molecule−1 s−1 obtained experimentally in
this work at room temperature under the pressure range of 7–80 Torr is in good agree-
ment with this value within experimental errors. Our value is also in good agreement
with the unpublished value of 1.5 × 10−11 cm3 molecule−1 s−1 provided by Hatakeyama
et al. [9]. Since then, Calogirou et al. [7] studied the gas-phase reactions of nopinone
with OH by a relative technique using Fourier transform infrared (FTIR) spectroscopy at
room temperature and atmospheric pressure. A rate coefficient of (1.7 ± 0.2) × 10−11 cm3

molecule−1 s−1 was found. Our experimental value is in excellent agreement with that
provided by these authors.

4. Atmospheric Implications

The atmospheric lifetime of nopinone, due to the reaction with OH radicals, was
calculated by using the formula below [29,30]:

τ =
1

k[OH]
(6)

where k denotes the rate coefficient of nopinone with OH radicals obtained in this work, and
[OH] refers to a 24 h daytime average global tropospheric OH radical concentration [31] of
1 × 106 molecule cm−3. Our experimental and theoretical values obtained upper lifetimes
of 16 and 13 h, respectively. The reactivity of nopinone with OH radicals, NO3 radicals
and O3 was investigated by Calogirou et al. [7], and lifetimes longer than 9 h, 47 days and
8 years were found due to reactions with OH, NO3 and O3, respectively. To our knowledge,
there are no data on other potential gas-phase removal pathways of nopinone, such as its
reaction with Cl atoms and photolysis. These results confirm that nopinone is long-lived
compared with the parent monoterpene β-pinene, for which a lifetime of 2.2 h with respect
to OH is provided in the literature [8].

5. Conclusions

The kinetics of nopinone with OH radicals is studied via both experimental and
theoretical methods. The results show that bridgehead position H-atom abstraction is
the most favourable channel with a small barrier height. The obtained experimental rate
coefficient is in good agreement with the theoretical value. In addition to the abstraction
reaction mechanism, the OH addition mechanism is also possible for carbonyl compounds;
hence, in the future, we plan to explore the addition mechanism of OH radicals with
nopinone, and the overall rate constant as a function of temperature is currently being
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explored in both theoretical and experimental studies. It is evident from the results obtained
in this work and those available in the literature that the reaction with OH is a significant
removal chemical process for nopinone in the gas phase in the atmosphere, showing that
this process could play a role in the chemistry of the troposphere at the local scale. However,
further work is needed to investigate the importance of other removal processes, mainly
heterogenous losses.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13081247/s1, Figure S1 Optimized structure of the reactive
species corresponding to the formation of initial H-atom abstraction reaction of nopinone with OH
radical at M06-2X/6-311++G(d,p) level of theory. Figure S2 Optimized structure of the reactive
species corresponding to the formation of secondary reacions of nopinone with OH radical at M06-
2X/6-311++G(d,p) level of theory. Figure S3. Relative energy profile of initial H-atom abstraction
reaction mechanism of nopinone by OH radical. Figure S4. Relative energy profile of secondary
reactions of nopinone. Scheme S1. Reaction Scheme of secondary reactions of nopinone.
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