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ABSTRACT
Consensus of opinion in literature regarding tobacco use has shown that cigarette smoking
can cause irreparable damage to the genetic material, cell injury, and the general respiratory
landscape. The alkaloid family of tobacco has been implicated in a series of ailments
including addiction, mental illnesses, psychological disorders, and mental deficits.
Accordingly, this study describes the kinetic and molecular modelling of the major tobacco
alkaloids in mainstream cigarette smoke; nicotine, [-nicotyrine, and 3,5-dimethyl-1-
phenylpyrazole with the principal focus of understanding their energetics, their
environmental fate, and the formation of intermediates considered harmful to tobacco users.
Two commercial cigarette brands coded SM1 and ES1 were explored for the evolution of
major tobacco alkaloids over a modest temperature range of 200 — 700 °C for a total pyrolysis
time of 3 minutes using a tubular quartz reactor, typically in increments of 100 °C using
nitrogen as the pyrolysis gas. The heating rate was ~ 20 °C s. The pyrolysate was analysed
using a Gas-Chromatography hyphenated to a mass spectrometer (GC-MS) fitted with a mass
selective detector (MSD). Analysis of pyrolysate using GC-MS showed that nicotine was the
major alkaloid in both cigarettes, reaching a maximum at ~ 400 °C (8.0 x 108 GC-Area
counts) for ES1 cigarette and about 2.7 x 108 GC-Area counts for SM1 cigarette (at 500 °C).
Moreover, B-nicotyrine and 3, 5-dimethyl-1-phenylpyrazole were also detected in significant
amounts. Chemissian computational code was used to generate the electron density contour
maps in order to determine the neucleophilicity of these alkaloids in relation to how they
interact with biological molecules to cause toxicity and cell impairment. The density
functional theory calculations were conducted with B3LYP correlation function and
established that the scission of the phenyl C-C bond in nicotine and B-nicotyrine, and C-N
phenyl bond in 3,5-dimethyl-1-phenylpyrazole were respectively 365.33, 507.37, and 494.24
kJmol™?. Clearly, the value of the bond dissociation energy is dependent on the m — =
interactions which play a primary role in stabilizing the phenyl bonds. A kinetic model on the
destruction of nicotine was proposed using pseudo-first order rate law and found that the rate
constant k, for the destruction of nicotine at 673 K was 0.31s™ and 0.74 s™* for ES1 and SM1
cigarettes respectively. It was noted that the rate constant for the destruction of nicotine in
SM1 is ~2 times the rate constant for the destruction of nicotine in ES1. Based on nicotine
information obtained from this study, it is clear that ES1 cigarette is more addictive than SM1

cigarette.
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CHAPTER ONE
INTRODUCTION

1.1 Background information

There is substantial evidence to believe that inhaled toxicants such as cigarette smoke can
cause irreparable damage to the genetic make-up, cell injury, and general respiratory
landscape. Cigarette smoking continues to claim so many lives despite intense research in this
area. Formation and emission of toxic by-products from tobacco at various smoking
temperatures are a major health concern due to the associated health diseases; cardiac arrest,
stroke, mental illnesses, and lung cancer. This is because the thermal degradation of complex
plant materials such as tobacco gives rise to a variety of toxic substances including alkaloids
such as nicotine, B-nicotyrine and 3, 5-dimethyl-1-phenylpyrazole. It is well established that
the tobacco plant comprises 6-15% cellulose, 10-15% pectin, about 2% lignin, and many
other components; the true composition being dependent on the tobacco plant type and
growing conditions (Feng et al., 2004). Tobacco consists of more than 2500 chemical
constituents, including biopolymers, non-polymeric and inorganic compounds, and is
believed to be one of the most poisonous plants especially owing to its use in the form of
cigarettes (Czégény et al., 2009). Sugars such as cellulose, pectin, alginates, laminarin, and
ethyl cellulose are natural tobacco components which are often added to tobacco during the
manufacturing process (Talhout et al., 2006; Baker, 2007). Documentation of tobacco use as
powder, chewing, smoking and sniffing dates back to its use by Native Americans in the 15™
century (Christen et al., 1982).

Tobacco alkaloids for instance nicotine from cigarette smoking has been known to cause
significant environmental risks as well as cognitive problems for developing foetus (Hetch,
2012). Generally, nicotine in mainstream cigarette smoke exists in the particulate phase
(Hecht, 2005; Siegel et al., 2012). Furthermore, nicotine mimics certain actions of the
neurotransmitter acetylcholine and it produces its discriminative stimulus effect in the
hippocampus portion of the brain (Lockman et al., 2005). The addictive properties of nicotine
stem from its binding to nicotinic acetylcholine receptors (Zhou et al., 2011). Nonetheless,
nicotine is a primary substance in cigarette smoke that strongly affects brain development
(Lisko et al., 2013). Research on animals support biological evidence for increased motor

action, neuro-behavioural, learning and memory deterioration, and change in neurotransmitter
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function due to nicotine uptake (Kulshreshtha and Moldoveanu, 2003; Sharma et al., 2004;
Cho et al., 2013).

Cigarettes, cigars and pipe tobacco are made from dried tobacco leaves and ingredients added
for flavour and to make smoking more pleasant. The smoke from these products is a complex
mixture of chemicals, including over 70 known to cause cancer. Some of the chemicals found
in tobacco smoke include: cyanide, benzene, formaldehyde, methanol, acetylene and
ammonia (Stedman, 1968). Tobacco alkaloids and especially nicotine sustains tobacco
addiction, which in turn causes devastating health problems including heart diseases, lung
diseases, and cancer (Benowitz, 2008). Tobacco use increases the risk of developing at least
14 types of cancer. It also accounts for about 25-30% of all deaths from cancer and 87% of
deaths from lung cancer. Compared with non-smokers, male smokers are 23 times and female
smokers 17 times more likely to develop lung cancer (Anand et al., 2008). The formation and
emission of potentially toxic by-products from tobacco at various combustion temperatures is
therefore a major health concern due to associated health diseases such as heart attack, stroke
and cardiovascular death, mental illnesses and lung cancer. Other areas of health concern
arising from consumption of tobacco include effects on reproductive health for example blue

babies, erectile dysfunction and mutagenicity.

Considering the intricate chemical nature of tobacco smoke with more than 7000 identified
constituents and biological variety typified by the presence of carcinogens, toxicants,
irritants, tumour promoters, co-carcinogens and inflammatory agents, any effort to identify
individual compounds which cause lung cancer in smokers is difficult (Hetch, 2012).
Inhalation studies of cigarettes smoke may have many consequences which may have been
previously summarized, all relating to the fact that laboratory animals do not voluntarily
inhale cigarette smoke but rather try to avoid it (Siegel et al., 2012). Nevertheless, a number
of relatively recent studies have demonstrated lung tumours induction in both rats and mice
exposed to cigarette smoke and in the older literature, tumours of the hamster larynx were
produced (Hecht, 2005).

Generally, tobacco use has always been a controversial subject with its increasing popularity
on one side and the giving of evidence of health risks on the other. This investigation
therefore is necessary not only in unraveling the evolution characteristics of the major

alkaloids in tobacco in a wide range of pyrolysis temperatures but also in exploring the
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nucleophilicity of these alkaloids towards biological molecules such as DNA, ribonucleic
acid, and microsomes. Tobacco plantations (Figure 1.1) in Kenya are found mainly in Migori,

Kuria, Meru, and parts of central province.

Figure 1.1: Tobacco plantation

The concept of tobacco development, composition and toxicity is a very rich area of study. In
recent years a lot of effort has been devoted to the evaluation of the by-products of tobacco
burning and the potency of cigarette smoking (Zhou et al., 2011). However, the shortfalls in
describing the toxic compound formation mechanism during tobacco burning and the
challenges of developing model compounds which can burn under conditions that simulate
actual cigarette smoking with respect to heating rate, temperature distribution, variation in

oxygen concentration and residence time impede this undertaking (Schlotzhauer, 1982).

1.2 Computational chemistry
The foundation of computational chemistry is the conventional Schrdodinger wave equation

expressed by equation 1.1:

Hy = Ev 11



where W is the Hamiltonian operator,, is the wave function (Eigen function of the

Hamiltonian) and e is the total energy of the system (eigenvalue in the equation) (McQuarrie
and Simon, 1997). The wave function describes the system and takes as variables the
positions of electrons in the system leading to the global equation 1.2 below.

- - - -

Hy(rg, ..o IN) = Ew(rg . IN) L

whereas r describes the position of the electron in space, , allows the properties of the
system to be deduced. The wave function can be orthogonal or orthonormal over all space
depending on conditions of the wave function (McQuarrie and Simon, 1997). Consider
equation 1.3, vide infra.

1if i=j 1.3

<w: ly:.>=70ij
VitV J{Oifi;ﬁj

in quantum mechanics, sij is called the Kronecker delta.

Computational chemistry refers to a branch of chemistry utilizing computer simulation
algorithms in solving chemical problems (McQuarrie and Simon, 1997). This is achieved by
incorporating sufficiently well-developed methods of theoretical chemistry into effective
computer programs, thereby allowing calculation of structures and properties of both
molecules and solids. Whereas computational results are complementary to the information
obtained by experimental methods, in some instances it has proved capable of predicting
unobserved chemical phenomena (Ochterski, 2000). Furthermore the use of computational
techniques currently plays a vital role in preliminary feasibility stages of most scientific
research. For instance in nanotechnology, computational modeling has become an important
characterization tool due to the difficulty of dealing with nano-sized materials. The
application of high performance computing to such disciplines e.g. simulation (molecular
modelling) has evidently reduced research time and cost. More importantly it eliminates the
challenge of limited resources during research study in addition to the fact that it is
comparatively safe and can be performed on many chemical systems. This tremendous
growth and development within the application of molecular modeling can be attributed to
increasing computing power facilitated by advances in hardware and software witnessed over

the past decade. Powerful computational softwares with modern GUI-graphical user
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interfaces e.g. Mathematica, NWchem, Spartan, Hyperchem, MatLab, Odyssey or Gaussian
are now accessible. Quantum mechanical calculations simply offer mathematical description
of the behaviour of electrons. However, the quantum mechanical equations have never been
solved exactly for any chemical system apart from that of the hydrogen atom (Osorio et al.,
2013). Hence, computational chemistry is wholly founded on approximate solutions, some of

which are more accurate than any known experimental data (Young, 2001).

The graphical illustration shown schematically in Figure 1.2 summarizes the chemistry
discussed in this study; pyrolysis of tobacco, analysis of tobacco smoke products using a GC-
MS analytical technique, kinetics of the thermal degradation of reaction products, and

computational modelling of tobacco by-products.

