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ABSTRACT: Nicotine exposure results in health risks not only
for smokers but also for second- and third-hand smokers.
Unraveling nicotine’s degradation mechanism and the harmful
chemicals that are produced under different conditions is vital to
assess exposure risks. We performed a theoretical study to describe
the early chemistry of nicotine degradation by investigating two
important reactions that nicotine can undergo: hydrogen
abstraction by hydroxyl radicals and unimolecular dissociation.
The former contributes to the control of the degradation
mechanism below 800 K due to a non-Arrhenius kinetics, which
implies an enhancement of reactivity as temperature decreases.
The latter becomes important at higher temperatures due to its
larger activation energy. This change in the degradation
mechanism is expected to affect the composition of vapors inhaled by smokers and room occupants. Conventional cigarettes,
which operate at temperatures higher than 1000 K, are more prone to yield harmful pyridinyl radicals via nicotine dissociation, while
nicotine in electronic cigarettes and vaporizers, with operating temperatures below 600 K, will be more likely degraded by hydroxyl
radicals, resulting in a vapor with a different composition. Although low-temperature nicotine delivery devices have been claimed to
be less harmful due to their nonburning operating conditions, the non-Arrhenius kinetics that we observed for the degradation
mechanism below 873 K suggests that nicotine degradation may be more rapidly initiated as temperature is reduced, indicating that
these devices may be more harmful than it is commonly assumed.

1. INTRODUCTION pounds such as nitrosamines.'”"? Undoubtedly, nicotine
compromises not only the health of smokers but also that of
second- and third-hand smokers even once the cigarette is
extinguished.

Understanding the mechanism and kinetics of nicotine
degradation (pyrolysis and oxidation) is vital to evaluate the
exposure to harmful species by smokers and room occupants.
Indoor oxidation of organic compounds is carried out by
oxidants like ozone, hydroxyl radicals (OH), and nitrate
radicals.'* Nonetheless, OH is recognized as the most
important oxidant in the troposphere due to its high reactivity
and abundance."® Outdoor and indoor OH concentrations of 2
x 10% and 5 X 10° molecules cm™>, respectively, have been
reported,"”'” but even higher indoor concentrations (107
molecules cm™) can be found due to photolysis of nitrous

Cigarette smoke causes more than 8 million of fatalities per
year worldwide, with ~86% of deaths owing to direct use of
tobacco and the remaining to exposure to second-hand smoke
(inhalation in the presence of a smoker) and third-hand smoke
(inhalation close to surfaces previously exposed to cigarette
smoke)."” Tobacco smoke is a complex matrix of more than
3800 harmful species such as free radicals, heavy metals,” and
organic compounds.” The effect of free radicals and toxic
chemicals over health has been documented, attributing them
an active role in development and progression of multiple
ailments including cardiovascular and pulmonary disorders,
asthma, and cancer.” People continue smoking tobacco due to
addiction to nicotine,” which is the predominant alkaloid in
tobacco leaves.”’

Nicotine is frequently used for tobacco smoke tracking in
indoor environments.® After smoking, the nicotine molecules
released to the environment deposit on indoor surfaces such as
furniture, walls, and skin’~'" and reemit progressively, leading
to continuous indoor exposure to nicotine. Subsequently,
nicotine reacts with indoor oxidants either in the gas phase or
on surfaces, producing more toxic and carcinogenic com-
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acid during periods of intense sunlight'” or due to the use of
cleaning products.'® Borduas found that desorbed nicotine is
oxidized by OH, forming indoor toxic substances such as
isocyanic acid, formamide, acetaldehyde, and acetonitrile.””
Borduas et al. also measured the overall rate constant for the
reaction between nicotine and OH to be 8.38 x 107! cm®
molecule™ s™' at 298 K* and concluded that removal of
nicotine by OH may compete with surface absorption and
heterogeneous chemistry. However, rate constants were not
reported at other temperatures that might be relevant to
indoor pollutant formation, and their experiment does not
indicate the relative importance of each of the different
reaction pathways between nicotine and OH. This information
is required to estimate the prominence of the pollutants
formed in nicotine degradation.

The unimolecular degradation of nicotine has been also
investigated.””’ Kibet et al”’ measured the formation of
pyridine in commercial cigarettes and proposed a pathway for
the formation of pyridinyl radicals, and ultimately pyridine, via
C—C scission of nicotine. The formation mechanism of
pyridinyl radicals is of interest due to its high reactivity toward
DNA, lipids, and micro7phages, with serious health implica-
tions.”' ~** Kurgat et al.” described pathways for the thermal
degradation of nicotine and the different harmful radicals that
can be formed but did not report rate constants. The operating
temperatures of different smoking devices such as conventional
and electronic cigarettes and vaporizers may affect the
composition of their vapors, justifying the need for a kinetic
study of nicotine dissociation across a wide temperature range.

New electronic devices such as IQOS are gaining attention
due to their low-temperature operating conditions that prevent
the combustion of tobacco; these devices operate at temper-
atures below 350 °C, while conventional or burning cigarettes
operate at around 900 °C and thus release a more toxic
aerosol.”?7 Nevertheless, recent works found additional
chemicals in the IQOS aerosol that are not typically found
in studies of targeted compounds.*”® Additionally, electron
spin resonance experiments have been recently performed by
Bitzer et al.”” and Shein and Jeschke,® who determined that
heat-not-burn devices produce significantly less gas-phase
radicals than conventional cigarettes; however, these authors
did not report which specific radicals are formed.

