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All Rights Reserved



4

ABSTRACT

Theoretical Kinetic Study of Gas Phase Oxidation of Nicotine by

Hydroxyl Radical

Javier Eduardo Chavarrio Cañas

Cigarette smoke is suspected to cause diverse illnesses in smokers and people

breathing second- and third-hand smoke. Although different studies have been done

to elucidate the impact on health due to smoking, there is a lack of kinetic information

regarding the degradation of nicotine under different environmental conditions. As

a consequence, currently it is not possible to determine thoroughly the risk due to

exposure to nicotine and the compounds derived from its decomposition.

With the aim of contributing to clarify the different degradation paths followed

by nicotine during and after the consumption of cigarettes, this work presents a

theoretical study of the hydrogen atom abstraction reaction by hydroxyl radical at

four sites in the nicotine molecule in a broad range of temperature, specifically be-

tween 200-3000 K. The site-specific kinetic rate constants were computed by means of

the multi-structural torsional variational transition state theory with small curvature

tunneling contribution, performing ab initio calculations at the level M06-2X/aug-cc-

pVQZ//M06-2X/cc-pVTZ.

According to our computations, the dependence on temperature of the studied rate

constants exhibited a non-Arrhenius fashion, with a minimum at 873 K. A negative

temperature dependence was observed at temperatures lower than 873 K, indicating

more prolonged exposure to nicotine in warmer environments. On the other hand,

the opposite behavior was observed at higher temperatures; this non-Arrhenius be-

havior results of interest in tobacco cigarette combustion, inducing different reaction

mechanisms depending on the burning conditions of the different smoking devices.
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The results indicate that multi-structural and torsional anharmonicity is an im-

portant factor in the computation of accurate rate constants, especially at high tem-

peratures where the higher-energy conformers of the different species exert a larger

influence. The anharmonicity factors suggest that disregarding the anharmonic de-

viations leads to overestimation of the rate constant coefficients, by a factor between

four and six. Our computed overall kinetic rate constant at 298 K exhibited very

good agreement with the only experimental value meausred by Borduas et al. [1], af-

fording certainty about our calculated site-specific rate constants, which are currently

inaccessible to experiments. However, further experimental studies are necessary to

validate our kinetic studies at other temperatures.
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Chapter 1

INTRODUCTION

Tobacco industry is a worldwide profitable business whose income was around US$814

billion in 2018, coming mainly from sales of combustible cigarettes [2]. It is estimated

that in 2018 the global tobacco industry commercialized around 5.3-5.5 trillion of

cigarettes [3], whose revenues contributed with US$700 billion of the total transac-

tions [2]. This market is controlled mainly by five international companies, which are

the China National Tobacco Company, Philip Morris International, Imperial Brands,

British American Tobacco and Japan Tobacco International, whose market partici-

pation is 45.3, 21.7, 5.8, 5.6 and 3.6 per cent, respectively, encompassing 80% of the

total global market [3].

Cigarette smoking is usually recognized as an inducer of several chronical and

degenerative diseases [4], with negative impact not only on health, but also over

economics and health systems [5]. The economic impact due to smoking-attributable

maladies is usually split up in two categories, such as the direct and indirect costs.

The former case is related to spending on hospitalization, medication, transportation,

etc., whereas the latter one has to do with loss of productivity owing to disabilities or

death of the patient [6]. In 2012 the global economic cost of health issues related to

tobacco smoking was estimated to be US$1436 billion, which was equivalent to 1.8%

of the worlds annual gross domestic product [5].

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- (inhalation in presence of a smoker) and third-hand smoke (inhalation close
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to surfaces previously exposed to cigarette smoke) [7, 1]. Tobacco smoke is a complex

matrix of more than 3800 harmful species such as free radicals, oxidants, heavy metals

and organic compounds [8, 9]. The effect of free radicals and toxic chemicals over

the health has been documented, attributing them an active role in development and

progression of multiple ailments including cardiovascular and pulmonary disorders,

asthma, and multiple kind of cancer [4]. People continue smoking tobacco due to

addiction to nicotine [10], which is the predominant alkaloid in tobacco leaves [4, 11].

When cigarette smoke is inhaled, nicotine immersed within the gaseous matrix is

conducted to the lungs, where the narcotic is adsorbed and enters the bloodstream.

Next, nicotine is transported to the blood-brain barrier, where it diffuses readily to-

wards the cerebral tissue [12]. In the brain, protonated nicotine binds stereoselectively

to nicotinic acetylcholine receptors (nAChR), which are located in the Central Ner-

vous System. Protonated nicotine is a tertiary amine cationic specie that interacts

strongly with neuroreceptors, by forming a cation-π interaction with the tryptophan

synthase B (TrpB) amino acid present in the neuroreceptor [13]. This biomolecular

interaction stimulates the secretion of dopamine and other neurotransmitters such

as serotonin and norepinephrine, activating the rewarding system and reinforcing

tobacco dependency [4].