.
N=\ NS
nicotize i

|

tobacco

burning cigarette

filter %

Figure 1.2: Graphical abstract of the major chemistry reported in this study

Chromatogram

sopduny

nicotinei) pyridinyl radical L) pyridine

1.3 Statement of the problem

While nicotine is the most abundant alkaloid in tobacco, accounting for approximately 95%
of alkaloid content, the minor alkaloids have been shown to exhibit biological activity in
animals and may cause serious health consequences in humans than earlier thought. Minor
tobacco alkaloids have been characterized to a lesser extent in tobacco but are believed to be
carcinogenic and are linked to accidental poisoning and fatality in a few cases. This study
therefore explored experimentally the temperature dependent evolution of minor tobacco
alkaloids (B-nicotyrine and 3, 5-dimethyl-1-phenylpyrazole) which have received little
attention in literature. Moreover, the kinetic and molecular modelling of tobacco alkaloids
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was investigated in this study using Chemissian and the Density Functional Theory quantum
analytical gradient with a view to understand their reactivity and toxicity towards biological

structures.

1.4 Objectives
1.4.1 General objective

To explore the kinetic, mechanistic, and molecular modeling of selected tobacco alkaloids

evolved in mainstream cigarette smoking.

1.4.2 Specific objectives

1. To identify selected tobacco alkaloids (nicotine, B-nicotyrine, 3, 5 —dimethyl-1-
phenylpyrazole) and to compare the concentration of nicotine in two commercial
cigarettes SM1 and ES1 in mainstream cigarette smoking.

2. To propose a mechanistic degradation of nicotine, B-nicotyrine, 3, 5 —dimethyl-1-
phenylpyrazole to intermediate free radicals.

3. To compute optimized molecular orbital geometries for nicotine, B-nicotyrine, 3, 5-
dimethyl-1-phenylpyrazole using Gaussian and Chemissian computational softwares.

4. To determine the activation energy from the destruction kinetics of nicotine in

mainstream cigarette smoke.

1.5 Hypotheses

1. The concentration of nicotine in SM1 cigarette and ES1 cigarette are not the same in
mainstream cigarette smoking.

2. The mechanistic degradation of nicotine, p-nicotyrine, 3,5 —dimethyl-1-
phenylpyrazole will not yield the same intermediate free radicals

3. Molecular orbital optimized geometries of nicotine, B-nicotyrine, 3, 5-dimethyl-1-
phenylpyrazole generated using Chemissian will be different from those generated
using Gaussian computational software.

4. The activation energy for the kinetic destruction of nicotine used in mainstream

cigarette smoking will not be the same for the two cigarettes (SM1 and ES1)

1.6 Justification
Whereas many efforts have been engaged towards understanding the pyrolytic behaviour of

tobacco, many complex and uncertain reaction processes are yet to be understood. The
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identification of pyridine like components of tobacco using experimental methods such as
Gas-Chromatography and High Performance Liquid Chromatography (HPLC) has proved
markedly difficult. Therefore, computational methods with complementary experimental
techniques including mass spectrometry coupled to a mass selective detector (MSD) which
simulate the burning conditions in cigarette smoke are indispensible. Additionally, the use of
computational techniques has proven useful in determining parameters that are not easily
accessible using experimental methods. For instance, the electron density maps, band-gap
energies, bond lengths, bond angles and toxicity indices of molecules can be generated using

computational methods within shorter time scales thus saving research time and related costs.



CHAPTER TWO
LITERATURE REVIEW

2.1 Tobacco pyrolysis

Tobacco smoke is a highly dynamic and very complex matrix consisting of over 7000
compounds which makes a cigarette behave like a chemical reactor where several complex
chemical processes take place during pyrolysis (Baker, 2006; Czégeny et al., 2009; Adam et
al., 2010; Forster et al., 2015). Pyrolysis can be described as the direct decomposition of an
organic matrix such as tobacco to obtain an array of reaction products in limited oxygen. The
basic phenomena that occur during the thermal degradation of tobacco is the initiation of
pyrolysis reactions which results in the release of organic volatiles and the formation of char
(Babu, 2008). Thermal degradation reaction mechanisms are complex and therefore it is
necessary to simplify pyrolysis parameters and physical properties in order to simulate the
overall characteristics of biomass burning including tobacco (White et al., 2011; Huang et al.,
2011). Pyrolysis experiments offer the possibility of unravelling mechanistic information
about the complex processes involved in the thermal decomposition of tobacco biomass.
Moreover, tobacco biomass in the form of cigarettes generates various smoke compounds
during pyrolysis reactions (Mitschke et al., 2005; Baker, 2007; Busch et al., 2012).

2.2 Cigarette smoking

Cigarette smoking is an old age addictive habit that has attracted serious condemnation
because of the clinical implications associated with it (Mitschke et al., 2005; Busch et al.,
2012). Cigarette smoking causes serious health, economic, and social problems throughout
the world (William et al., 2012). Smoking has major adverse effects on almost every organ
system in the body, accounting for more than 10% of deaths from all causes and 30% of
deaths from cancer worldwide (Anand et al., 2008). According to the Global Burden of
Disease study, smoking causes tremendous disability, estimated at 2,276 disability-adjusted
life years (DALYS) per 100,000 (Wang et al., 2015). Smoking cessation, however, is
extremely difficult because of the highly addictive nature of nicotine (Mendelsohn, 2011).
Among regular smokers, withdrawal symptoms occur within two hours of the last cigarette,
peaking within 24-48 hours and sometimes lasting for weeks or months (Abrams and Niaura,
2003).



The symptoms of cigarette withdrawal include cigarette craving, depression, insomnia,
irritability, nervousness, anxiety, difficulty concentrating, restlessness and weight gain
(Cappelleri et al., 2005). Most smokers who quit smoking experience nicotine withdrawal
symptoms due to their nicotine dependence (Benowitz, 2008). Usually the symptoms are
most severe during the first 3 days following cessation but may continue for weeks (Shiffman
et al., 2006). The severity of these symptoms depends on the number of cigarettes smoked
daily and duration of usage (Anderson et al., 2002). It has also been shown that women are
less successful in quitting smoking than men (Wetter et al., 1999). Nicotine withdrawal
symptoms are more severe in women and nicotine replacement therapy is less effective in
them (Hesami et al., 2010).

Smoking is the leading cause of preventable death (Pérez et al., 2009). It has been estimated
that tobacco smoking causes about 400,000 premature deaths per year in the United States,
and approximately 4.9 million deaths per year worldwide (Foulds et al., 2008). In Kenya, 69
per 100,000 deaths for individuals aged 30 and above are as a result of tobacco use. Five
percent of all non-communicable deaths result from tobacco use, and 55% of all deaths from
cancers of the trachea, bronchitis, and lung are attributable to tobacco (Mwenda et al., 2015).
Current trends show that tobacco use may cause more than 8 million deaths annually by 2030
(W.H.O, 2011). On average, smokers die 10 years earlier than non-smokers (Jha et al., 2013).
Alkaloids play a very important role in the sensory properties of tobacco smoke
(Kulshreshtha and Moldoveanu, 2003).

2.3 Nicotine

Nicotine (Figure 2.1) is a natural ingredient acting as a botanical insecticide in tobacco
leaves. It is the principal tobacco alkaloid, occurring to the extent of about 1.5% by weight in
commercial cigarette tobacco and comprising about 95% of the total alkaloid content (Lisko
et al., 2013). Oral snuff and pipe tobacco contain concentrations of nicotine similar to
cigarette tobacco, whereas cigar and chewing tobacco have only about half the nicotine
concentration of cigarette tobacco (Cho et al., 2013). An average tobacco rod contains 10-14
mg of nicotine, and on average about 1-1.5 mg of nicotine is absorbed systemically during
smoking. Nicotine in tobacco is largely the levorotary (S)-isomer; only 0.1-0.6% of total
nicotine content is (R)-nicotine. Chemical reagents and pharmaceutical formulations of (S)-
nicotine have a similar content of (R)-nicotine (0.1-1.2%) as impurity since plant-derived

nicotine is used for their manufacture (Benowitz et al., 2009).
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Figure 2.1: Molecular structure of nicotine: ChemDraw (left) and HyperChem modeling
(right)

Nicotine is one of the more than 7000 chemicals found in the smoke from tobacco products;
it is the primary content that acts on the brain (Benowitz, 2010). Nicotine is a naturally
occurring colourless liquid that turns brown when burned and takes on the odour of tobacco
when exposed to air. It can reach peak levels in the bloodstream and brain rapidly, depending
on how it is taken. Cigarette smoking results in nicotine reaching the brain within just 10

seconds of inhalation (Leshner, 1998).

Nicotine mimics certain actions of the neurotransmitter, acetylcholine and it also appears to
produce its discriminative stimulus effect in at least one major brain area, the hippocampus
(Pomerleau and Rosecrans, 1989). The addictive properties of nicotine result from its
binding to nicotinic acetylcholine receptors (Hetch, 2012). Moreover, nicotine is a key
substance in cigarette smoke that strongly affects brain development (Zhao, Ford, Tsali, Li,
Ahluwalia, Pearson, et al., 2012).

Many aspects of the general pathways of carcinogenesis are firmly established but there are
still some areas that could benefit from further investigation (Hecht, 2005; Duncan et al.,
2009). These include structural analysis of DNA adducts in smokers’ lungs, a better
understanding of the role of non-genotoxic tobacco smoke constituents in the lung cancer
process, the role of polymorphisms in genes involved in nicotine and carcinogen uptake and
metabolism, and the identification of smokers in danger of lung cancer (Shaywitz and

Shaywitz, 1996). A better understanding of mechanisms of lung cancer initiation by cigarette
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smoke can provide new insights on prevention of lung cancer in smokers, and possibly on

cancer prevention (Hecht, 2005).

High prenatal nicotine exposure has a negative impact on reading performance in school age
children. In addition, modeling has shown that environmental factors significantly moderated
the interaction between prenatal nicotine exposure and reading skill outcomes (Cho et al.,
2013). Numerous investigations have explored the relationship between maternal smoking
during pregnancy and various cognitive and behavioural disorders. Maternal smoking has
been correlated with decreased performance on tests of intelligence, academic achievement,
short-term and verbal working memory, long-term and immediate memory for auditory and
verbal material, executive function, increased incidence of behavioural indices during
childhood and adolescence, hyperactivity, and attention deficit disorders (Duncan et al.,
2009). Animal studies support biological evidence for accelerated motor activity,
neurobehavioral, learning and memory deficits, and alteration of neurotransmitter function
due to exposure to nicotine (Zhao, Ford, Tsai, Li, Ahluwalia and Pearson, 2012; Cho et al.,
2013).

Cigarette smoking exposes the developing foetus to nicotine and this may pose significant
environmental risk factor for variability in reading skills (Duncan et al., 2009). Nicotine also
affects the cardiovascular system in many ways, that is by activating the sympathetic nervous
system, nicotine induces increased heart rate and myocardial contraction, vasoconstriction in
the skin and adrenal and neural release of catecholamine (Benowitz, 1996). Nicotine can also
affect lipid metabolism (Cluette-Brown et al., 1986), accelerate the development of
atherosclerosis (Strohschneider et al., 1994) and induce endothelial dysfunction (Chalon et
al., 2000). After entering the circulation, nicotine is subjected to extensive metabolism,
resulting in a number of major and minor metabolites. On average, 70-80% of the nicotine is
metabolized to cotinine; about 4% is converted to nicotine-1"-N-oxide and 0.4% to

nornicotine (Benowitz and Jacob, 1994).