It is evident that more studies are necessary to unravel the
degradation chemistry of nicotine under different conditions of
temperature and pressure in order to assess its impact on the
health of smokers and second- and third-hand smokers. In this
work, we used robust theoretical methods to calculate the rate
constants of the hydrogen abstraction reactions of nicotine by
OH and those of nicotine dissociation via C—C and C—N
scission, yielding pyridinyl and methyl radicals, respectively;
the former plays a role in nicotine degradation at low/mild
temperatures, while the latter is only important at high
temperatures due to its high activation energy. We also
estimated nicotine lifetimes and branching ratios in order to
identify health risks and understand the early steps of its
degradation in different scenarios: high and mild temperatures,
which are, respectively, the operating temperature of conven-
tional and electronic cigarettes, and room temperature, which
concerns indoor air quality exposure.

2. METHODS

2.1. Electronic Structure Calculations and Conforma-
tional Search. The level of theory M06-2X/cc-pVTZ*"**
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with an ultrafine grid was used to optimize and characterize the
stationary points of the potential energy surface (PES) of the
hydrogen abstraction reactions between nicotine and OH
using the Gaussian16 software.>® In our conformational search,
rotations within the rings of nicotine, hereafter pseudorota-
tions, were explored manually; for each of the generated
conformations, a further conformational search was performed
by rotating the remaining n dihedrals by 90° using the MSTor
2013 software, generating a total of 4" structures to explore
for each case. The methyl group was not included in this
search because it does not generate distinguishable structures.
The optimized nicotine structures were used to generate
possible saddle point structures by rotating the OH group by
60° to yield six feasible saddle point conformers per nicotine
conformer and per abstraction site. The optimization of the
saddle point conformers was performed with the QST3
method.” Since the product species do not affect the rate
constant calculation, a conformational search for the
corresponding radical product species was not done. The
M06-2X/aug-cc-pVQZ>"* level of theory was used to refine
the energy of all the optimized structures. Optimized
geometries are provided in Section S6 of the Supporting
Information.

The minimum energy conformer (global minimum) of each
species was used to calculate the minimum energy path (MEP)
with the Gaussratel7 software,>® and the rate constants were
calculated with Polyrate 2016-2A.%” The MEPs were computed
over the reaction coordinate range —1.36 to +1.36 bohr, with a
stepsize of 0.1 bohr in isoinertial coordinates, employing a
scaling mass factor of 1.0 amu and the Page—McIver method.*®
A smaller stepsize of 0.0378 bohr was used for the reaction
coordinate range —0.45 to +0.4S bohr in order to have a more
accurate description of the variational transition state. Hessians
along the MEPs were evaluated every third step, and normal
modes were defined in Polyrate®” by using a set of curvilinear
coordinates, which does not predict imaginary frequencies
along the MEPs. A frequency scaling factor of 0.956°” was used
for a more accurate description of torsional anharmonicity and
the ground-state adiabatic potential energy curve; this curve,
denoted as VS(s), was used for the calculation of the tunneling
transmission coeflicients with the small-curvature tunneling
approach (SCT)***' and is defined as

Vf(s) = Vigp(s) + £%(s) (1)

where Vygp(s) is the classical potential energy defined with
respect to that of the reactants, £%(s) is the zero point energy
(ZPE), and s is the reaction coordinate.

2.2. Multi-structural Torsional Variational Transition
State Theory Calculations. The rate constants for the most
kinetically favored pathways of the hydrogen abstraction
reaction nicotine + OH — radical + H,O were computed
using the multi-structural variational transition state theory™
with a coupled torsional potential™** and SCT tunneling
corrections, hereafter labeled as kI%T,/STC(TC). First, we calculated
rate constants using the global minimum conformers, the
harmonic oscillator approximation, and the SCT method with
the Polyrate 2016-2A code.”” Then, multi-structural torsional
anharmonicity partition functions were obtained with MSTor
2013>* in order to include the effect of the multiple
conformers or multi-structural anharmonicity as well as
torsional anharmonicity. The calculations of the partition
functions and rate constants with MSTor 2013 are explained in
detail in Section S1 of the Supporting Information.

https://doi.org/10.1021/acs.jpca.1c01650
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The Journal of Physical Chemistry A

pubs.acs.org/JPCA

0.00 kcal mol!

0.55 keal mol™!

%

4.99 kcal mol”!

5

4.46 kcal mol”!

2.63 kcal mol”!

2.78 kcal mol”! 5.54 kcal mol!

5.31 keal mol!

Figure 1. Optimized structures of the nicotine conformers at the M06-2X/cc-pVTZ level. Their potential energies at the M06-2X/aug-cc-pVQZ//
MO06-2X/cc-pVTZ level, defined with respect to the energy of the global minimum, are also displayed.

2.3. Variable Reaction Coordinate Calculations. The
variable reaction coordinate formulation of the transition state
theory (VRC-TST)***® is the most appropriate method to
calculate rate constants of reactions without a saddle point,
such as radical—radical association reactions.