Nicotine is frequently used for tobacco smoke tracking in indoor environments

[14]. After smoking, the nicotine molecules released to the environment deposit on

indoor surfaces such as furniture, walls, and even on clothes and skin [15, 16, 17], and

reemit progressively leading to continue indoor exposure to nicotine. Subsequently,

nicotine reacts with indoor oxidants either in the gas-phase or on surfaces, producing

more toxic and carcinogenic compounds such as nitrosamines [18, 19]. 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 (oxidation and
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pyrolisis) is vital in order to evaluate the exposure to harmful species by smokers and

room occupants. Indoor oxidation of organic compounds is initiated by oxidants like

ozone (O3), hydroxyl radical (OH) and nitrate radical (NO3) [20]. Although OH is

recognized as the most important oxidant in the troposphere due to its high reactivity

and abundance [21], in indoor environments the main driver of gas phase chemistry

is said to be ozone [22], where its concentration varies between 20-70% of the outdoor

concentration [23]. Ozone is formed by photolysis in the troposphere and afterwards

transported inside through ventilation flows [22]. Photochemical production of ozone

indoors is usually insignificant, nevertheless some local sources are found in the vicin-

ity of working air purifiers, photocopiers and laser printers [18, 22, 24]. While some

oxidative reactions are carried out in gas phase, experimental evidence points out

that the most important fate of indoor ozone is surface reactions [25, 26, 27]. OH

radicals are too short lived species to be transported from outdoors to indoors [23],

thence its main source comes from indoor chemistry [28]. Outdoor and indoor OH

concentrations of 2·106 and 5·105 molecules cm−3, respectively, have been reported

[29, 30], but even higher indoor concentrations (107 molecules cm−3) can be found

due to photolysis of nitrous acid (HONO) during periods of intense sunlight [30] or

to the use of cleaning products [31].

On the one hand, nicotine reaction with ozone has been studied, specifically for

adsorbed nicotine [14, 32]. Rate coefficient for this oxidation has been estimated as

0.035 min−1 at room temperature and 245 ppmv of ozone, indicating that nicotine

would have a lifetime of around one week [32]. On the other hand, Borduas et al.

found that desorbed nicotine is oxidized by OH forming indoor toxic substances such

as isocyanic acid, formamide, acetaldehyde and acetonitrile [33]. They also measured

the overall rate constant for the reaction between nicotine and OH to be 8.38·10−11

cm3 molecule−1 s−1 at 298 K [1], and concluded that removal of nicotine by OH may

compete with surface absorption and heterogeneous chemistry. The lifetime of nico-
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tine has been estimated to be over a day at typical indoor OH concentrations [22]. In

this respect, evidence suggests that nicotine oxidation is most probably dominated by

OH radicals rather than by ozone [1]. However, rate constants have not been reported

at other temperatures that might be relevant to indoor pollutants formation, and their

experimental measurement 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 different pollutants formed by the degradation of

nicotine via different reactions.

The unimolecular degradation of nicotine has been also investigated [11, 34]. Kibet

et al.[34] measured the formation of pyridine in commercial cigarettes and proposed

a pathway for the formation of pyridinyl radical, and ultimately pyridine, via CC

scission of nicotine. Kurgat et al.[11] described with theoretical calculations pathways

for the thermal degradation of nicotine and the different harmful radicals that can be

formed, but did not report degradation rate constants.

The harmful chemical species released in tobacco smoke are products of incom-

plete combustion and thermal degradation of tobacco [35]. Tobacco complete com-

bustion takes place at temperatures around 1300 oC [35], nonetheless conventional

cigarettes operate at around 900 oC and thus release a more toxic aerosol [36]. Re-

cently, new devices such as e-cigarettes and IQOS (I Quit Ordinary Smoking) have

emerged claiming to circumvent the production of hazardous substances, due to their

low temperature operating conditions that prevent the combustion of tobacco; these

devices operate at temperatures below 350 oC [37, 38]. Nevertheless, recent works

found additional chemicals in the IQOS aerosol that are not typically found in studies

of targeted compounds [9, 39]. It is evident that more studies are necessary to un-

ravel the degradation chemistry of nicotine at different conditions in order to assess

its impact on the health of smokers, second- and third-hand smokers, as well as the

safety of emerging nicotine delivery systems.
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In this work, robust theoretical methods were used to calculate the rate constant of

the hydrogen abstraction reactions of nicotine by OH in a wide range of temperature,

with the aim of providing valuable information of one of the most important nicotine

degradation pathways, and shed light about the chemical fate of nicotine after lighting

tobacco devices.

1.1 Objectives and Contributions

The overall objective of this work is to calculate kinetic rate constant coefficients

for the gas phase oxidation of nicotine by hydroxyl radical and its dependency on

temperature, in order to understand the fate of nicotine in indoor environments and

during combustion of tobacco in different smoking devices. This would help to assess

its health implications for smokers, second- and third-hand smokers.

• Employ robust kinetic theories such as the variational transition state theory

with multi-structural torsional anharmonicity and small curvature tunneling contri-

butions to obtain accurate rate constants in a wide temperature range.

• Provide site-specific rate constants for the hydrogen abstraction reaction from

nicotine by the hydroxyl radical in the gas phase.

• Predict the global rate constant for the hydrogen abstraction reaction between

nicotine and hydroxyl radical as the sum of the site-specific rate constant, and com-

pare it against the only available experimental data at 298 K to test our theoretical

approach.

• Obtain a deep understanding of the oxidation of nicotine by hydroxyl radical

at the molecular level by assessing the importance of the different conformers of

the nicotine and saddle point species and by calculating branching ratios in a wide

temperature range, which are difficult to obtain experimentally.
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Chapter 2

THEORETICAL BACKGROUND

2.1 Transition State Theory

Transition state theory (TST) is a statistical mechanical theory that allows to study

thermal rate constants at the high-pressure limit of chemical reactions [40, 41]. Ac-

cording to this theory, there exists an activated complex (identified with superscript

‡) denominated as the transition state, which is located in the point of maximum

energy of the minimum energy path (MEP) that connects the reactants and products

[42]. The transition state is contained in a hypersurface, which is orthogonal to the

MEP (also known as reaction path), and divides the phase space (space of all the co-

ordinates and their conjugate momenta) into reactants and products region [43, 44].

Transition state theory proposes that reactive trajectories are formed in the reactants

region, cross the dividing surface only once and end up in the products region with-

out the possibility of ever returning to reactants (no-recrossing assumption) [42]. It

also supposes that the transition state and the reactants are in chemical equilibrium

[40]. The equation 2.1 presents the steps involved in the conversion of A and B into

products according to TST.