Cotinine is further metabolized to cotinine-N-oxide and trans-3"-hydroxycotinine, among
others. Trans-3"-hydroxycotinine is the most abundant metabolite in urine, accounting for on
average 38% of the metabolites (Benowitz, 2001). As most of the metabolites have a
considerably longer physiological half-life compared to nicotine, plasma concentrations of

nicotine metabolites in tobacco users tend to accumulate throughout the day (Ljungberg et
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al., 2013). Nicotine in mainstream cigarette smoke is primarily present in the particulate
phase. Remarkably, however, the deposition efficiency of smoke particles in the respiratory
tract is less effective than is the nicotine retention (Duncan et al., 2009; Neha G. and Derek,
2010).

Absorption of nicotine across biological membranes depends on pH (Hukkanen et al., 2005).

Nicotine is a weak base with a pka of 8.0 (Robson et al., 2010). In its ionized state, such as

in acidic environments, nicotine does not rapidly cross membranes (Benowitz et al., 2009).

The pH of smoke from flue-cured tobaccos, found in most cigarettes, is acidic (pH 5.5-6.0).
At this pH , nicotine is primarily ionized. Therefore, there is little buccal absorption of

nicotine from flue-cured tobacco smoke, even when it is held in the mouth (Gori et al., 1986).
Smoke from air-cured tobaccos, the predominant tobacco used in pipes, cigars, and some

European cigarettes, is less acidic (pH 6.5 or higher) and considerable nicotine is un-

ionized (Benowitz, 1999). Smoke from these products is well absorbed through the mouth
(Armitage et al., 1978). It has recently been proposed that the pH of cigarette smoke
particulate matter is higher than previously thought, and thus, a larger portion of nicotine

would be in the un-ionized form, facilitating rapid pulmonary absorption (Pankow, 2001).

When tobacco smoke reaches the small airways and alveoli of the lung, nicotine is rapidly
absorbed (Benowitz, 1988). Blood concentrations of nicotine rise quickly during a smoke and
are at peak at the completion of smoking (Hukkanen et al., 2005). The rapid absorption of
nicotine from cigarette smoke through the lungs, is because of the huge surface area of the

alveoli and small airways, and dissolution of nicotine in the fluid of pH 7.4 in the human

lung facilitates transfer across membranes (Benowitz et al., 2009). After a puff, high levels of
nicotine reach the brain in 10-20 s, faster than with intravenous administration, producing
rapid behavioural reinforcement (Benowitz, 1990). The rapidity of rise in nicotine levels
permits the smoker to titrate the level of nicotine and related effects during smoking, and
makes smoking the most reinforcing and dependence-producing form of nicotine

administration (Henningfield and Keenan, 1993).

2.4 B-nicotyrine and 3,5-dimethyl-1-phenylpyrazole
These are considered minor alkaloid components of tobacco. Although their concentration in
tobacco smoke may be low, their health impacts on biological and physiological systems

could be devastating. It should nevertheless be noted that B-nicotyrine and 3, 5-dimethyl-1-
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phenylpyrazole (Figures 2.2 and 2.3) are scarcely investigated in literature. Therefore, these
critical molecular products of tobacco burning have largely been ignored in the past.
Therefore, this study gives the first elaborate treatment on the evolution, thermochemical
properties as well as the electronic characteristics of these alkaloids. B-nicotyrine is an

established cancer causing agent derived from nicotine (Liu et al., 2000).

Figure 2.2: Molecular structures of B-nicotyrine: ChemDraw (left) and HyerChem modeling
(right)

Figure 2.3: Molecular structures of 3,5-dimethyl-1-phenylpyrazole: ChemDraw (left) and
HyerChem modeling (right)

2.5 The formation kinetics of nicotine

A global kinetic model was employed to obtain the kinetic parameters for the formation
behaviour of nicotine (Taylor et al., 1990). Pseudo-unimolecular rate law was applied in
which the empirical rate of decomposition of the initial product was first order and expressed

by equation 2.1.

C=Cge X 2.1
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where: C, is the concentration of the reactant (nicotine) at the peak of the curve while C is the
concentration of the reactant at any temperature T, and Kk is the pseudo-unimolecular rate

constant in the Arrhenius expression (cf. equation 2.2) at a residence time of 2.0 sec.

Ea

k=Ae RT 2.2

A is the pre-exponential factor (s), Ea is the activation energy (kJmol™), R is the universal
gas constant (8.314 Jkmol™), and T is the temperature in K.

The integrated form of the first order rate law (cf. equation 2.3) was used to calculate the rate
constant for the pyrolysis behaviour of nicotine at three different reaction times; 2.0 and 5.0

and 10 seconds.
_ G) 1
k =In (C) X3 23

The activation energy was determined from the Arrhenius plot (ink Vs. %) which

establishes a linear relationship between the pre-exponential factor A and the rate constant k

as given by equation 2.4, where In A is the y-intercept and - E—: is the slope.

Ea
Ink =InA - — 2.4
RT

2.6 Computational chemistry and molecular modeling

The term computational chemistry is largely used when a mathematical technique is
sufficiently well developed that it can be automated for operation on a computer. Molecular
modeling is one of the most valuable and essential tools that are used by chemists in
molecular design and it describe the generation, manipulation and representation of
3-dimensional structures (Nadendla, 2004). Computational techniques that are represented by
molecular modeling usually play a critical role in the process of molecular design, which
makes these computational techniques important steps of successful modeling procedures
(Young, 2001). Quantum chemical calculations of thermodynamic data have developed
beyond the level of simply reproducing experimental values, and can now make accurate
predictions for molecules whose experimental data are unknown. The target is usually set as

+2 kcal mol for energy.
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Scientists and engineers first got their hands on computers in the late 1960s and the growth in
understanding and application of molecular modeling has run parallel with growth in
computer power. The two greatest driving forces in recent years have been the personal
computers (PCs) and the graphical user interface. At this time tremendously powerful
molecular modelling computer packages such as Gaussian, HyperChem, Mopac and many
more are commercially available, and the subject is routinely taught as part of undergraduate

science degrees (Hinchliffe, 2005).

Quantum mechanics gives a mathematical account of the behaviour of electrons and has
never been found to be wrong. However, the quantum mechanical equations have never been
solved exactly for any chemical system other than the hydrogen atom. Thus, the entire field
of computational chemistry is constructed around approximate solutions, some of which are
more accurate than any known experimental data (Young, 2001; Osorio et al., 2013). The
molecular orbitals are represented by capital letters S, P, D, F, G,. . . consistent with the
angular momentum quantum number L =0, 1, 2, 3, 4, . . ., respectively. For a given quantum
number L, the lowest shell orbital has the principal quantum number N = 1 (Osorio et al.,
2013). A perfect sequence of phenomenological shell orbitals in a spherical potential is 1S,
1P, 1D, 2S, 1F, 2P, 1G, 2D, 3S, . . . However, the energy ordering of the shell orbitals and the
degeneracies in sub-shells can be altered according to the potential, which depends on the
details of the structural arrangement and the atomic charges. To calculate the energy change
for formation of a compound or a radical from its constituents, the following thermodynamic
equation 2.5 is employed (Ochterski, 2000; Frisch et al., 2004).

0
ArH - Z (80 - Hcorr)products - Z (go - Hcorr)reactants 2.5

where ArH° is change in enthalpy of the reaction, H__, . is correction to the thermal enthalpy

corr

and ¢ is the sum of electronic and thermal enthalpies.

2.6.1 The density functional theory (DFT)

Most of the equations presented in this section are obtained from references (McQuarrie and
Simon, 1997). DFT is a highly accurate computational method which can be considered an
improvement of the Hartree-Fock (HF) theory where the many electron system of the
electron correlation is modelled by a function of electron density. DFT is comparable to HF

computationally but provides significantly better results and contains no approximations.
15



This computational method is exact. The electronic energy is written in the DFT application

and expressed in terms of equation 2.6 (Ochterski, 2000; Frisch et al., 2004):

ge1lPl = &lpl+ e5lp]+ ex [P]+ eclp] 26

where the square brackets represent a functional of the one-electron density p (r). The first

term on the right-hand side gives the one-electron energy, the second term is the Coulomb
contribution, the third term the exchange and the fourth term gives the correlation energy
(McQuarrie and Simon, 1997).

In discussing the nature of various functionals, it is convenient to adopt some of the notation

commonly used in the field. For instance, the functional dependence of E,. on the electron
density is expressed as an interaction between the electron density and an ‘energy density’
¢, thatis dependent on the electron density, equation 2.7.

Exc[p()]=1p(r) exc[p(r)]dr 27

The energy density ¢, is always treated as a sum of individual exchange and correlation

contributions. Within this formalism, it is clear that the Slater energy density is given by

equation 2.8.

13
9a (3 2
ex [p(N] = ——a(—j Sp3(n)
T T 2.8
Another convention expresses the electron density in terms of an effective radius such that
exactly one electron would be contained within the sphere defined by that radius were it to

have the same density throughout as its centre. This behaviour is given by equation 2.9.

w |~

[ J
=

In defining spin density the individual functionals of » and s are used. The spin densities at

any position are typically expressed in terms of , the normalized spin polarization as

presented in equation 2.10.
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p“(r)=pP(r)
p(r) 2.10

g(r) =

so that the a spin density is simply one-half the product of the total p and (' + 1), and the S
spin density is the difference between that value and the total p.

2.6.2 Chemissian software

Chemissian ver.3.3 (Lenoid, 2012) is an analysing tool for molecules’ electronic structure
and spectra. It is used to develop molecular orbital energy-level diagrams (band-gap
energies), experimental UV-Vis electronic spectra, natural transition orbitals and electronic
and/or spin density maps. It has a user-friendly graphical interface and it can examine and
visualize data from the output of US-Gamess, Firefly/PC-Gamess, Q-Chem, Spartan and
other quantum chemical program packages. Chemissian tools also help to investigate nature
of transitions in UV-Vis spectra and the bonding nature of molecules (Wdjcik et al., 2013).
However, in this work, Chemissian will be used alongside Gaussian 09 computational suite
of programs to generate molecular orbital energy levels, 3-D and 2-D electron density maps,
and 1-D which defines the electronic probability within the nuclei which make up the

molecular system.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Reagents and materials

All chemicals and reagents used in this study were of analytical grade (purity = 99%).
Methanol was purchased from Sigma Aldrich Inc., St. Louis, Missouri, USA. Two
commercial cigarette brands coded SM1 and ES1 were purchased from local retail outlets and

used without further treatment.