We used this methodology to calculate the high-pressure
limit (HPL) VRC-TST reverse rate constants of the C—N and
C—C bond scission reactions of nicotine, that is, R,-CN and
R,CC; the calculated rate constants of the association
reactions were used to calculate those for the dissociation
reactions, Ry;,-CN and Rg,,-CC, by detailed balance. We first
calculated the concentration equilibrium dissociation constants
K (cm™ molecule), which, together with the HPL VRC-
TST association rate constant k22 ~#¥T (cm® molecule™ s7}),
yields the corresponding HPL dissociation rate constant (s™")
as follows:

di EJ—uVT Kdiss EJ—uVT
_ iss 1. E,J—p _ 1.EJ-u
kdiss - KC kass - kass

RT
exp( —AG{{)
_ RT JBI-RVT
RT ass (2)

where K% and AGY are the equilibrium constant and free
energy of the dissociation reaction, respectively; the free
energy was calculated with the thermodynamic functions
derived from the multi-structural torsional anharmonicity
partition functions of the reactants and products of each
dissociation reaction.

Additional details for the application of the VRC-TST
theory and the calculation of the k%) ~#VT rate constants are
provided in Section S2 of the Supporting Information.

2.4. Pressure-Dependent Rate Constant Calculations:
SS-QRRK/MSC Approach. Pressure-dependent rate con-
stants of the dissociation reactions were calculated with a
recent modification implemented by us*”** into the original
system specific Rice—Ramsperger—Kessel theory (SS-QRRK)
with the modified strong collision model (MSC) developed by
Bao et al,*” ™' hereafter referred to as SS-QRRK/MSC. The
SS-QRRK theory allows the inclusion of variational and multi-
structural torsional anharmonicity effects, together with
multidimensional tunneling contribution, in the low-pressure
rate constants. The application of the SS-QRRK/MSC
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approach and the parameters used to estimate pressure effects
are described in Section S3 of the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Nicotine + OH Hydrogen Abstraction Reactions.
3.1.1. Stationary Points and Topology of the PES. Figure 1
depicts the optimized geometries of the conformers of nicotine
at the M06-2X/cc-pVTZ level and their potential energies
defined with respect to that of the global minimum at the M06-
2X/aug-cc-pVQZ//M06-2X/cc-pVTZ level. We considered
the enantiomer S of nicotine since it is the one formed
naturally;’” the rate constants of the reaction of the
enantiomers R and S with nonchiral species are the same.
We found eight distinguishable conformers for nicotine by
rotating the dihedrals C1-C2-C6-N2 and N2-C6-C7-C8, which
are the pseudorotation within the pyrrolidine ring responsible
for its envelope conformation,>”* and by changing the
orientation of the methyl group bonded to the atom N2,
which may display axial or equatorial orientation. All the
displayed conformers have been reported in previous
works.** %

Previous experimental and theoretical works pointed out
that at room temperature, around 99.9% of nicotine is found in
the two lowest-energy conformations,”* with relative abun-
dance values of 66.3% for the global minimum and 33.4%"” for
the other one. However, at higher temperatures, such as those
reached in cigarettes, the higher-energy conformers may
become energetically accessible and thus a detailed multi-
structural study is necessary in order to calculate accurate rate
constants.

All the previous studies agree with our calculations about
which of the different conformers of nicotine is the global
minimum. In the global minimum structure, the two rings are
the transversal one to the other, favoring an intramolecular
hydrogen bond between the atoms H2 and N2.** Additionally,
we have observed that for those pairs of structures
interconnected exclusively by rotating the dihedral angle C1-
C2-C6-N2 by 180°, the conformer with the lowest energy is
the one in which the distance between the nitrogen atoms is
the_%longest, which agrees with the observations of Yoshida et
al.>

Although nicotine can undergo the addition of OH to its
aromatic ring, the hydrogen abstraction reaction has been

https://doi.org/10.1021/acs.jpca.1c01650
J. Phys. Chem. A 2021, 125, 3177—-3188
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Figure 2. Optimized structures of the saddle point conformers at the M06-2X/cc-pVTZ level. Their potential energies at the M06-2X/aug-cc-
pVQZ//M06-2X/cc-pVTZ level, defined with respect to the energy of the global minimum, are also displayed.

found to be more kinetically favored.” The abstraction of the
hydrogen atom HS (see Figure 1) yields a tertiary radical that
can be further stabilized by resonant effects and by the adjacent
electron-withdrawing N atom. Secondary radicals are obtained
when the hydrogen atoms bonded to the atoms C7, C8, or C9
are abstracted, the former being stabilized to a larger extent by
the electron-withdrawing N atom.” Although abstraction from
the methyl group would yield a less stable primary radical, it is
also favored by the electron-withdrawing effect. The classical
potential energy barriers for the abstraction of the 14 hydrogen
atoms in the nicotine molecule by OH have been reported by
Borduas et al.>"® (Figure S2 in the Supporting Information).
The abstraction sites located in the five-membered ring and the
methyl group show negative barriers, which is in line with the
stabilizing effect provided by the heteroatom.
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Addressing all the 14 hydrogen abstraction channels with the
multi-structural torsional variational transition state theory is
time-consuming; furthermore, several of these reactions are
expected to have a marginal role in nicotine oxidation due to
their larger barrier heights. Following the study by Borduas et
al,,” we approached the overall reaction between nicotine and
OH by addressing the abstraction of the hydrogen atoms HS
and H11; the abstraction of H10 was likewise addressed since
it yields the same radical product as H11. Since the energy
barrier for the abstraction H14 is even lower than that of H10,
we have also included the abstraction of HI14 in our
calculations. Therefore, we performed a robust kinetic study
for the abstraction of the hydrogen atoms HS, H10, H11, and
H14, hereafter referred to as reactions R-HS, R-H10, R-H11,
and R-H14, respectively. We expect these four reactions to

https://doi.org/10.1021/acs.jpca.1c01650
J. Phys. Chem. A 2021, 125, 3177—-3188
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account for most of the overall rate constant for the reaction
between nicotine and OH reported experimentally by Borduas
et al”> at 298 K, which will serve as a test to our theoretical
approach. The results of the conformational search for the
saddle points of those reactions are shown in Figure 2.
Figure S3 (Supporting Information) depicts the MEP
computed using the M06-2X/cc-pVTZ level and scaled with
the M06-2X/aug-cc-pVQZ energy using the global minimum
conformers of the different species for the reactions R-HS, R-
H10, R-H11, and R-H14. Single point energies of the products,
intermediate complexes, and saddle points defined with respect
to the energy of the reactants are presented in Table I,