A+B 
 AB‡ → Products (2.1)

The reaction path is represented as a curve of potential energy, which is function

of a variable called the reaction coordinate (s). By definition, s=0 in the saddle point

of the potential energy surface (PES) where the transition state is located, s<0 and
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s>0 in the reactants and products side of the reaction path, respectively [42]. The

expression that allows to compute the rate constants with the transition state theory,

kTST, is presented in the equation 2.2.

kTST(T) =
1

βh

Q‡(T,s=0)

QR(T)
exp(−βV‡) (2.2)

where β = (kBT)−1 (kB is the Boltzmann’s constant and T the temperature), h

the Plank’s constant, Q‡ and QR the total partition functions of the transition state

and reactants, respectively, which encompass the electronic, translational, rotational

and vibrational contributions. Frequently the rotational and vibrational partition

functions are computed with the rigid rotor and harmonic oscillator approximations,

respectively, in order to simplify the calculations. The term V‡ represents the po-

tential energy barrier, which is computed as the difference of potential energy of the

saddle point and the reactants.

The main advantage of TST is that it only requires information of the saddle point

and reactant species [42]. Nonetheless, the main drawback of this theory relies in the

no-recrossing assumption of the reactive trajectories, since all of them are accounted

as reactive even if they are not [45]. In other words, TST overestimates the reactive

flux crossing the dividing surface, and therefore the equation 2.2 provides the upper

bound of the “real” rate constants [45, 46]. These effects are known as variational

effects, and are addressed by the variational formulation of the TST.

2.2 Variational Transition State Theory

The variational transition state theory (VTST) arises as an alternative to correct

the assumptions done by the TST. In this variational form of the theory, the system

does not necessarily forms the products once it crosses the bottleneck. Instead, it

may come back to form the reactants, invalidating the no-recrossing supposition of
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the reactive trajectories [47]. VTST seeks to minimize the reactive flux crossing the

dividing surface of the phase space, by changing the location of the transition state

along the MEP as function of temperature. Under the variational scheme, we refer to

the bottleneck of the reaction as transition state instead of saddle point [42]. In this

respect, unlike the TST, VTST does not necessarily locate the transition state in the

point of maximum potential energy of the reaction path [46]. Since the kinetic rate

constant is proportional to the number of trajectories crossing the dividing surface, a

minimization of the crossing flux implies a minimization of the rate constant, which

also means a maximization of the free-energy [43, 47]. When s is moved to maximize

the free energy, the VTST becomes the canonical variational transition state theory

(CVT) [42]. Equation 2.3 shows the optimization problem inherent to the CVT.

kCVT(T) = min
s

kGT(T, s) (2.3)

where kGT is the rate constant at any point along the MEP, it means a generalized

transition state. kGT is calculated with the equation 2.4, which depends on the

temperature and the position of the transition state along the reaction coordinate s.

kGT(T,s) =
1

βh

QGT(T,s)

QR(T)
exp(−βV‡(s)) (2.4)

As observed, the value of V‡ is not restrictively calculated in the point of maximum

energy of the MEP (saddle point), but instead in any value of the reaction coordi-

nate. Note that the minimization of the recrossing does not mean its elimination,

consequently in most of the cases some non reactive trajectories are accounted in the

computation of kCVT [42, 48]. The search of the best location of the transition state

entails having information in a broader region of the PES, especially along the reac-

tion path [45], which turns the application of the VTST into a more computationally

expensive process compared to TST.
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Further improvements of the rate constant can be performed through the intro-

duction of a multiplicative factor known as the transmission coefficient, κ, with the

aim of taking into account quantum effects such as non classical reflection or tun-

neling along the reaction coordinate, as well as by accounting for the torsional and

multi-structural anharmonicity [46].

2.3 Multi-structural and Torsional Anharmonicity

Typically the vibrational partition function employed to calculate the rate constants

with equation 2.4 is computed using the harmonic-oscillator model and only one

structure of the reactant and the transition state species; this structure is the lowest

energy conformer, known as global minimum [49]. Nevertheless, it is known that the

existence of several torsional degrees of freedom in a molecule leads to a large number

of low-energy conformers that can be converted into each other by internal rotations

and may contribute meaningfully to the total partition function (multi-structural

anharmonicity); additionally, considering low energy normal modes as harmonic os-

cillators can also introduce large errors in the calculation of their partition functions

and thus in the rate constants (torsional anharmonicity) [50]. When kinetics mod-

eling is performed using the previously mentioned models, substantial error can be

accumulated, especially at high temperature, since the anharmonic behavior of the

potential curve is obviated [51].

Therefore, anharmonicity can be approached as the contribution of two anhar-

monic effects: the existence of multiple conformers, which adds multiple minima

to the potential energy surface, and the deviation of the potential curve from the

quadratic approximation in the neighborhood of a given minimum [49]. The inclu-

sion of multi-structural torsional anharmonicity for the reactants and transition states

aims to improve the prediction of the kinetic rate constants through improvement of

the computation of the partition functions [52].
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The final rate constants taking into account anharmonic and quantum effects

are computed with the equation 2.5. As observed the vibrational and rotational

partition functions are not separated, because the vibrational frequencies and the

principal moments of inertia depend on the geometrical disposition of the atoms, in

other words, are dependent on the structure of each conformer.

k
CVT/SCT
MS−T(C) (T, s) = κSCT 1

βh

Q‡elQ
MS−T(C),‡
con−rovib

ΦtQ
R
elQ

MS−T(C),R
con−rovib

exp
(
−βV‡(s)

)
(2.5)

The superscripts ‡ and R represent the transition state and reactants, respectively.