3.2 Equipment, instruments, and computational softwares

Agilent Technologies 7890A GC system connected to an Agilent Technologies 5975C
(GC-MS) and a stopwatch were used in this work. Gaussian ’09, HyperChem, and
Chemissian ver.3.3 computational softwares were used to compute geometry optimization of
molecules, thermochemistry, and electron density contour maps of frontier orbitals of

selected tobacco alkaloids.

3.3 Sample preparation

Five (5) cigarette sticks were randomly selected from a pack of SM1 or ES1 cigarettes,
weighed and smoked using the apparatus set up presented in Figure 3.1. All experiments were
conducted in a fume chamber to minimize the health hazards associated with cigarette
smoking. A cigarette stick was placed at the tip of tubing connected to a vacuum as shown in
Figure 3.1 and lit with a match box. To sustain the burning of the cigarette, a syringe was
used to draw in air to the burning cigarette. To prepare one sample, 5 cigarettes were smoked,
implying that the alkaloid content reported in this study was an average of 5 cigarettes. The
cigarettes were smoked using a syringe at a rate of 35 mL/s according to 1SO 3402:1999
standards, and cigarette smoke collected in 50 mL analytical grade methanol. To investigate
the formation kinetics of nicotine, the smoking process was timed using a stop watch at
intervals of 2 seconds, 5 seconds, and 10 seconds in accordance with the common residence
times in cigarette smoking. All samples were prepared in replicates in order to enhance
reliability and reproducibility of data. The apparatus set for this investigation is presented in

Figure 3.1.
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Rubber Tubing

Cigarette

Methanol

Figure 3.1: Apparatus set up for trapping cigarette smoke from cigarette burning

3.4 GC- MS characterization of molecular products

The quantitative analysis of nicotine, B-nicotyrine and 3,5-dimethyl-1-phenylpyrazole was
carried out using an Agilent Technologies 7890A GC system connected to an Agilent
Technologies 5975C inert XL Electron lonization/Chemical lonization (EI/CI) with a triple
axis mass selective detector (MSD), using HP-5MS 5% phenyl methyl siloxane capillary
column (30 m x 250 pum x 0.25 pm). The temperature of the injector port was set at 200 °C to
vaporize the organic components for GC-MS analysis. The carrier gas was ultra-high pure
(UHP) helium (99.999%). Temperature programming was applied at a heating rate of 15 °C
for 10 minutes, holding for 1 minute at 200 °C followed by a heating rate of 25 °C for 4
minutes, and holding for 10 minutes at 300 °C. Electron impact ionization energy of 70 eV
was used. To ensure that the right compounds were detected, standards were run through the
GC-MS system and the peak shapes and retention times compared with those of nicotine, -
nicotyrine and 3,5-dimethyl-1-phenylpyrazole. The data was then run through the NIST
library database as an additional tool to confirm the identity of compounds (Kibet et al.,

2012). Experimental results were averaged replicates of two experimental runs.

3.5 GC-MS analysis Quality Control (QC)
For accurate and consistent analysis, before any run was made, the mass spectrometer was

tuned to check for leaks and water levels in the instrument which would affect the accuracy
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of the data. This procedure was very important in order to prevent contamination, and extend
the life of the EI filament. Quantitative transport tests were initiated before any run was
conducted to ensure that there were no leaks in the GC-MS system and guarantee the
pyrolysis system is clean. The flow rate in the transfer line was monitored to make sure that it
was constant and did not fluctuate. If the flow rate was not consistent, and the pressure was
not stable when the transfer line was connected to the GC-MS then leaks could be present in
the system. This was corrected before any experiment could begin. To correct for any leaks in
the system, a gas leak detector was used. Whenever leaks were detected along the gas lines,
transfer lines, or reactor-injection port interface, the connections were tightened and
quantitative transport experiment repeated to make sure no leaks were in the system. A
known concentration of nicotine was injected into GC-MS system to monitor how much
nicotine was recovered after analysis. This was to test the efficiency of the GC-MS

instrument. A recovery of ~ 95% was good enough in order to proceed with analysis.

3.6 Pyrolysis of tobacco

Tobacco of mass 0.650 +0.2 g was weighed accurately into a crucible and carefully placed in
a furnace. The tobacco in the furnace was then pyrolyzed at different temperatures; 200, 300,
400, 500, 600 and 700 °C at a constant pyrolysis time of 3 minutes to monitor the char yield
of tobacco biomass. The data obtained in this study were averaged from two replicates. The
residue formed at every pyrolysis temperature was collected and weighed in order to

determine the yields of char.

3.7 Computational methodology

All calculations were performed using the Gaussian ‘09 computational program (Frisch et al.,
2009) . Ab initio calculations including correlation effects were made using the Density
functional (DFT) level of theory with the 6-31G basis set. The frequency calculations also
provide thermodynamic quantities such as zero-point vibrational energy (ZPVE), temperature
corrections, and absolute entropies (Domingo et al., 1997). The optimized geometries and
molecular orbitals of molecular components were used in frequency calculations in order to
determine their global energies and subsequently establish their global minima. Enthalpy
changes were computed between the enthalpies of formation of the reactant (neutral
compound) and its corresponding free radical. Chemissian ver.3.3 (Lenoid, 2012)

computational software was used to model molecular orbital energy level diagrams, electron
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density maps as well as determine the band gap energies of frontier orbitals (HOMO-LUMO)

for the selected tobacco alkaloids.

3.8 The development of the kinetic model for the formation and destruction of nicotine

In the development of the kinetic model of nicotine from the thermal degradation of tobacco
biomass, fundamental assumptions were proposed: (1) the rate of formation of nicotine
prevails the rate of destruction, (2) at the peak of the curve, the rates of formation and
destruction are approximately the same, and (3) as the temperature is increased, the rate of
destruction overwhelms the rate of formation. These assumptions were made based on the
fact that pyrolysis of tobacco leads to the formation of nicotine, one of the major tobacco
alkaloids as articulated in literature (Armitage et al., 2004; Borgerding and Klus, 2005;
Forster et al., 2015). Therefore, from these assumptions, it was possible to calculate the

apparent kinetic parameters for the destruction of nicotine from the temperature dependence

of its yields.
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Figure 3.2: The relationship between the rates of formation of the intermediate product (R¢)

vs. the rate of destruction (Rq) and Co the maximum concentration of the reaction product

In this study, GC-Area counts were used to determine the destruction rate constants because
according to the first order reaction kinetics (equations 3.3) the ratio of concentrations at
various temperatures is a constant. Therefore, calibration of nicotine will still achieve

comparable results.
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The rate of formation of nicotine from the burning of tobacco was also determined
experimentally at modest puff times (2, 5, and 10 seconds). For every puff time, the
concentration of nicotine was determined using a GC-MS hyphenated to a mass selective

detector (MSD). For simplicity, a consecutive first order reaction with rate constants k, and
k,was considered in which a global kinetic model was employed to obtain the kinetic

parameters for the thermal destruction of nicotine in mainstream cigarette smoking (Taylor et
al., 1990). Accordingly, pseudo-unimolecular reaction was applied in which the empirical
rate of decomposition of the initial product is first order and expressed by equation 3.1.

C=cCc,e 3.1

where C, is the concentration of the reactant (nicotine) at the peak of the curve while C is the
concentration of the reactant at any temperature T, and k is the pseudo-unimolecular rate
constant in the Arrhenius expression (cf. equation 3.2).

_Ea
k = Ae RT 3.2

A is the pre-exponential factor (s), ea is the activation energy (kJmol™?), R is the universal
gas constant (8.314 JKmol?), and T is the temperature in K. Despite all the criticisms
against the Arrhenius rate law, it remains the only kinetic expression that can satisfactorily
account for the temperature-dependent behaviour of even the most unconventional reactions
including biomass pyrolysis (White et al., 2011). The integrated form of the first order rate
law (cf. equation 3.3) was used to calculate the rate constant for the pyrolysis behaviour of
tobacco at a reaction time of 2.0 seconds. A reaction time of 2.0 seconds is universally used
as the average time it takes for products to be formed in combustion systems (Nganai et al.,
2012). It is also considered as the standard residence time for the formation and destruction of

reaction products in combustion processes (Kibet et al., 2012).

k = In(c—oj1
e/t 3.3
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The activation energy was determined from the Arrhenius plots (ink VS.%) which

establishes a linear relationship between the pre-exponential factor a and the rate constant «

as given by equation 3.4, where in A is the y-intercept and - E—i is the slope.
Ink =1In A — B 3.4
RT

The single step reaction mechanism below (equation 3.5) was considered during the thermal
degradation of nicotine. Although tobacco pyrolysis is very complex, some understanding on
the kinetic behaviour of certain reaction products from basic Kinetic equations can be
deduced. Therefore, this model was used based on relevant assumptions discussed under
Figure 3.2.

k k
Nic—2— | 2 5 Product 35

Conventionally, the differential rate laws for each species Nic (nicotine), | (intermediate), and

the final product are given by equations 3.6, 3.7, and 3.8 respectively

dINiel __y iNic) 36
dt

d[I] .

A iNiel - ko[ 37
m 1[Nic] -k, [1]

d [Product]

=k,[I 3.8
ot 2[1]

These equations were solved analytically so that the integrated rate laws are expressed by
equations 3.9 and 3.10.
[Nic] = [Nic]ge ¥ 3.9

Equations 3.10 and 3.11 give the respective concentrations of the intermediate | and the

product at any time t.

(1] = ki[Niclg (e—klt ~ e—kzt) 3.10
ky, — kg
[Product], = [Nic]0r1+ k—l(kze'klt - kle_kzt)—| 3.11
Dk |

In order to simplify equation 3.11 further, it is assumed that step two (equation 3.5) is the rate

determining step so thatk, << k; and thus the term e kit decays more rapidly than the term
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e~ *2' . Therefore equation 3.11 reduces to equation 3.12. This assumption is valid based on

previous studies documented in literature (Zhang X. et al., 2012).