Table 1. Classical (AE) and Adiabatic (AH) Energies at the
MO06-2X/aug-cc-pVQZ//M06-2X/cc-pVTZ Level of the
Stationary Points of the Reactions R-HS, R-H10, R-H11,
and R-H14 Defined with Respect to the Energy of the
Reactants

energy [kcal mol™] R-HS R-H10 R-H11 R-H14
AEpy” —4.17 —7.86 -321 —4.17
AHgy* -3.11 —5.66 —2.41 -3.11
AE® —3.12 -1.22 —2.64 —2.02
AH® -2.83 —-1.15 -2.79 -2.12
AEpy* —42.92 —34.13 -33.51 -33.61
AHpy* —41.52 -33.19 —-32.37 3225
AFpn” —37.49 —27.34 —27.34 2575
AHg? —37.61 —28.01 —28.01 —-26.35

“RW: reactant well. “%: saddle point. “PW: product well. “RXN:
products.

including ZPE corrected values (adiabatic energies) with the
0.956*" scale factor. Our calculated barrier heights for the
reactions R-HS, R-H10, R-H11, and R-H14 are 0.08, 0.38,
0.36, and 0.18 kcal mol™! higher, respectively, than those
reported by Borduas et al.,” while the heat of reaction of R-HS
is 1.7 kcal mol™" lower. These differences arise from the use of
different levels of theory and conformers.

The barrier heights reported in Table 1 were also calculated
with the CCSD(T)/cc-pVTZ//M06-2X//cc-pVTZ level of
theory in order to validate the performance of the M06-2X
functional against the CCSD(T) ab initio method.”® For the
reactions R-HS, R-H10, R-H11, and R-H14, we obtained the
following classical barrier heights, respectively: —2.80, 0.33,
—1.80, and —1.27 kcal mol™". Both levels of theory predict that
reaction R-HS has the lowest barrier height followed by R-
H11, R-H14, and R-H10, indicating that both would predict
similar branching ratios. In addition, the barrier heights
predicted by both levels of theory for the two most kinetically
favored reactions, that is, R-H11 and R-HS, only differ by 0.84
and 0.32 keal mol™!, respectively. Although the CCSD(T)/cc-
pVTZ//M06-2X//cc-pVTZ level may predict different energy
distributions for the multiple conformers and thus different
global minimum conformers that may result in more
submerged barrier heights, we conclude that the level of
theory used in our kinetic study represents a reliable and cost-
effective approach to the investigated reactions.

3.1.2. Multi-structural Torsional Anharmonicity. The
effects of the multiple conformers and torsional anharmonicity
were included with the MSTor’* software. Table S1
(Supporting Information) shows the torsions considered for
each species and the “Nearly Separable:Strongly Coupled”
(NS:SC) scheme used to treat them. Figure 3ab shows the
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Figure 3. Effects of multi-structural anharmonicity (a) and multi-
structural torsional anharmonicity (b) in reactions R-HS, R-H10, R-
H11, and R-H114 as a function of temperature at the M06-2X/aug-
cc-pVQZ//MO06-2X/cc-pVTZ level.

multi-structural anharmonicity factor of each reaction calcu-
lated with the parameters defined by eq S6 and by eq S7
(Supporting Information), respectively; the former shows the
effect of multi-structural anharmonicity, while the latter shows
both, that is, multi-structural and torsional anharmonicity.
Multi-structural anharmonicity exerts a less pronounced
effect in reactions R-HS, R-H11, and R-H14, while reaction R-
HI10 is significantly enhanced by this effect, especially at high
temperatures. The saddle points of these reactions have a
relatively similar number of distinguishable conformers, so
these observations might be better explained by means of the
contribution of those conformers to their corresponding
rovibrational multi-structural partition function, which is
addressed in Figure 4, including the nicotine species. Most
of the conformers of the saddle points of reactions R-HS, R-
H11, and R-H14 as well as those of nicotine lie at higher
energies than the conformers of the saddle point of reaction R-
H10; this is exemplified in Figure 4 at 1500 K, where it can be
seen that four of the six conformers of the latter are within the
more energetically accessible energy range of 0.0—1.0 kcal
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Figure 4. Contribution of the nicotine and saddle point conformers to
their respective rovibrational multi-structural partition function at the
MO06-2X/aug-cc-pVQZ//M06-2X/cc-pVTZ level and 1500 K. The x-
axis shows the potential energy distribution of the conformers defined
with respect to that of the global minimum.

https://doi.org/10.1021/acs.jpca.1c01650
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mol™. As a result, the conformers of that saddle point play a
more prominent role than the conformers of the other saddle
points and nicotine species, justifying the positive effect of
multi-structural anharmonicity in the case of reaction R-H10.
This is not the case of reactions R-HS, R-H11, and R-H14,
whose saddle point conformers show an equivalent role to
those of nicotine, which result in a minor effect of multi-
structural anharmonicity. Our findings demonstrate that even
at low temperatures, the highest energy conformers of the
saddle point of reaction R-H10 are determinant in the kinetics,
indicating the need for a multi-structural treatment.