The parameter κSCT is the transmission coefficient calculated with the small curva-

ture tunneling (SCT) approach, which accounts for quantum effects in the reaction

coordinate. The relative translational and the electronic partition functions are dis-

played as Φt and QR
el (or Q†el), respectively. In the equation 2.5 the conformational

rovibrational partition functions are calculated with the equation 2.6.

Q
MS-T(C),X
con-rovib =

J∑
j=1

Qrot,j exp (−βUj) QHO
j

t∏
η=1

f̄j,η (2.6)

where X represents either reactants (R) or saddle point (‡). The summation

domain goes from j=1 to J, where J is the total number of distinguishable structures

for the species X and j=1 is the global minimum. The term Uj is the potential energy

of the conformer j with respect to that of the global minimum (U1=0), and Qrot
j is

the rotational partition function for the corresponding conformer. QHO
j stands for the

normal-mode harmonic oscillator partition function, which is calculated as

QHO
j =

F∏
i=1

exp

(
−1

2
βhωj,i

)
1− exp (βhωj,i)

(2.7)

where ωj,i is the vibrational frequency of the normal-mode i of conformer j, and

F the total number of normal modes. Finally, the term fj,η is a factor to account for
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the torsional anharmonicity of the coupled torsion of the conformer j, and t is the

number of coupled torsions. This factor is calculated as follows

t∏
η=1

f̄j,η =

(
h

kBT

) t
2
∏F

m=1 ωj,m∏F
¯̄m=1

¯̄ωj, ¯̄m

√
det Dj∏t
τ=1 Mj,τ

t∏
η=1

exp

(
−

WC
j,η

2kBT

)
I0

(
WC

j,η

2kBT

)
(2.8)

where Dj is the Kilpatrick and Pitzer torsional moment of inertia matrix, ¯̄ωj, ¯̄m the

torsion-projected normal-mode frequencies and Mj,τ the local periodicity parameter

of the torsion τ for the conformer j. WC
j,η represents the energy barrier for the coupled

torsion η in the conformer j. Lastly, I0 is a modified Bessel function.

Frequently different vibrational modes are coupled, and consequently it is difficult

to assign the value of Mj,τ to each torsion [50]. When the torsion correspond to an

ensemble of vibrational modes, they are treated as coupled and the local periodicity

is calculated with the equation 2.9 by using the Voronoi tessellation method [50, 53].

MSC
j =

2π(
ΩSC

j

)1/tSC
(2.9)

Where ΩSC
j is the Volume in the dimensional subspace of the Voronoi cell associ-

ated with conformer j, and tSC the number of strongly coupled torsions. For the cases

when a given torsion is observed to be uncoupled from the other, the value of Mj,τ is

represented as the total number of structures, distinguishable or not, produced along

the torsional coordinate τ .

In practice, it is common to use a hybrid scheme to obtain Mj,τ . The notation for

this scheme is NS:SC=n:m, which means that n and m torsions are treated as nearly

separable and strongly coupled, respectively, being n+m the total number of torsions

considered in the anharmonical treatment [50].
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Chapter 3

COMPUTATIONAL METHODS

3.1 Electronic Structure Calculations: Characterization of

the Potential Energy Surface

The level of theory M06-2X/cc-pVTZ [54, 55] was used to optimize and characterize

the stationary points of the potential energy surface (PES) of the hydrogen abstrac-

tion reactions between nicotine and OH using the Gaussian16 [56] software. The

M06-2X functional was employed because it has been reported to have good per-

formance in the prediction of barrier heights for hydrogen-transfer reactions at a

moderate computational cost [54]. In addition, this method provides good accuracy

in thermochemistry and in the description of non-covalent interactions such as hy-

drogen bonds [54, 57]. In our conformational search, rotations within the rings of

nicotine, hereafter pseudorotations, were explored manually; for each of the gener-

ated conformations, a further conformational search was performed by rotating the

different n dihedrals of each conformer by 90o using the MSTor 2013 [53] software,

generating a total of 4n structures to explore for each case. The methyl group was not

included in this search because it does not generate distinguishable structures. The

converged nicotine structures were used to generate possible saddle point structures

by rotating the OH group by 60o to yield 6 feasible saddle point conformers per nico-

tine conformer and per abstraction site. The search of the saddle point conformers

was performed employing the QST3 method [58].
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The M06-2X/aug-cc-pVQZ [54, 55] level of theory was used to refine the energy of

all the optimized structures of reactant, saddle point and product species. Although

Coupled Cluster (CC) methods give more accurate results than M06-2X, they are too

computationally expensive and are only affordable to small systems without many

heavy atoms [59]. The use of the larger basis set aug-cc-pVQZ adds diffusive functions

to every angular moment in the basis, includes polarization functions on all atoms

and employs four basis set functions for each atomic orbital, in order to increase the

accuracy in the potential energy computation [60]. Since the product species does not

affect the rate constant calculation of the reaction, a conformational search for the

corresponding radical product species was not done. The minimum energy conformer

(global minimum) of each species was used to calculate the minimum energy path

(MEP) with the Gaussrate17 [61] software, and the rate constants were calculated

with Polyrate 2016-2A [62]. 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 [63]. A

smaller stepsize of 0.0378 bohr was used for the reaction coordinate range -0.45 to

+0.45 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 well-defined set of curvilinear coordinates which

does not predict imaginary frequencies along the MEPs. A frequency scaling factor

of 0.956 [64] was employed for a more accurate description of torsional anharmonicity

and the ground-state adiabatic potential energy curve; this curve, denoted as VG
a

(s), was used for the calculation of the tunneling transmission coefficients with the

small-curvature tunneling approach (SCT), and is defined as

VG
a (s) = VMEP(s) + εG(s) (3.1)

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

The electronically excited-state 2Π1/2 of the radical OH, which lies 0.4 kcal mol−1

over the 2Π3/2 ground-state, was included in the calculation of its electronic partition

function.