[Product] = [Nic]o(l_e"‘ztj 3.12
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Choice of basis set used in computational calculations

In order to investigate the molecular behaviour and energetics of alkaloids identified in this
work, thermochemical calculations were conducted using Gaussian 09 (Frisch et al., 2009)
computational framework for the purposes of quality assurance as well quality control.
Nicotine was used as the test compound for selecting a suitable basis set (cf. scheme 4.1 and
Figure 4.1). The geometries were optimized at DFT/B3LYP using the 6-31G basis set (Zhang
Z. et al., 2012). When using DFT, however; the choice of basis set is considered to be
inconsequential because the convergence of DFT to the basis-set limit with increasing size of
basis set is relatively quick, and as such, small basis sets are used. More often, diffuse
functions on basis sets are not used for DFT calculations, as these lead to linear dependencies
and a bad convergence of the self-consistent-field (SCF) Kohn— Sham equations for larger

molecules (Boese, 2015).
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Scheme 4.1: The formation of various radicals from the thermal degradation of nicotine
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Quantum mechanical calculations are fundamental in predicting new insights on feasible
mechanisms on the thermal degradation of environmental pollutants. Figure 4.1 shows the
use of various basis sets for formation of different radicals from the thermal degradation of
nicotine. It is evident that there are some slight differences between various basis sets though
not significant. The most consistent basis set chosen for this investigation is the 6-31G which
appears suitable for the tobacco alkaloids under investigation. Scheme 4.1, vide supra depicts
the formation of various radicals in the proposed thermal degradation of nicotine in high
temperature cigarette smoking. Clearly, reaction 2 proceeds with a lower energy in
comparison to reactions 1 and 3. Accordingly, reaction 3 will form of a detailed mechanistic

discussion in this study.

m6-311G
Rxn 2 6.31G
m3-21G
Rxn 3 .
Rxn 1 ‘
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Energy (kJ/mol)

Figure 4.1: A plot of enthalpy change for reactions 1-3 (scheme 4.1) at various basis sets

4.2 GC-MS characterization of selected alkaloids

In this study, it was established that the alkaloid content varied widely among the two
commercial cigarettes investigated. The overlay chromatograms in Figure 4.2 indicate the
characterization of the selected alkaloids reaction products explored in this work. The
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compounds numbered a and b represent B-nicotyrine and 3, 5-dimethyl-1-phenylpyrazole

respectively.
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Figure 4.2: Overlay chromatograms for ES1 (red line) and SM1 (blue line) at 300 °C

4.3 Product distribution of nicotine in ES1 and SM1 cigarettes

It is evidently clear that of all the alkaloids determined in this study, nicotine was found in
high concentrations in the two commercial cigarettes in the entire pyrolysis temperature range
as shown in Figure 4.3. The maximum concentration of nicotine was noted at 400 °C (~ 8.0 x
108 GC-area counts) for ES1 cigarette, and peaked at ~520 °C (~2.7 x 108 GC-Area Counts)
for SM1 cigarette. The variation in the maximum release temperature may be attributed to the
composition of the cigarette during manufacturing processes. The ratio of total nicotine
released by ES1 cigarette to that released by SM1 cigarette is ~ 10. This implies that ES1
cigarette contains nicotine by an order of magnitude than SM1 cigarette. These results are
remarkable and present the first intense study on two different commercial cigarettes
commonly sold in Kenya. The maxima of the two cigarettes give a ratio of ~3. This is a
strong indication that ES1 has a high level of nicotine than SM1. Additionally, the evolution
of nicotine from ES1 cigarette is significantly high even at low temperatures (< 300 °C) as
can be observed in Figure 4.3. On the contrary, nicotine production from SM1 cigarette only

becomes significant above 300 °C.
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Figure 4.3: Product distribution of nicotine and the selected alkaloids in mainstream cigarette

smoke determined from the burning of two commercial cigarettes; ES1 (left) and SM1 (right)

However, SM1 cigarette yields significantly high concentrations of B-nicotyrine and 3, 5-
dimethyl-1-phenylpyrazole in the whole pyrolysis range in comparison to ES1 cigarette as
shown in Figure 4.4. From these data alone, it can be noted that ES1 cigarette is very

addictive considering the high levels of nicotine it produces during smoking.

3,5-dmpp m SM1
ES1
B-nicotyrine
0.00E+00 5.00E+07 1.00E+08 1.50E+08 2.00E+08
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Figure 4.4: Product yields of B-nicotyrine and 3, 5-dimethyl-1-phenylpyrazole (3,5-dmpp)
for ES1 cigarette (yellow) and SM1 (purple)
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4.4 Mechanistic pathways for radical formation and other possible molecular products

The transformation of the selected tobacco alkaloids to their corresponding free radicals,
intermediate by-products, and other possible alkaloids in tobacco has been explored using the
density functional theory with the B3LYP hybrid correlation function in conjunction with the
6-31G basis set. Competing mechanistic pathways have been investigated and interesting data
presented. The molecule in blue is the proposed starting alkaloid for the formation of various
species indicated in the schematic reaction channels presented in this study. All
computational calculations were conducted at a modest reaction temperature of 300 °C at 1
atmosphere. In all the schemes presented below, there are several parallel reaction pathways
accompanied by different enthalpic barriers. For example in scheme 4.1, reactions 1 and 2 are
the primary competing pathways for the thermal degradation of nicotine. Reactions 3 and 4, 5
and 6 are the other competing pathways for the transformation of intermediate radicals
(pyridinyl and 1-methyl pyrrolidinyl respectively). Based on frequency analysis it was noted
that all intermediates were at their minima and therefore all the structures presented in

schemes 1-3 are fully optimized.

4.4.1 Proposed mechanistic channel for the thermal degradation of nicotine

This section investigates the possible mechanistic pathways involved during the thermal
degradation of nicotine in tobacco burning to various intermediates and by-products. The loss
of a methyl group (reaction 1) is accompanied by a less endothermic energy (302.13 kJ/mol)
as compared to reaction 2 which proceeds with a modest endothermic energy of (365.33
kJ/mol). Whereas reaction 1 is expected to take place with minimum absorption of energy, it
leads to the formation of few major intermediates; 3-(pyrrodin-2-yl) pyridinyl radical and
possibly 3-(pyrrolidin-2-yl)pyridine. Thus these routes were not examined further considering
the fact that 3-(pyrrolidin-2-yl) pyridine was not detected in mainstream cigarette smoke in
the two cigarettes investigated. This leaves us to consider reaction 2 which results into many
intermediates, some of which were detected experimentally in our studies. The scission of
the phenyl-cyclopenta C-C linkage in nicotine resulting to the formation of pyridinyl and 1-
methylpyrrolidinyl radical proves a very important pathway. Interestingly, reaction 3 and 5
are competing reaction channels for the formation of neutral species (3-methylpyridine and
pyridine respectively). Since the hydride radical is more reactive than the methyl radical
according to previous studies (Kibet et al., 2012) then the formation of pyridine was expected

to be produced in larger amounts than 3-methylpyridine. This observation was consistent
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with the results obtained in this work. Accordingly, the product distribution of pyridine and
3-methylpyridine as a function of smoking temperatures has been presented in Figure 4.5 to

validate the computational results explored in this study.
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Figure 4.5: Product distribution of pyridine and 3-methlypyridine in mainstream cigarette
smoke determined from the burning of commercial cigarettes; ES1 (left) and SM1 (right)

Pyridine, nevertheless was found to be high in ES1 cigarette and low in SM1 cigarette. On
the other hand, reactions 4 and 6 are the other two parallel pathways. Although the formation
of 1,2-dimethylpyrrolidine and 1-methylpyrrolidine were detected in low amounts in
mainstream cigarette smoke for the two cigarettes under study, it is clear that reaction 6
proceeds with high exothermicity (-371.02 kJ/mol) and possibly more favourable than
reaction 4 which proceeds with an enthalpic change of (-304.81 kJ/mol). The low exothermic

value in reaction 4 may be attributed to the low reactivity of the methyl radical (*cH;) in

comparison to the reactivity of the hydride radical.
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Scheme 4.2: Proposed mechanistic pathways for the thermal degradation of nicotine
4.4.2 Mechanistic description for the thermal degradation of B-nicotyrine

Although it may appear the molecular structure of B-nicotyrine and that of nicotine are
similar, their chemistries are significantly different because of the influence of the © —r in the
C-C double bonds in the cyclopenta ring linkage which are absent in nicotine. These results
in high bond dissociation energy for the phenyl/cyclopenta C-C bond presented by reaction ii
(507.37 kJ/mol) compared to reaction 2 in scheme 4.2, vide supra and reaction ¢, scheme 4.4,
vide infra. Another interesting reaction is reaction i which proceeds with an endothermicity of
(292.77 kd/mol) compared to reaction 1 which takes place with absorption of (302.13 kJ/mol

scheme 4.2).
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Scheme 4.3: Proposed mechanistic pathways for the thermal degradation of B-nicotyrine

The parallel reactions iii and v are very similar to reactions 3 and 5 in scheme 4.2. However,
schemes 4.2 and 4.3 are responsible for the observed levels of pyridine and 3-methyl pyridine
in cigarette smoke presented in Figs. 4.3 and 4.5. The formation of methylated pyrroles from
1-methylpyrrolyl radical is presented by the parallel reactions iv and vi. As previously
discussed, the H radical is very reactive compared to the CH3z radical and therefore, 1-
methylpyrrole will be expected to be formed in significant amounts in tobacco smoke. This
result agrees well with our experimental results in which 1-methylpyrrole, though a minor

product was detected in significant amounts as compared to 1, 2-dimethylpyrrole.

4.4.3 The proposed mechanistic pathway for the thermal degradation of 3, 5-dimethyl-
1-phenylpyrazole

The chemistry of 3, 5-dimethyl-1-phenylpyrazole is quite remarkable because its
decomposition during cigarette smoking is predicted to yield several intermediate as well as
stable by-products. The most important reaction products which were detected in significant
amounts experimentally were toluene, benzene, and aniline which have successfully been
predicted computationally in this scheme. Despite the fact that toluene and benzene are not
the focus of this study, their products yields are presented in Figure 4.6 to qualify the
theoretical explanations offered in scheme 4.4. Whereas the molecular structures of nicotine

and B-nicotyrine contain a nitrogen atom in the phenyl ring, 3,5-dimethyl-1-phenylpyrazole
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does not contain a nitrogen atom in the phenyl ring. This explains why 3,5-dimethyl-1-
phenylpyrazole can easily form aromatic hydrocarbons (benzene and toluene) while nicotine
and B-nicotyrine do not. Nevertheless, the bond dissociation energy for the phenyl C-N
linkage in nicotine (302.13 kJ/mol, reaction 1) is much lower than in 3,5-dimethyl-1-
phenylpyrazole (512.18 kJ/mol, reaction a) according to schemes 4.2 and 4.4 respectively.
The ratio between the two energies is ~1.7 indicating that the = — 7 interactions in the C-C
double bonds and the phenyl nitrogen bond have a significant influence on the C-N bond in
3,5-dimethyl-1-phenylpyrazole. These groups are electron donating and therefore stabilize
the methyl attached to the cyclopenta linkage in 3,5-dimethyl-1-phenylpyrazole. This makes

it difficult for the *cH, to leave during the pyrolysis of tobacco. The scission of the methyl
group in reaction i (scheme 4.4) occurs with higher endothermicity (519.99 kJ/mol). This
again is attributed to the electron rich C-C double bond and the C-N bonds adjacent to the
methyl which are electron donating and thus the methyl is strongly stabilized. The
transformation of benzyl radical to molecular products (toluene, benzene, aniline) proceeds
via three parallel pathways: reaction d (-414.66 kJ/mol), reaction h (-470.88 kJ/mol), and
reaction g (-435.26 kJ/mol).
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\ =

tol i
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Scheme 4.4: Proposed mechanistic pathways for the thermal degradation of 3,5-dimethyl-1-

phenylpyrazole
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The formation of benzene from benzyl radical (reaction h) is the most preferred pathway
because the hydride radical is more reactive than both the amine radical (reaction g) as well
as the methyl radical (reaction d). Nonetheless, the amount of toluene formed from the
combustion of the SM1 cigarette was found to be more than that of benzene implying that
there might be other pyrosynthetic pathways in tobacco that result in the formation of
toluene. Such possible pathways are beyond the scope of this investigation. Curiously, the
amount of toluene and benzene for the ES1 cigarette were found to be similar according to
Figure 4.6. To qualify the mechanistic description for the formation of benzene and toluene,
product evolution curves of these compounds are presented in Figure 4.6 vide infra. Similar
explanations can be inferred for the competing reactions e and f. Although methylated
pyrazoles were detected in low amounts in our experiments, it is evident that the addition of
H radical to the intermediate 3,5-dimethylpyrazoyl radical is the most favoured mechanistic

channel because of the high exothermicity of (-442.79 kJ/mol).
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Figure 4.6: Product distribution of toluene and benzene in mainstream cigarette smoke

determined from the burning of commercial cigarettes; ES1 (left) and SM1 (right)