Interestingly, Figure 4 also shows that the global minimum
of the saddle point of the reaction R-H10 does not play the
main role in the kinetics, with two higher-energy conformers
playing a larger role. This might be due to the hydrogen bond
intermolecular interactions between the hydrogen atom of OH
and the 7 electronic density of the pyridine ring and/or the
two unpaired electrons of the N1 atom, which not only
stabilize the global minimum but also add stiffness to the
structure, decreasing its entropy and consequently increasing
the free energy. The geometry of the two lowest energy
conformers of this saddle point favors these hydrogen bond
intermolecular interactions by positioning the OH and
pyridine ring perpendicularly; this can be seen in Figure 2,
with the other conformers not showing such an orientation.
Strong OH:--7 hydrogen bonds and entropy effects have been
reported to be relevant in other reactive systems.’”">

Figure 3b illustrates the effect of both multi-structural and
torsional anharmonicity on the four reactions, indicating that
the missing torsional anharmonicity would also lead to large
errors.

3.1.3. Rate Constants and Branching Ratios. Figure S
shows the rate constants as a function of temperature for the
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Figure S. Rate constants as a function of temperature for reactions R-
HS, R-H10, R-H11, and R-H14 computed with the multi-structural
torsional variational transition state theory at the M06-2X/aug-cc-
pVQZ//M06-2X/cc-pVTZ level. The overall rate constants, calcu-
lated as the sum of the site-specific rate constants, and the
experimental value by Borduas et al.” are also shown.

abstraction of the hydrogen atoms HS, H10, H11, and H14 by
OH from nicotine as well as the overall rate constants as the
sum of them. In opposition to what the potential energy
barriers suggest, the rate constants for reaction R-H11 are
faster than those for R-HS. Interestingly, the reaction R-H14
competes to a similar extent with reaction R-HS at temper-
atures higher than 1200 K, despite the fact of the latter having
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a lower potential energy barrier. This indicates that there might
be other effects, such as entropy and free energy, which have to
be considered for this comparison.

Figure 6 depicts the free-energy barriers of each reaction at
several temperatures. The free-energy barrier for R-H11 is

50

7
g 30 ‘
ToIYYTY )
2 9 | K
) _ Hqz
D RN T
N i
200K 298K 500K 1500 K

[IR-H5IR-H100R-H11 R-H14 |

Figure 6. Gibbs free-energy barrier as a function of temperature for
reactions R-HS, R-H10, R-H11, and R-H14 computed at the M06-
2X/aug-cc-pVQZ//M06-2X/cc-pVTZ level.

always the lowest among the assessed reactions, explaining its
prominence. At temperatures lower than or equal to 500 K, the
free-energy barrier for the reaction R-HS is slightly lower than
that for R-H14, explaining why the former reaction is faster
than the latter in that temperature range. Nonetheless, at
higher temperatures, the free-energy barrier for R-H14
becomes similar to that for R-HS, explaining the trend
observed in Figure 5. Reaction R-H10, with the highest free-
energy barrier at all the considered temperatures, represents a
minor contribution to the overall rate constant, although it is
significantly enhanced as temperature increases by the effect of
multi-structural torsional anharmonicity.

The different temperature trends at low and high temper-
atures of the calculated rate constants are due to the
submerged barrier of the four reactions, which induces a
change in the sign of the activation energy®” and explains the
observed minima in the rate constants (located at 873 K for
the overall reaction). This non-Arrhenius behavior has
implications in the degradation mechanism and lifetime of
nicotine, as will be discussed later. Tunneling is not playing any
role in these reactions and thus is not involved in the
enhancement of the rate constants at low temperatures.

The overall rate constants for the hydrogen abstraction are
also presented in Figure S and are compared with the only
available experimental value reported by Borduas et al.” at 298
K, exhibiting excellent agreement with a relative error of
—31.3%. Our calculated rate constants and barrier heights
indicate that the abstraction of the remaining hydrogen atoms,
that is, H6, H7, H8, H9, H12, and H13, can be considered as
irrelevant; this conclusion is supported by two factors: first, our
calculated rate constant at 298 K based on the reactions R-HS,
R-H10, R-H11, and R-H14 reproduces very well the
experimental value, and second, the fact that the reaction R-
H10, with the highest potential and free-energy barriers among
those included in our kinetic study, only shows a minor
contribution to the total rate constant indicates that those
missing reactions, with larger potential energy barriers, are
even less relevant and can be safely disregarded in the
oxidation mechanism of nicotine. We attribute the small
discrepancy observed between our calculated rate constant and
the only available experimental value at 298 K to the errors

https://doi.org/10.1021/acs.jpca.1c01650
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inherent to any kinetic study, such as errors in the calculated
barrier heights.

All the rate constant values plotted in Figure S are provided
in the Supporting Information and were fitted to the modified
Arrhenius expression. The fitting parameters are presented in
Table S3 in the Supporting Information.