3.2 Multi-structural torsional variational transition state the-

ory calculations

The rate constants for the most kinetically favored pathways of the hydrogen ab-

straction reaction OH + nicotine → H2O + radical were computed using the multi-

structural variational transition state theory with a coupled torsional potential and

SCT tunneling corrections, hereafter labeled as k
CVT/SCT
MS-T(C) . First, we calculated rate

constants using the global minimum conformers, the harmonic oscillator approxima-

tion, and the SCT method with Polyrate 2016-2A code [62]. Then, multi-structural

torsional anharmonicity partition functions were obtained with MSTor 2013 [53] in or-

der to include the effect of the multiple conformers or multi-structural anharmonicity,

as well as torsional anharmonicity.

Torsions were divided into two types, nearly separable (NS) and strongly coupled

(SC); for the latter, the Voronoi tessellation method [50, 53] was used to calculate

Mj,τ . We treated torsions in all the species under the “Nearly Separable:Strongly

Coupled” (NS:SC) scheme, as discussed in the results and discussion section.

Multi-structural torsional anharmonicity in the investigated reactions was esti-

mated with the multi-structural torsional anharmonicity parameter, FMS-T, which is

obtained with the corresponding parameters for the saddle point and reactant species,

denoted as FMS-T,‡ and FMS-T,R, respectively. These parameters are calculated as fol-

lows, where X denotes ‡ or R for the saddle point and reactant, respectively, and

Q
SS-T(C),X
rovib is the torsional rovibrational partition function of the global minimum of

the reactant or saddle point species
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FMS−T =
FMS−T,‡

FMS−T,R
(3.2)

FMS-T,X =
Q

MS-T(C),X
con-rovib

Q
SS-T(C),X
rovib

(3.3)

With the aim of investigate the effect of torsional anharmonicity in the rate con-

stants, the parameter in equation 3.3 was also calculated using the harmonic partition

function QSS-HO,X
rovib , yielding FMS,X,

FMS,X =
Q

MS-T(C),X
con-rovib

QSS-HO,X
rovib

(3.4)

Finally, the calculated rate constants within the temperature range 200-3000 K

were fitted to the modified Arrhenius equation

k = A · Tn · exp

(
− Ea

RT

)
(3.5)

where A (cm3 molecule−1 s−1), n (unit less) and Ea (kcal mol−1) are fitting pa-

rameters.

3.3 Selection of the site-specific reactions to be studied

Even though nicotine can undergo the addition of OH to its aromatic ring, the hydro-

gen abstraction reaction has been found to be more kinetically favored [1]. Borduas et

al. [1, 33] calculated the classical energy barrier for all the possible hydrogen abstrac-

tion reactions between nicotine and OH, contemplating 14 possible abstraction sites.

Figure 3.1 shows the potential energy barrier heights calculated by those authors for

those reactions at the M60-2X/6-311+G(d,p) level. The blue colored hydrogen atoms

represent the reaction sites with positive energy barriers, which are expected to have

markedly reduced reactivity compared to those with negative energy barriers and
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thus a marginal effect in nicotine oxidation. Most of those non-kinetically favored

reactions correspond to hydrogen abstractions from the pyridine ring as they would

lead to removal of aromaticity.
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Figure 3.1: Classical potential energy barriers of the 14 possible hydrogen abstraction
sites of nicotine by OH calculated by Borduas et al. [1] at the M06-2X/6-311+G(d,p)
level. Abstraction sites with positive barriers are colored in blue.

The abstraction of the hydrogen atom in the δ position (see figure 3.1) 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 abstraction

occurs at the α, β and γ positions, also showing negative barriers and being the former

stabilized to a larger extent by the electron-withdrawing N atom [65]. Although

abstraction from the methyl group would yield a less stable primary radical, it is also

favored by the electron-withdrawing effects.

The calculation of the rate constants of these 14 hydrogen abstraction channels

with the multi-structural torsional variational transition state theory is time consum-

ing; furthermore, several of these reactions are expected to have a marginal role in

nicotine oxidation. Following the former study by Borduas et al. [1], we approached

the overall reaction between nicotine and OH by addressing the abstraction of the
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hydrogen atoms in the δ and α positions, that is, H5 and H11; the abstraction of

H10, also in the α position, 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 H14 in our calculations. There-

fore, we performed a robust kinetic study for the abstraction of the hydrogen atoms

H5, H10, H11 and H14, hereafter referred to as reactions R-H5, R-H10, R-H11 and

R-H14, respectively. We expect these four reactions to account for most of the overall

rate constant for the reaction between nicotine and OH reported experimentally by

Borduas et al. [1] at 298 K, which will serve as a test to our theoretical approach.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Stationary points and topology of the PES

Figure 4.1 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. Only the

enantiomer S of nicotine was considered since it is the one formed naturally [66]; the

rate constants of the reaction of the enantiomers R and S with non-chiral species are

the same. We found 8 distinguishable conformers for nicotine by rotating the dihedrals

C1-C2-C6-N2 and N2-C6-C7-C8, that is, the pseudorotation within the pyrrolidine

ring, which is responsible for its envelope conformation [67, 68], 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 [67, 68, 69, 70, 71, 72].

Previous experimental and theoretical works pointed out that at room tempera-

ture around 99.9% of nicotine is found in the two lowest-energy conformations [68],

with a relative abundance of 66.3% for the global minimum and 33.4% [71] 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.
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Figure 4.1: Optimized structures of the nicotine conformers at the M06-2X/cc-pVTZ
level. Their potential energies, calculated at the M06-2X/aug-cc-pVQZ//M06-2X/cc-
pVTZ level and defined with respect to the energy of the global minimum, are also
displayed.