While toluene and benzene reach a maximum at about the same temperature (~ 400 °C) for
ES1 cigarette, the evolution characteristics of toluene and benzene for SM1 cigarette vary
markedly. For instance, toluene peaks at 400 °C while benzene peaks at about 500 °C.
Nevertheless, since toluene and benzene are not the principal attention of this work, their
molecular behaviour as well as their toxities will not be discussed further. However, one
thing is certain; additives introduced to tobacco during processing and different growing

conditions may affect the evolution characteristics of a reaction product.
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4.5 Computational modeling of the selected alkaloids
4.5.1 Molecular geometries of major alkaloids

Geometrical parameters such as bond lengths and bond angles have a great influence on the
strength of the bonds of molecular structures. Computational chemistry provides
understanding into the molecular properties of a compound that would not be easy to
determine experimentally. The optimization process presented vide infra shows steps towards
achieving an optimized structure for nicotine, B-nicotyrine and 3, 5-dimethyl-1-

phenylpyrazole. This is a fascinating quantum mechanics result that cannot easily be

accomplished by experimental methods.
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Figure 4.7: Optimized structure of nicotine and a plot showing its optimization steps (the red
circle is the optimization level)

The scission of C3, C10 (1.51 A) bond in nicotine proceeds with an energy of 365.33 kJ/mol
and it required 23 steps to attain a structure of minimum energy usually referred to as the

global energy.
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Figure 4.8: Optimized structure of B-nicotyrine and a plot showing its optimization steps (the
red circle is the optimization level)
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On the other hand B-nicotyrine required 52 steps to attain a structure of minimum energy
while the breaking of C3, C18 (1.46 A) bond takes place with a bond dissociation energy of
507.37 kJ/mol.
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Figure 4.9: Optimized structure of 3,5-dimethyl-1-phenylpyrazole a plot showing its

optimization step (the red circle is the optimization level)

3,5-dimethyl-1-phenylpyrazole required only 17 steps to attain a structure of minimum
energy while the scission of C3, N12 (1.42 A) bond in 3,5-dimethyl-1-phenylpyrazole occurs
with a bond dissociation energy of 494.24 kJ/mol.

The bond strength increases from nicotine to B-nicotyrine to 3,5-dimethyl-1-phenylpyrazole
as presented in Figure 4.7 — 4.9. This implies that, the shorter the bond length, the higher the
bond dissociation energy. This is consistent with the thermochemical results presented in
schemes 4.2, 4.3 and 4.4. The phenyl bond dissociation in B-nicotyrine and 3,5-dimethyl-1-

phenylpyrazole are effectively stabilized by the © — 7 interactions than in nicotine molecule.

4.5.2 Molecular orbitals and electron density maps of nicotine

The HOMO and the LUMO are conventional acronyms for the highest occupied and lowest
unoccupied molecular orbitals respectively. These orbitals are the pair that lie nearest in
energy of any pair of orbitals in any two molecules, which permits them to interact more
strongly (Frisch et al., 2009). The HOMO-LUMO band-gap energies for the alkaloids under
study are presented in Table 4.1. The reactivity index (band gap) of the compounds with
small difference implies high reactivity and a large difference implies low reactivity in
reactions, therefore as the energy gap between the HOMO and LUMO becomes smaller the
rate of reaction is favoured. B-nicotyrine has the smallest HOMO-LUMO energy gap (4.811
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eV) and therefore more reactive compared to nicotine (5.492 eV) and 3, 5-dimethyl-1-
phenylpyrazole (6.057 eV). Though 3,5-dimethyl-1-phenylpyrazole may have a large
HOMO-LUMO energy gap it is considered a good electron donor (Hanulikova et al., 2016).

Table 4.1: HOMO-LUMO band gap energies for the selected alkaloids under study

Compound Enomo(8V) | Eumo (V) | AE = E ymo — Enomo (V)
Nicotine -5.974 -0.482 5.492
B-nicotyrine -5.837 -1.026 4811
3,5-dimethyl-1-phenylpyrazole -6.213 -0.156 6.057

In this investigation, the HOMO-LUMO band-gap of nicotine and [-nicotyrine are
significantly low and may be reactive especially towards biological structures. This may
explain the fact that nicotine is immediately adsorbed into the blood stream and reaches the
brain in 10-20 s seconds after a cigarette puff as reported in literature (Benowitz et al., 2009).
Generally, the band-gap between the HOMO and the LUMO is directly related to the
electronic stability of the chemical species (Hanulikova et al., 2016). This suggests that
3, 5-dimethyl-1-phenylpyrazole having a lower HOMO energy value of -6.213 eV is much
more stable making it a good nucleophile compared to nicotine and B-nicotyrine which are
energetically higher in the HOMO; -5.974 eV and -5.837 eV respectively.
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Figure 4.10: The HOMO-LUMO band gap for nicotine determined using Chemissian

Computational calculations therefore predict areas where interactions can occur to cause a
reaction. They give possible reaction mechanisms which the molecules can undergo. Despite
continuing improvements in formulating new DFT functionals with advanced predictive
capabilities, the B3LYP functional retains its comparative accuracy in general applications to
organic systems (Uddin et al., 2012; Boese, 2015). The application of Chemissian software
facilitated the construction of electron density contour maps and molecular orbitals from
which the band gap between the HOMO and the LUMO of nicotine, B-nicotyrine and 3, 5-

dimethyl-1-phenylpyrazole were calculated.

The electron density contours maps for 2D-, 3D-, and 1-dimensions for nicotine are presented
in Figures 4.11 — 4.13 respectively. Electron density maps are very important in
understanding electrophilic and nucleophilic sites. Conventionally, the negative potential
sites (red colour) represents regions of electrophilic reactivity and interactions through n-n
bonding within aromatic systems and positive potential sites (blue colour) represents regions
of nucleophilic reactivity (Hanulikova et al., 2016) . Similar electron density maps were done
for B-nicotyrine and dimethyl-1-phenylpyrazole as presented in appendix 1 and 2. These

figures are critical in determining regions of high electron density within a molecule. Electron
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distribution gives insight on the behaviour of a particular toxicant and probably the binding

site during reactions with biological molecules such as DNA, microsomes, and lipids.
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Figure 4.11: 2-D electron density map for nicotine

Figure 4.12: 3-D molecular orbital diagram showing electronic density for nicotine at an
isovalue of 0.02

39



—— )

prp T TR T £ EEEE

0.om

0.003

0,008

0,004

0.00z

-0.002

-0.004

0,006

Function value

-0.003

B

-0,

-0.012

-0.014

-0.016

-0.013

u] 1 2

r, Angs
Figure 4.13: 1-D line showing the probability of finding electrons at a distance r from
nicotine nuclei

4.6 Decomposition profile of tobacco

The decomposition characteristics of tobacco over the temperature range of 200 -700 °C gave
interesting results as shown in Figure 4.14. The initial sharp decrease in % char to ~ 80% at
200 °C may be attributed to high mass loss of water and other volatiles in the tobacco sample.
Significant mass loss was also registered between 200 °C and 400 °C (~ 30% mass loss). This
was consistent with other results of biomass pyrolysis which indicate the higher mass loss of
biomass pyrolysis occurs in this temperature region (Sharma and Hajaligol, 2003). The mass
loss between 400 and 500 °C was ~17%. This region coincides with the highest release of
molecular toxins. Thus, by 500 °C most organic compounds will have been formed so that
any further increase in temperature results in sharp decrease in the pyrolysis products (Fig.

4.3). These results corroborate previous data reported in literature on biomass pyrolysis
(Kibet et al., 2014).
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Figure 4.14: Percentage (%) yield of char from tobacco

The lowest mass was recorded at 700 °C (~10%). The mass loss was fairly constant between
600 °C and 700 °C.

4.7 The formation and destruction kinetics of nicotine

To mimic actual cigarette smoking conditions, smoking apparatus were designed according to
ISO 3402:1999 standards. Whereas the destruction kinetics of nicotine was explored for both
ES1 and SM1 cigarettes, only ES1 cigarette was investigated for nicotine formation. For
formation Kinetics, smoking residence times usually representative of real world cigarette
smoking conditions (2, 5, and 10 seconds) were explored. Consequently, a plot of In C as a
function of puff (smoking) time yielded a straight line with a slope of — 0.1323 (Figure 4.15)
from which the formation rate constant of nicotine (0.13s) was calculated. The plot,
although an estimation from restricted smoking times is consistent with first order reaction
kinetics. The original amount of nicotine in ES1 cigarette was estimated from the y-intercept
and established to be 9.1 x 10® GC-Area counts. This value is remarkably close to that
obtained from experimental modeling ~ 8.0 x 108 GC-Area counts.
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Figure 4.15: Formation kinetics of nicotine

The destruction Kinetics revealed that nicotine from ES1 cigarette proceeds with activation
energy of 108.85 kJ/mol while SM1 takes place with activation energy of 136.52 kJ/mol as
presented in Table 4.2. These results are comparable to the results reported in literature in
which the average activation energy of nicotine was found to be 120 kJ/mol (Forster et al.,
2015) This implies that the two cigarettes may have different matrix composition. Thus the
activation energies of nicotine in the two cigarettes may not necessarily be the same
considering the fact that additives of varying composition introduced during cigarettes
processing may act as catalysts and ultimately reduce the activation energy of a given

compound in a complex biomass material such as tobacco.

Table 4.2: The Arrhenius parameters for the destruction of nicotine from the pyrolysis of two

commercial cigarettes (ES1 and SM1)

Cigarette Type Ea (kJ / mol) A (s
ES1 108.85 21x10°
SM1 13652 3.0x10°

Arrhenius plots for the destruction of nicotine from the cigarettes under study are presented in
Figure 4.16, vide infra. The activation energies obtained from this work are comparable with
results from the kinetic modelling of other biomass pyrolysis such as cellulose(Zhang Z. et
al., 2012).