The branching ratios for the reaction of nicotine with OH
are difficult to obtain experimentally; hence, our theoretical
study represents a useful tool to have better insights into the
oxidation process of nicotine. This information is displayed in
Figure 7, where it can be seen that the reaction R-H11 is the

Branching ratio

500 1000 1500 2000 2500 3000
T [K]
[— R-H5 — R-H10—R-H11

R-H14 |

Figure 7. Branching ratios of reactions R-HS, R-H10, R-H11, and R-
H14 as a function of temperature obtained with the calculated rate
constants shown in Figure 5. For a given reaction R-Hj, the branching
ratio is calculated as kp_pyi/kp_overalr

prominent one. Indeed, within the temperature range 600—
1200 K, which includes typical operating temperatures for the
different smoking devices and regular cigarettes, the con-
tribution of the reaction R-H11 varies between 56 and 60%.
Interestingly, it is more important than the reaction R-HS,
which yields a much more stable tertiary radical (Table 1); we
attribute these findings to the entropy effects that make the
reaction R-HS go over a higher free-energy barrier. The
radicals yielded by reactions R-H10 and R-H14 will be barely
formed at temperatures below 600 K, becoming a bit more
prominent as temperature rises due to the multi-structural
anharmonicity contribution, which is especially pronounced in
reaction R-H10. The secondary nicotine radical generated by
reactions R-H10 and R-H11 will show the highest yield when
nicotine reacts with OH, representing at least 50% of the total
radical pool.

The effect that the reactant complex of reaction R-H11,
which is the most prominent one, has in the calculated rate
constants was estimated with the canonical unified statistical
model (CUS)®* and the SS-QRRK/MSC approach.””** The
former considers the formation of the reactant complex from
the reactants, that is, nicotine + OH — reactant complex,
whose rate constants were calculated with the VRC-TST
formulation and are labeled as k) S #YT ; the CUS rate

ass, Complex J
constants for the overall process are then estimated as follows:

1 1 1 1
CUS EJ—uVT T CVT/SCT
kR—HIl kassJ, f)lmplex kC kMS—T(C) (3)

where k¢ is a rate constant calculated for a dividing surface that
is located at the free energy minimum that corresponds to the
reactant complex and kf,[‘éT_/STC(TC) is that calculated for reaction
R-H11 assuming a negligible effect of the complex (Figure 5).

Since K/ Eo’,‘n\gﬂx was calculated in the high-pressure limit, our
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k%11 values can be only used to check the effect of the
reactant complex in that pressure regime; however, those
obtained with the SS-QRRK/MSC approach, which are
labeled as kg o E/MSC and implicitly consider the effect of
the reactant complex by assuming the overall process nicotine
+ OH — reactant complex — products, were also derived at
low pressures. Details regarding the calculation of k%) ccﬂm‘;ﬁx
and k¥ o QRRIVMSC 50 provided in Sections S2 and S3,
respectively, of the Supporting Information. In Figure 8, we
show the rate constant values predicted by the different
approaches that we are comparing for reaction R-H11 (values

are provided in Table S4 of the Supporting Information).

10°10

k [cm®molecule™'s™!]

1071

200500 1000 1500 2000 2500 3000
T [K]
SS-QRRK/MSC ___ CVT/SCT
~ Koveral (latm) ks 'r/(()
k:;\v?ﬁlnk/l\m (HPL) — kn H1l

Figure 8. Comparison of the rate constants predicted for reaction R-
HI11 by the CUS model (k{%y;, high-pressure limit), the SS-
QRRK/MSC approach (ko ER/MSC, high-pressure limit and 1
atm), and the approach that assumes a negligible effect of the reactant
complex (kf,[\gT_/sTC(E), high-pressure limit).

It can be seen that the different approaches predict very
similar results for the high-pressure limit and also that pressure
effects are not very pronounced; the lar gest difference is
observed between the k. QRR/MSC and k§US approaches
at 650 K, the former being 3.3 times larger than the latter.
Although the SS-QRRK/MSC approach can be in principle
expected to yield more accurate rate constants than the others
as a result of the implicit consideration of the complex, it
should be also noted that this approach applies the steady-state
approximation to the chemical activation mechanism; the
concentration of the complex may however deviate from the
steady-state condition, introducing some uncertainty in this
approach. It is therefore complicated to determine which
model describes with more fidelity the dynamic behavior of the
reactive system, i.e, the complex-mediated or direct mecha-
nism; we believe that it may depend on the conditions, mainly
temperature as pressure does not exert an important effect.

To shed light into this 1nterest1ng question, we refer to the
work by Monge-Palacios et al.” for the reaction NH; + OH —
NH, + H,O, whose reaction mechanism was elucidated at the
atomic level with a detailed molecular dynamics study; similar
to the hydrogen abstraction reactions that we are investigating,
this reaction shows a reactant complex whose potential energy
barrier separating it from the saddle point is also comparable.
In that work, the authors found that at 298 K, only 2% of the
reactive encounters formed the reactant complex and that
percentage becomes lower as temperature is increased.
Therefore, we believe that the assumption of a direct and
nonpressure-dependent mechanism, instead of the complex-
mediated mechanism described with the SS-QRRK/MSC

https://doi.org/10.1021/acs.jpca.1c01650
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approach, may represent a better description of the hydrogen
abstraction reactions between nicotine and the hydroxyl
radical. This conclusion is also supported by the better
agreement between the experimental rate constant reported by

Borduas et al” at 298 K and atmospheric pressure and our
k%T_/STC(TC) value.

We did not find any experimental study reporting final or
intermediate oxidation products of nicotine in the gas phase to
validate our findings; however, Passananti et al.%® reported with
HPLC-MS experiments the chemical structures of the
intermediates formed in aqueous nicotine oxidation by OH,
which were considered to be derived from the radicals yielded
by the reactions R-HI11 and R-HS via reactions such as OH
and O, addition.