In general terms, 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 transversal one to the other favoring an intramolecular

hydrogen bond between the atoms H2 and N2 [67]. Additionally, we have observed

that for those pairs of structures interconnected exclusively by rotating the dihedral

angle C1-C2-C6-N2 by 180o, 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. [67].

The results of the conformational search for the saddle points of the reactions

R-H5, R-H10, R-H11 and R-H14 are shown in figure 4.2. The fewer number of

conformers compared to nicotine is likely due to steric effects.
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Figure 4.2: Optimized structures of the saddle points conformers at the M06-2X/cc-
pVTZ level. Their potential energies, calculated at the M06-2X/aug-cc-pVQZ//M06-
2X/cc-pVTZ level and defined with respect to the energy of the global minimum, are
also displayed.
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Figure 4.3 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-H5, R-H10, R-H11 and R-H14. Single point

energies of the stationary points along the MEPs (products, intermediate complexes

and saddle points) defined with respect to the energy of the reactants are presented in

the table 4.1, including ZPE corrected values (adiabatic energies) with the 0.956 [64]

scale factor. Our calculated barrier heights for the reactions R-H5, R-H10, R-H11,

and R-H14 are 0.08, 0.38, 0.36, and 0.18 kcal mol−1 higher, respectively, than those

reported by Borduas et al. [1]; while the heat of reaction of R-H5 is 1.7 kcal mol−1

lower. These differences arise from the use of different levels of theory and conformers.
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Figure 4.3: MEPs of reactions R-H5, R-H10, R-H11 and R-H14 at the M06-2X/aug-
cc-pVQZ//M06-2X/cc-pVTZ level with the global minimum conformers of reactant
and saddle point species. Energies are defined with respect to that of the reactants.
Both limits of the MEPs represent the formation of the reactant and product inter-
mediate complexes.
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Table 4.1: Classical (∆E) and adiabatic (∆H, ZPE inclusive) energies at the M06-
2X/aug-cc-pVQZ//M06-2X/cc-pVTZ level of the stationary points of the reactions
R-H5, R-H10, R-H11 and R-H14 defined with respect to the energy of the reactants.

Energy [kcal mol−1] R-H5 R-H10 R-H11 R-H14

∆ERW
1 -4.17 -7.86 -3.21 -4.17

∆HRW
1 -3.11 -5.66 -2.41 -3.11

∆E‡ 2 -3.12 -1.22 -2.64 -2.02
∆H‡ 2 -2.83 -1.15 -2.79 -2.12

∆EPW
3 -42.92 -34.13 -33.51 -33.61

∆HPW
3 -41.52 -33.19 -32.37 -32.25

∆ERXN
4 -37.49 -27.34 -27.34 -25.75

∆HRXN
4 -37.61 -28.01 -28.01 -26.35

1 RW: Reactants well
2 ‡: Saddle point
3 PW: Products well
4 RXN: Products

4.2 Multi-structural torsional anharmonicity.

The effect of the multiple conformers and torsional anharmonicity were included in

the calculation of the vibrational partition functions with the MSTor [53] software.

Table 4.2 shows the torsions considered for each species and the scheme NS:SC used

to treat them.

Figure 4.4 shows the multi-structural anharmonicity factor of each reaction calcu-

lated with the parameters defined in equation 3.3, panel (a), and in equation 3.4, panel

(b); the former shows the effect of the inclusion of multi-structural anharmonicity,

while the latter shows both, that is, the effect multi-structural and torsional anhar-

monicity.
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Table 4.2: Torsions and NS:SC schemes used in the treatment of multi-structural
torsional anharmonicity. SP stands for saddle point.

Specie Torsion Type NS:SC

Nicotine
C1-C2-C6-H5 U

2:0
C6-N2-C10-H14 U

SP(R-H5)

C1-C2-C6-H5 U

1:3
C6-N2-C10-H14 C
C2-C6-H5-O1 C
C6-H5-O1-H15 C

SP(R-H10)

C1-C2-C6-H5 C

0:4
C6-N2-C10-H14 C
C8-C9-H10-O1 C
C9-H10-O1-H15 C

SP(R-H11)

C1-C2-C6-H5 C

0:4
C6-N2-C10-H14 C
C8-C9-H11-O1 C
C9-H11-O1-H15 C

SP(R-H14)

C1-C2-C6-H5 C

0:4
C6-N2-C10-H14 C
N2-C10-H14-O1 C
C10-H14-O1-H15 C

(a) (b)
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Figure 4.4: Effect of multi-structural (a) and multi-structural torsional (b) anhar-
monicity in reactions R-H5, R-H10, R-H11 and R-H114 as function of temperature
at the M06-2X/aug-cc-pVQZ//M06-2X/cc-pVTZ level.
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Multi-structural anharmonicity exerts a less pronounced effect in reactions R-H5,

R-H11 and R-H14, while reaction R-H10 is significantly enhanced by this effect, es-

pecially 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 4.5 in-

cluding the nicotine species. Most of the conformers of the saddle points of reactions

R-H5, R-H11 and R-H14, as well as those of nicotine, lie at higher energies than

those of the conformers of the saddle point of reaction R-H10; this is exemplified in

figure 4.5 at 1500 K, where it can be seen that 4 of the 6 conformers of the latter

are within the more energetically accessible energy range of 0.0-1.0 kcal mol−1. 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 ef-

fect of multi-structural anharmonicity in the case of reaction R-H10. This is not the

case of reactions R-H5, 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 high-

est energy conformers of the saddle point of reaction R-H10 are determinant in the

kinetics, indicating the need for a multi-structural treatment of the studied reactive

system.
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Figure 4.5: Contribution of the nicotine and saddle point conformers to their re-
spective rovibrational multi-structural partition function at the M06-2X/aug-cc-
pVQZ//M06-2X/cc-pVTZ level and 1500 K. The x-axis shows the potential energy
distribution of the conformers, that is, their potential energy with respect to that of
the global minimum.