42




1 | T I I

| ! d I I I
" | | i i \ 3 ' ; ;

0 \ : |
a= 14544 +145 \ a=17214 464
|b=-130082 1166403 | | :

n
ro
T

~|b=-16421+4e+03

(%)
In k
S
T

g i i i i i i i i i v
11 12 13 14x10° 105 110 115 w1’
-1) .
IT(K (K

Figure 4.16: Arrhenius plots for the destruction kinetics of nicotine in ES1 and SM1

cigarettes

Nonetheless, in modelling the destruction kinetics of nicotine, it is known that kinetic
characteristics of a given heterogeneous system such as plant matter may change during the
process of pyrolysis and so it is possible that the complete reaction mechanism cannot be
represented adequately by a specific kinetic model (White et al., 2011; Wang et al., 2012).

The destruction rate constant k, at 673 K for ES1 was 0.31s™ while that of SM1 at the same

temperature was estimated as 0.74s. At the highest pyrolysis temperature (973 K), the

respective rate constants were 2.12s™ and 1.0s™ respectively.

In order to estimate the Arrhenius dependent rate constants consistent with experimental rate
constants the modified Arrhenius rate law was applied (Equation 4.1).

Ea

k= AT"e RT 4.1

Since the rate constant for a given temperature was determined experimentally and all the
other parameters had been calculated, the value of n was determined from equation 4.1. For
instance, the value of n at 673 K was determined and found to be 0.55 and 1.05 for the
destruction of nicotine in ES1 and SM1 cigarettes respectively. Equation 4.1 can be used to
estimate the value of n at any particular temperature since the rate constants are temperature

dependent.
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Accordingly, the average destruction rate constant for ES1 (1.11 s) was about 1 magnitude
the formation rate constant presented in Figure 4.15 (0.13 s™). This suggests that the rate of
destruction is much higher than the rate of formation because the latter occurs at high
temperatures. Table 4.2 presents the Arrhenius parameters from the destruction kinetics of
nicotine (Activation energies and Arrhenius factors). Whereas the activation energies are
comparably close, the pre-exponential factors for the two cigarettes under study differ by a

whole magnitude.

4.8 The proposed mechanistic pathways for the destruction of nicotine

The proposed mechanism for the formation of pyridine from nicotine is presented in scheme
4.5 vide infra. All the energies shown in the scheme were estimated quantum mechanically

using the Density Functional Theory (DFT).
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Scheme 4.5: Mechanistic destruction of nicotine to radical intermediates and possible by-

products

From scheme 4.5 above the bond dissociation energy via k, and the bond formation energy
via k, were estimated using the density function theory framework at the B3LYP energy
functional in conjunction with 6-31G basis set, hence the scheme proposes a mechanistic

pathway for the thermal degradation of nicotine to the intermediate (pyridinyl radical) and

eventually pyridine.

4.9 Toxicological implications of molecular products from cigarette smoke
Several scientific and epidemiological evidences have explicitly established that cigarette
smoking is a risk factor for various degenerative diseases such as cancer of the lungs and
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other organs and cardiovascular disease. Even in smokers without any obvious clinical
symptoms, the overall life expectancy is reduced, ranging up to 10 years fewer than non-
smokers (Ghosh et al., 2012). The radicals generated during cigarette smoking are generally
hazardous as they have the possibility of reacting with biological tissues such as DNA, lipids
and lung microphages to initiate tumours, cancer and oxidative stress. In this study, the
radicals including pyridinyl, benzyl, 1-methyl pyrrolyl, and 1-methylpyrrolidinyl radicals are
good candidates for cell injury and oxidative stress during cigarette smoking. It is well known

in literature that approximately 10*® alkyl- and alkoxy radicals are present in the gas-phase of
one cigarette, or 5x 10**radicals per puff (Borgerding and Klus, 2005). These types of

radicals are not only short —lived but also responsible for serious biological damage to the
health of cigarette smokers. Nevertheless, some studies have shown that cigarette smoke
radicals may have longer lifetimes of up to 5 min although the exact nature of these radicals
is yet to be understood. The toxicity of a cigarette smoke is believed to be a function of the
concentrations of individual toxicants present in smoke (Blakley et al., 2001). Molecular
products of tobacco including alkaloids are metabolized, primarily in the liver, to a series of
ring-opened products which cause severe alveoli and other cell injuries. This makes alkaloid-
based radicals such as those presented in schemes 4.2-4.4, vide supra potential clinical
candidates for a myriad of ailments affecting smokers. These include aging, cancer, stroke,

and cardiopulmonary death.

There is no doubt that inhaled toxicants such as alkaloids in cigarette smoke can cause both
irreversible alterations to the DNA and serious variations in the genetic landscape which
include changes in the DNA methylation and chromatin alteration state. Clearly, from this
study, alkaloids and their corresponding free radicals are potential candidates for diseases that
are believed to comprise genetic and epigenetic perturbations such as lung cancer, chronic
obstructive pulmonary disease (COPD), and cardiovascular disease (CVD), all of which are
strongly associated epidemiologically to cigarette smoking. Lung cancer development
includes various genomic aberrations, such as point mutations, deleterious effects, and gene
enlargements (Talikka et al., 2012). Additionally, reproductive function and fertility are
believed to be compromised by behaviors such as cigarette smoking (Sadeu et al., 2010).
Although very little information is available in literature on the effects of B-nicotyrine and
3,5-dimethylpyrazole, it is evident from this study that their molecular nature as well as their

intermediate radicals may pose critical impacts to the biological structures of cigarette
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smokers. The molecular structure of nicotine and other alkaloid related compounds
investigated in this work may covalently bond to the DNA, lipids, nuclei acids, and body
cells before metabolizing into harmful by-products that are potential risks to the human
health (Dellinger et al., 2000; Bolton et al., 2000; Elshal et al., 2009).
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

This study has presented a thorough mechanistic description on the molecular characteristics
of major alkaloids (nicotine, P-nicotyrine, and 3, 5-dimethyl-1-phenylpyrazole) never
presented before in literature. It was established that the concentration of nicotine in ES1
cigarette was ~ 10 times the concentration of nicotine evolved in SM1 cigarette. Based on
nicotine results alone, it is evident ES1 cigarette is more addictive than SM1 cigarette and
consequently more toxic. The activation energy for nicotine obtained from this investigation

is consistent with that obtained by other researchers as reported in literature.

The consistency between experimental formation of pyridine, 3-methylpyridine, toluene, and
benzene, and computational predictions is remarkable. It was also established in this study
that most of the alkaloids were evolved between 300 and 500 °C. Clearly, this is a region that
should be avoided in the design of modern cigarettes since most organic toxics are released in
high yields in this temperature range. Cigarettes that can be smoked at a lower temperature
would therefore be beneficial. Nonetheless, for ES1 cigarette, low temperature cigarette
smoking may not necessarily reduce the levels of nicotine uptake by smokers. It was also
established that the strength of the C-C and C-N bonds in phenyl linkages in the alkaloids
investigated in this study were dependent on the m — 7 interactions which stabilize the bonds.
Therefore because of the small bond dissociation energy required to break the phenyl C-C
linkage in nicotine (365.33 kJ/mol) compared to (507.37 kJ/mol) required to break the C-C
phenyl bond in B-nicotyrine, it is apparent that most of the yields of pyridine and
3-methylpyridine observed from our experiments are proposed to originate from the thermal

degradation of nicotine.

The temperature dependent destruction kinetics of nicotine has been presented for the first
time in this investigation. We therefore believe these results will form the basis of further
research towards understanding the addictive mechanism of nicotine in the human brain and
the nervous system. The two cigarettes investigated in this work coded ES1 and SM1 have
exhibited various Kkinetic characteristics possibly because of their different biomass

composition attributed mainly to their growing conditions and additives during tobacco
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processing. The concentration of the intermediate (pyridinyl radical) has been estimated from
kinetic modeling of nicotine. This is remarkable since the concentrations of intermediates in

complex reaction systems such as biomass are usually tedious to determine experimentally.

Therefore, in the development of modern cigarettes, emphasis should be towards developing
cigarettes that can be smoked at optimum temperatures (below 300 °C) which do not favour
the formation of high levels of nicotine. Nonetheless, it must be noted that nicotine cannot be
eliminated completely even at low smoking temperatures and therefore the safest way is to
quit cigarette smoking completely. This is not an easy task owing to the addictive nature of
nicotine but efforts must be to sensitize the general public on the hazards of cigarette

smoking.

5.2 Recommendations

This work has thoroughly investigated the release of major tobacco alkaloids during cigarette
smoking. The energetics and the kinetic behaviour of these alkaloids were also considered
critically from a theoretical standpoint. Nonetheless, a lot of work needs to be done in order
to exhaustively draw serious conclusions on the consumption of tobacco. The following are

recommendations that can be drawn from this study.

1. Smoking temperatures of cigarettes should be regulated to avoid situations where high
levels of toxic compounds are released. Therefore this study recommends designing
cigarettes that can be smoked at optimum temperatures of < 300 °C based on the
results reported in this work.

2. The formation kinetics of other major pyrolysis products of tobacco such as pyridine,
benzene and toluene should be explored in future studies.

3. There is need to monitor the growing conditions of tobacco, processing, and
packaging to ensure minimal input of toxins from fertilizers and additives such as
flavours during tobacco processing.