3.2. Nicotine Dissociation Reactions. 3.2.1. Rate
Constants. The rate constants for the radical—radical
association reactions R, -CN and R -CC yielding nicotine
that were obtained with the VRC-E,J-uVT theory in the high-
pressure limit are plotted in Figure 9, together with the

10%

1079

10712

1079 10°7

KEJ#VT [em®molecule™'s ™!

16

300 1000 2000

T [K] )
[—Rue-CC— RN

3000 300 1000 2000 3000 300 1000 2000

T [K]
[— RirCC — RyiuCN |

3000

T [K)
[— Rain-CC— RyiurCN |

Figure 9. VRC-EJ-uVT rate constants of the radical—radical
association reactions that form nicotine calculated at the MN15-L/
cc-pVTZ level (a). Rate constants of the Ry -CN and Ry -CC
nicotine dissociation reactions (b). Concentration equilibrium
constants for the Ry,,-CN and Ry;;,-CC nicotine dissociation reactions

(c).

corresponding nicotine dissociation rate constants Ry,-CN
and Ry;,-CC that were obtained by detailed balance and the
concentration equilibrium constants for the dissociation
reactions K&, Our calculations indicate that the dissociation
of the C—N bond is more likely in the whole temperature
range, especially at intermediate and low temperatures.
Pressure effects were found to be unimportant, and similar
rate constants were obtained even at pressures as low as 0.1
bar. From our kinetic study, we conclude that the methyl and
3-(pyrrodin-2-yl)pyridinyl radicals will be much more likely
formed than pyridinyl and 1-methylpyrrolidinyl radicals in
nicotine decomposition; this is in agreement with the reaction
energies that we calculated with the MN15-L/cc-pVTZ level
for reactions Ry ,-CN and Ry,,-CC, with values of 82.39 and
96.94 kcal mol™’, respectively. The optimal dividing surfaces
were located at rcy = 2.6 A and rc¢ = 5.0 A, indicating a
much earlier transition state for the reaction R -CC.

These rate constants were fitted to the modified Arrhenius
equation, whose fitting parameters are shown in Table S7 in
the Supporting Information. The values of the rate and
equilibrium constants shown in Figure 9 are provided in the
Supporting Information.

3.3. Degradation and Lifetime of Nicotine. OH is one
of the most important atmospheric oxidizers in indoor and
outdoor environments, and the C—N and C—C bond
dissociation reactions tackled in this work are the most likely
ones in thermal decomposition of nicotine. Therefore, our

3184

calculated rate constants can serve to unravel the early
chemistry of nicotine degradation in different environments.

For a more appropriate comparison of the different
bimolecular and unimolecular reactions considered in this
work, the rate constants of the hydrogen abstraction reactions
were converted into pseudo-first-order reactions by multiplying
them by the concentration of OHj for this purpose, we used an
indoor concentration of OH radicals of 5 X 10° molecules
cm™>. This comparison is shown in Figure 10; it should be
noted that when using higher concentrations of OH, such as 2
X 10° molecules cm™>, which is typical in outdoor environ-
ments, very similar results were derived.

(a)

1019

'[‘ [(7Cl
226 726 1226 1726 2226 2726

=

107‘11)

ki

1022
1079
500 1000 1500 2000 2500 3000
T [K]
(b) T [°C)
327 527 727 927
10!
10°
Tt
B
= 108
10
10710
10—10
600 800 1000 1200
T [K]
—R-TI5—R-110 — R-T11 — R-114

— Ruiss"CC — Ryiss-CN

Figure 10. Comparison between the calculated pseudo-first-order rate
constants of the investigated hydrogen abstraction reactions and
nicotine dissociation rate constants using an indoor concentration of
OH of 5§ X 10° molecules cm™ (a). Same results for a narrower
temperature interval (b).

We conclude that the nondegraded nicotine released in the
smoke of cigarettes will not undergo neither C—N nor C—C
dissociation in indoor and outdoor environments. Instead, it
will more likely react quickly with OH to generate the
corresponding radical, which is mainly that from reactions R-
H11 and R-H14, as well as with other species present in indoor
and outdoor environments, which are not the scope of the
present work; these radicals will continue degradation toward
other harmful species such as formamide and isocyanic acid,”
and thus we can consider the formation of the harmful
pyridinyl radical via C—C scission,”’ and eventually pyridine,
as highly unlikely.

However, the scenario for the nicotine that is degraded in
the cigarette while smoking is different, especially in conven-
tional cigarettes whose operating temperatures are much
higher than those of electronic cigarettes and vaporizers. In the
former case, with temperatures of even 1200 K, dissociation
reactions are more prominent than hydrogen abstraction by
OH, and the former may become competitive in nicotine
degradation; therefore, pyridinyl radicals can be expected in
the smoke radical pool, although to a lower extent than 3-

https://doi.org/10.1021/acs.jpca.1c01650
J. Phys. Chem. A 2021, 125, 3177—-3188



The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(pyrrodin-2-yl)pyridinyl and methyl radicals. Electronic
cigarettes and vaporizers may prevent the formation of the
radicals resulting from nicotine dissociation due to their lower
operating temperatures of around 600 K, leading to a different
aerosol matrix; however, it would be interesting to investigate
the fate of the radicals formed by the reaction of nicotine with
OH, which seems to control the toxicity of the aerosol released
by these smoking devices.