Interestingly, figure 4.5 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 intermolecular

interactions between the hydrogen atom of OH and the π electronic density of the

pyridine ring and/or the two unpaired electrons of the N1 atom, which stabilize

the global minimum but also adds stiffness to the structure decreasing its entropy
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and consequently increasing the free energy. The geometry of the two lowest energy

conformers of this saddle point favors these intermolecular interactions by positioning

the OH and pyridine ring perpendicularly; this can be seen in figure 4.2, with the

other conformers not showing such an orientation. Strong OH· · · π interactions and

entropy effects have been reported to be relevant in the kinetics of other reactive

systems [73, 74].

Figure 4.4 (b) illustrates the effect of both, multi-structural and torsional anhar-

monicity on the four reactions, indicating that missing torsional anharmonicity would

also lead to large errors, especially at high temperatures. We observed that the ra-

tio QSS-HO/QSS-T for the global minimum of nicotine remained constant and around

unity within the whole temperature range, which is not the case of the saddle point

conformers in which the effect of torsional anharmonicity is much more pronounced

as the result of its larger number of torsions compared to nicotine.

4.3 Rate constants and branching ratios.

Figure 4.6 shows the rate constants as a function of temperature for the abstraction of

the hydrogen atoms H5, H10, H11 and H14 by OH from nicotine, as well as the overall

rate constants as the sum of them. The molecularity of the hydrogen abstraction

reactions is two, which leads to the cm3 molecule−1 s−1 units. In opposition to what

the potential energy barriers suggest, the rate constants for reaction R-H11 are faster

than those for R-H5. Interestingly, the reaction R-H14 competes at similar extent

with reaction R-H5 at temperatures higher than 1200 K, despite the fact of the latter

having a lower potential energy barrier. This indicates that there might be other

effects, such as entropy and free energy, which may have to be considered when

different carbon sites are compared.
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Figure 4.6: Rate constants as function of temperature for reactions R-H5, 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, calculated as the sum of the site-specific rate constants, and the experi-
mental value by Borduas et al. [1] are also shown.

Figure 4.7 depicts the free energy barriers of each reaction at 200, 298, 500 and

1500 K. As regarded, the free energy barrier for R-H11 is always the lowest among the

assessed reactions, explaining why this reaction takes over reactivity. At temperatures

lower or equal than 500 K, the free energy barrier for the reaction R-H5 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 one of R-H5, explaining the trend observed in the

figure 4.6. Reaction R-H10, with the highest free energy barrier at all the considered

temperatures, represents the minor contribution to the overall rate constant, although

it is significantly enhanced as temperature increases by the effect of multi-structural

torsional anharmonicity.
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Figure 4.7: Gibbs free energy barrier as function of temperature for reactions R-H5, R-
H10, R-H11 and R-H14 computed at the M06-2X/aug-cc-pVQZ//M06-2X/cc-pVTZ
level.

The different temperature trends at low and high temperatures of the calculated

rate constants is due to the submerged barrier of the four reactions, which induces

a change in the sign of the activation energy [75] and explains the observed minima

in the rate constants (located at 873 K for the overall reaction). 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

4.6, and compared with the only available experimental value reported by Borduas

et al. [1] 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-H5, R-H10, R-H11, and R-H14 reproduces

very well the experimental value with no significant underestimation that would be

attributed to those missing abstraction reactions, and second, the fact that the reac-

tion R-H10, with the highest potential and free energy barriers among those included
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in our kinetic study, only shows a minor contribution to the total rate constant, in-

dicates that those missing reactions, whose potential energy barriers are even larger

than that of reaction R-H10, are even less relevant and can be safely disregarded in

the oxidation mechanism of nicotine.

All the rate constant values plotted in figure 4.6 were fitted to the modified Arrhe-

nius expression presented in the equation 3.5, with fitting coefficients of determination

R2 higher than 0.99. The fitting parameters are presented in table 4.3.

Table 4.3: Fitting parameters of the modified Arrhenius equation for the reactions
R-H5, R-H10, R-H11 and R-H14, and the overall reaction.

Reaction A [cm3 molecule−1 s−1] n Ea [kcal mol−1]

R-H5 3.263 ×10−19 1.992 -3.863
R-H10 1.419 ×10−19 2.124 -1.613
R-H11 9.987×10−18 1.707 -3.120
R-H14 7.157×10−18 1.628 -2.356

R-overall 3.008×10−18 1.941 -3.367

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

4.8, where it can be seen that the reaction R-H11 is the prominent one. Indeed, within

the temperature range 600-1200 K, which are typical operating temperatures for the

different smoking devices and regular cigarettes, the contribution of the reaction R-

H11 varies between 56-60%. Interestingly, it resulted to be more important than

the reaction R-H5, which yields a much more stable tertiary radical (table 4.1); we

attribute these findings to the entropy effects that make the reaction R-H5 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 both, reactions RH10 and RH11, will show the highest yield when nicotine reacts
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with OH, representing at least 50% of the total radical pool formed by this reaction.
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Figure 4.8: Branching ratios of reactions R-H5, R-H10, R-H11 and R-H14 as function
of temperature obtained with the calculated multi-structural torsional anharmonicity
rate constants at the M06-2X/aug-cc-pVQZ//M06-2X/cc-pVTZ level. For a given
reaction R-Hj, the branching ratio is calculated as kR-Hj

/kR-overall.