The rate constants reported in Figure 10 were used to
estimate the lifetime of nicotine. For the nicotine that is not
degraded in the cigarette and instead is released to the
environment, lifetime was approached by only considering the
hydrogen abstraction reactions since dissociation reactions are
extremely slow at low/intermediate temperatures:

1
Hyo  —
(kR—HS + kR—HlO + kR—Hll + kR—H14)‘[OH]

nicotine —

(4)

where the bimolecular rate constants of the hydrogen
abstraction reactions were converted into pseudo-first-order
rate constants, as was previously discussed. For the nicotine
that is subjected to higher temperatures in the cigarette, which
is more prone to dissociate, lifetime was estimated as

H

abs
Thicotine

+diss

1/{(kR—H5 + kR—HlO + kR—Hll + kR—Hl4)
X [OH] + kgi—cn + Kais—cct (5)

The calculated lifetimes are plotted in Figure 11, where it
can be seen that both approaches predict similar results at

(a) T [°C]

226 726 1226 1726 2226 2726
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(b)
—20-10 0
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o
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T,
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Figure 11. Lifetimes as a function of temperature calculated for the
nicotine that is released to the environment (rﬁ‘c”;ﬁne) and for the
nicotine that is degraded in cigarettes at higher temperatures

Haps + di - .
(Timine ) (a). Lifetimes in a narrower temperature range (b).

temperatures below 750 K when the dissociation mechanism is
negligible. Interestingly, this temperature defines two different
trends in nicotine lifetimes and degradation, resulting in two
different scenarios. The lifetime of the nicotine that is exposed
to temperatures beyond 750 K in conventional cigarettes is
rapidly reduced when temperature is increased; it has been
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reported that in burning cigarettes, there might be short-lived
hot spots with temperatures as high as 1400 K,*” which would
be critical for the yield of radicals from C—C and C-N
nicotine dissociation such as pyridinyl radicals, with important
health implications. However, nicotine in low-temperature
operating smoking devices as well as the nicotine released to
the environment is degraded at a slower rate and therefore lasts
longer, as temperature increases up to 750 K; this different
trend results from the different nicotine degradation
mechanism that takes place in this low-temperature regime,
that is, hydrogen abstraction by OH, which implies a longer
exposure to nicotine and eventually to the radicals formed after
its reaction with OH not only for smokers but also for second-
and third-hand smokers. The maximum in the T[}lli“c"‘;ﬁne curve
and thus the change in its temperature dependence are
observed at approximately the same temperature as the
minimum in the rate constants plotted in Figure 5 for the
overall hydrogen abstraction reaction, highlighting the
implications of the non-Arrhenius behavior of those rate
constants.

It is important to highlight that our lifetime analysis is based
on the reactions that we have investigated in the present work.
Although the OH radical is one of the most important species
involved in oxidative processes and the two unimolecular
dissociation reactions that we considered have been previously
reported by other authors,”*” our analysis would be further
benefitted by the consideration of reactions that involve other
important species that are present in indoor and outdoor
environments as well as in tobacco smoke.

4. CONCLUSIONS

We performed a robust theoretical kinetic study and found out
that different initiation mechanisms can take place in the
oxidation and pyrolysis of nicotine, resulting in a complex
degradation process. At temperatures below 800 K, hydrogen
abstraction reactions by OH radicals are expected to play an
important role in the oxidation process due to the high
activation energy of the bond dissociation reactions, which
instead are more likely to control nicotine degradation at
higher temperatures. In addition, we observed that hydrogen
abstraction reactions by OH radicals are enhanced as
temperature decreases below 873 K due to their non-Arrhenius
kinetics. As a consequence, our calculated lifetimes for nicotine
in indoor environments are longer as temperature is reduced,
resulting in longer exposure of room occupants to nicotine.
The calculated rate constants and nicotine lifetimes, which
include multi-structural torsional anharmonicity effects, are
validated by the only experimental value available at 298 K;
both calculated and experimental rate constants indicate a fast
oxidation mechanism with values of, respectively, 5.76 X 107"!
and 8.38 X 107" cm® molecule™ s7".

Our calculated rate constants suggest a different nicotine
degradation mechanism in conventional cigarettes and heat-
not-burn devices. The operating temperatures of the former
are around 900 °C (1173 K), which promotes the dissociation
of nicotine and yields harmful pyridinyl radicals that are
inhaled by smokers and second- and third-hand smokers; the
latter, whose operating temperatures are below 600 K (327
°C), will likely degrade nicotine via other reactions such as
hydrogen abstraction by OH radicals, yielding different
nicotine radicals that may be precursors of other harmful
species. Although the smoke of these low-temperature smoking
devices such as IQOS may not be as harmful as that of

https://doi.org/10.1021/acs.jpca.1c01650
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conventional cigarettes due to its lower content in toxic
chemicals, their operating temperatures may not be the
optimal ones as they are actually enhancing nicotine oxidation
by entering the region below 873 K in which hydrogen
abstraction reactions from nicotine by OH radicals rapidly
increase as temperature is reduced, promoting the formation of
harmful species in contrast to what is claimed by
manufacturers. We conclude that heat-not-burn devices may
not be as harmless as it is believed and also that operating
temperatures around 873 K, when hydrogen abstraction by
OH radicals shows the slowest rate, may be more effective in
hindering the formation of harmful species.

Although our work represents a good starting point to
understand the early chemistry of nicotine degradation in
different environments, additional theoretical and experimental
studies are necessary to fully unravel this process. Considering
other important species that are present in those environments
and may react with nicotine as well as alternative nicotine
dissociation pathways would be appropriate to accomplish that
goal.
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