4.4 Lifetime of nicotine

Hydroxyl radical is one of the most important atmospheric oxidizers in indoor and

outdoor environments, therefore, oxidation by OH radical is one of the most likely

thermal degradation pathways of nicotine. In this sense, our calculated rate constants

can serve to shed light into the early chemistry of nicotine degradation in different

environments.

In order to assess the lifetime of nicotine, the rate constants of the hydrogen

abstraction reactions were converted into pseudo-first order reactions by multiplying

them by the concentration of OH; for this purpose, we used an indoor concentration

of OH radical of 5·105 molecules cm−3. The lifetimes are calculated as the inverse of

the overall pseudo-first order constants, as presented in equation 4.1. The computed

lifetimes are depicted in the figure 4.9.
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τHabs
nicotine =

1

(kR−H5 + kR−H10 + kR−H11 + kR−H14) · [OH]
(4.1)
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Figure 4.9: (a) Nicotine lifetime as function of temperature, calculated at OH indoor
concentration of 5·105 molecules cm−3. (b) Lifetimes in a narrower temperature range.

The maximum in the nicotine lifetime curve and thus the change in its tempera-

ture dependence is observed at approximately the same temperature as the minimum

in the rate constants plotted in figure 4.6 for the overall hydrogen abstraction reaction

(black line), highlighting the implications of the non-Arrhenius behavior of those rate

constants. Figure 4.9 suggests that nicotine in low temperature operating smoking de-

vices (T<600 K), as well as the nicotine released to the environment during smoking,

can be degraded at a faster rate than nicotine in conventional combustible cigarettes,

whose operating temperatures are higher than 1000 K. However, in the former case,

nicotine lifetime is extended as temperature increases, resulting in longer exposure of

room occupants to nicotine.

Although the smoke of these low temperature smoking devices such as IQOS

may not be as harmful as that of conventional cigarettes due to its lower content in
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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; below

that temperature, hydrogen abstraction reaction from nicotine by OH radical shows

a non-Arrhenius behavior and its rate constants rapidly increase as temperature is

reduced, enhancing nicotine oxidation and thus the formation of harmful species in

contrast to what is claimed by manufacturers. In this regard, heat-not-burn devices

may not be as harmless as it is believed, and also operating temperatures around 873

K may be more effective in hindering the formation of harmful species because at

that temperature nicotine oxidation by OH radical takes place at the slowest rate.
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Chapter 5

CONCLUSIONS

In this work a theoretical study of the H atom abstraction by hydroxyl radical from the

nicotine molecule has been conducted. Ab initio calculations were performed at the

level M06-2X/aug-cc-pVQZ//M06-2X/cc-pVTZ, so as to estimate site-specific kinetic

rate constants, by employing the multi-structural torsional variational transition state

theory with the small curvature tunneling approach to estimate tunneling.

Our calculations demonstrate that there exists different competitive hydrogen ab-

straction sites in nicotine, located in the positions close to the nitrogen atom of the

pyrrolidine ring. Although primary, secondary and tertiary radical species are formed

in those positions, secondary radicals were proven to be formed preferentially regard-

less the temperature. In this way, entropic and steric hindrances were evidenced to

play a decisive role in the formed species in this first degradation reactions. The pre-

dicted overall rate constant at 298 K exhibited very good agreement with previously

published experimental data, showing a relative discrepancy of -31.3%. Nevertheless,

the unique experimental value published so far is not enough to assess the certainty of

our rate constants within the broad temperature range we considered, and additional

experimental data is required.

Multi-structural and torsional anharmonicity effects were proven to be significant

in the calculated rate constants of the investigated reactive system. Those anharmonic

deviations were observed to be more pronounced at high temperatures, because the

contribution of the high energy conformers to the partition functions played a more

substantial role, in comparison to low temperatures. We conclude that missing those



48

anharmonicity corrections would overestimate the calculated rate constants by a fac-

tor between four and six depending on temperature. Tunneling was found to be

unimportant in the studied reactions due to the submerged barriers. Other quantum

effects, namely, quantum reflection was included in the transmission coefficients, but

their contribution was minimal.

The rate constant coefficients presented along this work constitutes an improved

attempt to clarify the initial degradation reactions of nicotine by hydroxyl radical,

providing valuable information, which is crucial to assess quantitatively the exposure

level due to breathing first-, second- and third-hand smoke.

The non-Arrhenius behavior of the oxidation rate constants of nicotine with OH

radical points out that low temperature smoking devices, such as IQOS and vaporiz-

ers, could be operating within a counterproductive temperature range, because faster

production of nicotine degradation species is fostered when operating temperatures

are far from 873 K. It implies that such devices might be more hazardous than what is

believed. Thereby, 873 K could be regarded as a safer operating temperature, since at

that temperature atmospheric nicotine oxidation by OH radicals presents the lowest

degradation rate.
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Chapter 6

FUTURE WORK

The work presented in this thesis can be extended in the following directions.

• Experimental measurement of overall rate constants of the oxidation of nicotine

by hydroxyl radical in a broad range of temperature.

• Evaluation of subsequent oxidation reactions between atmospheric oxidants and

the radical species derived from nicotine. It will help to understand the conversion of

nicotine into the experimentally identified hazardous species.

• Conduction of further studies, both theoretical and experimental, regarding the

oxidation of nicotine by other relevant atmospheric oxidants in indoor chemistry,

namely ozone, in order to have a complete view of the early chemistry degradation of

nicotine.
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Dichroism and Theoretical Study of the Conformational Equilibrium in

(-)-S-Nicotine,” ChemPhysChem, vol. 16, no. 2, pp. 342–352, feb 2015. [Online].

Available: https://doi.org/10.1002/cphc.201402652

[73] M. Monge-Palacios, E. Grajales-González, and S. M. Sarathy, “Ab Initio,
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