4. In order to clearly understand the interaction of tobacco alkaloids with biological
tissues such as DNA and neuron transmitters, this study recommends molecular
docking in order to investigate the binding sites of these alkaloids in biological

structures.
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APPENDICES
Appendix 1A: 2-D electron density contour map for B-nicotyrine
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Appendix 1B: 3-D electron density map for B-nicotyrine
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Appendix 1C: Molecular orbital diagram for -nicotyrine
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Appendix 2A: 2-D electron density contour map for 3, 5-dimethyl-1-phenylpyarazole
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Appendix 2B: 3-D electron density map for 3,5-dimethyl-1-phenylpyarazole
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Appendix 2C: Molecular orbital diagram for 3, 5-dimethyl-1-phenylpyrazole
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Appendix 3: Frequency and thermochemistry output file for optimization of pyridinyl radical

Full mass-weighted force constant matrix:
Low frequencies --- -19.1100 -13.9534 -0.0009 -0.0007 -0.0003 2.0451
Low frequencies --- 399.0217 438.0293 595.5201
Diagonal vibrational polarizability:

11043663  1.5610057  3.6797222
Harmonic frequencies (cm**-1), IR intensities (KM/Mole), Raman scattering
activities (A**4/AMU), depolarization ratios for plane and unpolarized
incident light, reduced masses (AMU), force constants (mDyne/A),

and normal coordinates:

1 3

A A A
Frequencies -- 399.0212 438.0291 595.5201
Red. masses --  2.7803 4.2158 7.8729
Frc consts -- 0.2608 0.4766 1.6450
IR Inten -- 2.8698 0.0063 18.7184
AtomAN X Y Z X Y Z X Y Z
1 6 000 0.00 024 0.00 0.00 -0.04 0.17 0.23 0.00
2 6 0.00 0.00-0.12 0.00 0.00 0.24 -0.30 0.27 0.00
3 6 0.00 0.00-0.13 0.00 0.00 -0.33 -0.18 -0.13 0.00
4 6 0.00 000 021 0.00 0.00 0.00 -0.18 -0.18 0.00
5 6 0.00 0.00-0.12 0.00 0.00-0.21 0.15 0.10 0.00
6 1 0.00 0.00 0.56 0.00 0.00 0.03 0.28 -0.01 0.00
7 1 0.00 0.00 -0.27 0.00 0.00 0.71 -0.34 0.22 0.00
8 1 0.00 000 0.59 0.00 0.00 0.15 -0.30 0.14 0.00
9 1 0.00 000 -0.33 0.00 0.00 -0.45 -0.22 0.13 0.00
10 7 0.00 0.00 -0.11 0.00 0.00 0.26 0.34 -0.28 0.00

4 6

A A A
Frequencies -- 675.1487 704.6629 803.3418
Red. masses --  7.2797 2.2120 1.5116
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Frc consts -- 1.9551 0.6471 0.5748
IR Inten -- 2.7961 34.3180 31.0437
AtomAN X Y 2Z X Y Z X Y [Z
1 6 033 0.01 000 0.00 0.00-0.15 0.00 0.00 0.04
6 0.14 0.09 0.00 0.00 0.00 0.07 0.00 0.00 0.12
6 -0.02 043 0.00 0.00 0.00 -0.12 0.00 0.00 -0.10
6 -0.31 -0.04 0.00 0.00 0.00 0.12 0.00 0.00 0.08
6 0.03 -0.34 0.00 0.00 0.00 0.13 0.00 0.00 0.09
1 022 025 0.00 0.00 0.00 0.08 0.00 0.00 -0.75
1 -0.14 -0.29 0.00 0.00 0.00 0.51 0.00 0.00 -0.51
1 -0.25 -0.20 0.00 0.00 0.00 0.49 0.00 0.00 -0.15
1 -0.03 -0.34 0.00 0.00 0.00 0.62 0.00 0.00 -0.34
10 7 -0.13 -0.09 0.00 0.00 0.00 -0.17 0.00 0.00 -0.07

7 8 9

A A A
Frequencies -- 937.2052 962.4442 992.1842
Red. masses --  1.3440 1.3482 8.6355
Frc consts -- 0.6955 0.7358 5.0087
IR Inten -- 0.7314 0.2507 5.3297
AtomAN X Y 2Zz X Y Z X Y [Z
1 6 000 0.00 0.03 0.00 0.00 0.03 0.42 0.14 0.00
6 0.00 0.00 0.06 0.00 0.00 -0.10 -0.07 0.09 0.00
6 0.00 0.00 0.02 0.00 0.00 0.02 -0.04 -0.43 0.00
6 0.00 0.00 -0.15 0.00 0.00 -0.07 0.02 -0.11 0.00
6 0.00 0.00 -0.04 0.00 0.00 0.12 0.08 -0.02 0.00
1 0.00 0.00 -0.21 0.00 0.00 -0.29 0.53 -0.06 0.00
1
1
1
;

© 00 N o o A wWwDN

0.00 0.00 -0.38 0.00 0.00 0.58 -0.07 0.07 0.00
0.00 0.00 0.84 0.00 0.00 0.39 0.05 -0.20 0.00
0.00 0.00 0.27 0.00 0.00 -0.63 0.13 -0.02 0.00
0.00 0.00 0.03 0.00 0.00 -0.01 -0.39 0.30 0.00
10 11 12
A A A
Frequencies -- 1012.9335 1054.4541 1075.7611
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Red. masses --  1.4252 4.9885
Frc consts -- 0.8616 3.2680
IR Inten -- 0.3689 3.0776
AtomAN X Y Z X Y [Z
1 6 0.00 0.00-014 0.09 0.05 0.00
2 6 0.00 000 0.088 0.25 -0.27 0.00
3 6 0.00 0.00 0.00 -0.02 -0.02 0.00
4 6 0.00 0.00 -0.04 -0.25 -0.10 0.00
56 0.00 0.00 011 -0.02 0.38 0.00
6 1 0.00 000 0.69 0.16 -0.03 0.00
7 1 0.00 0.00 -0.41 0.13 -0.45 0.00
8 1 0.00 000 0.13 -0.30 -0.01 0.00
9 1 0.00 0.00 -0.55 -0.34 0.42 0.00
10 7 0.00 0.00 0.00 -0.01 -0.04 0.00
13 14 15
A A A
Frequencies -- 1121.9766 1219.5640
Red. masses --  2.0586 1.2864
Frc consts -- 1.5268 1.1273
IR Inten -- 1.0375 2.2694
AtomAN X Y Z X Y Z
1 6 009 012 0.00 -0.04 0.02 0.00
2 6 -0.04 -0.11 0.00 -0.02 0.00 0.00
3 6 -0.03 -0.03 0.00 0.00 0.01 0.00
4 6 013 0.16 0.00 0.00 -0.12 0.00
5 6 -0.07 -0.04 0.00 0.05 0.02 0.00
6 1 -0.06 046 0.00 -0.31 0.58 0.00
7 1 -0.37 -0.56 0.00 -0.30 -0.38 0.00
8 1 0.12 0.19 0.00 0.05 -0.26 0.00
9 1 -0.43 -0.03 0.00 0.48 0.00 0.00
10 7 0.00 -0.08 0.00 0.02 0.07 0.00
16 17 18
A A A
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2.0287

1.3832

6.8617
X Y Z
0.04 -0.06 0.00
-0.14 0.00 0.00
0.03 0.16 0.00
0.13 -0.08 0.00
0.00 0.12 0.00
0.27 -0.55 0.00
-0.37 -0.30 0.00
0.27 -0.46 0.00
-0.11 0.13 0.00
-0.06 -0.03 0.00

1276.2711
5.3813
5.1644
0.9345
X Y Z
-0.11 0.17 0.00
-0.12 -0.13 0.00
0.18 -0.02 0.00
-0.12 0.22 0.00
0.34 0.04 0.00
-0.04 0.01 0.00
0.16 0.25 0.00
0.09 -0.39 0.00
0.61 0.01 0.00
-0.21 -0.23 0.00



Frequencies -- 1361.6780

1.2795
1.3978
1.7391

Red. masses --
Frc consts --
IR Inten
Atom AN
16

-0.04 0.00 0.00
0.01 0.07 0.00
0.12 -0.02 0.00
-0.02 -0.02 0.00
-0.02 0.00 0.00
0.09 -0.28 0.00
-0.34 -0.40 0.00
-0.28 0.68 0.00
0.28 -0.02 0.00
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6
6
6
6
1
1
1
1

10 7
19
A
Frequencies -- 1545.9227
4.7784
6.7283
7.2771
X Y Zz
-0.09 0.38 0.00
-0.07 -0.28 0.00
0.01 0.10 0.00
0.03 -0.18 0.00
-0.05 -0.16 0.00
0.37 -0.57 0.00
0.26 0.14 0.00
-0.09 0.18 0.00
0.19 -0.19 0.00
0.09 0.15 0.00
22

Red. masses --
Frc consts --
IR Inten
Atom AN
6

[EEN
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6
6
6
6
1
1
1
1
5

[EY
o

X Y Z

-0.04 -0.02 0.00 0.06 0.11

1453.0787
1.8971
2.3600
19.1404
X Y Z
-0.09 0.01 0.00
-0.01 0.04 0.00
0.14 -0.06 0.00
-0.12 0.03 0.00
0.09 -0.07 0.00
-0.04 -0.14 0.00
-0.26 -0.29 0.00
0.02 -0.37 0.00
-0.78 -0.04 0.00
0.00
21
A
1612.2957
6.0946
9.3344
7.1928
X Y
-0.21 0.11
0.28 0.12
-0.37 0.02
0.17 -0.09
0.33 -0.04
-0.02 -0.36
-0.10 -0.40
0.07 0.22 0.00
-0.43 -0.03 0.00
-0.14 -0.06 0.00
23 24
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20
A

z
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1480.5391
1.7449

2.2535

6.2261

X Y

0.02
-0.11
0.06
0.05
0.12
-0.21
0.15

Z

-0.06 0.00
-0.06 0.00
0.08 0.00
-0.12 0.00
0.03 0.00
0.41 0.00
0.30 0.00
-0.20 0.56 0.00
-0.51 0.06 0.00
-0.06 0.03 0.00

3200.3479
1.0860
6.5534
1.1564
X Y Z
-0.05 -0.03 0.00
0.04 -0.02 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.04 0.00
0.64 0.30 0.00
-0.41 0.30 0.00
-0.02 -0.01 0.00
-0.03 -0.47 0.00
0.00 0.00 0.00



A A

A

Frequencies -- 3211.9845 3226.3963
Red. masses --  1.0908 1.0971

Frc consts -- 6.6301 6.7287
IR Inten -- 15.7632 23.5847
AtomAN X Y Z X Y

[EEN

6 -0.05 0.04 0.00 -0.03 0.03
6 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 -0.02 -0.01
6 0.00 0.06 0.00 0.00 -0.05
1 0.07 0.04 000 0.61 0.28
1 059 -044 0.00 0.34 -0.26
1 -0.02 -0.01 0.00 0.25 0.09
1 -0.04 -0.67 0.00 0.02 0.53
7 0.00 0.00 0.00 0.00 0.00
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10

z

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3237.3069
1.0929
6.7483
5.5702
X Y Z

6 0.00 -0.01 0.00 -0.06 -0.03 0.00 0.01 0.01 0.00

0.01 -0.01 0.00
0.00 0.00 0.00
-0.08 -0.03 0.00
0.00 0.02 0.00
-0.15 -0.07 0.00
-0.09 0.07 0.00
0.90 0.33 0.00
-0.01 -0.18 0.00
0.00 0.00 0.00

Temperature 298.15 Kelvin. Pressure 1.00000 Atm.
12.00000
12.00000
12.00000
12.00000
12.00000
Atom 6 has atomic number 1 and mass 1.00783

Atom 1 has atomic number 6 and mass
Atom 2 has atomic number 6 and mass
Atom 3 has atomic number 6 and mass
Atom 4 has atomic number 6 and mass

Atom 5 has atomic number 6 and mass

Atom 7 has atomic number 1 and mass 1.00783

Atom 8 has atomic number 1 and mass 1.00783

Atom 9 has atomic number 1 and mass 1.00783

Atom 10 has atomic number 7 and mass 14.00307

Molecular mass: 78.03437 amu.

Principal axes and moments of inertia in atomic units:
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1 2 3
EIGENVALUES -- 277.86089 314.48935 592.35024

X 0.98548 0.16979 0.00000
Y -0.16979 0.98548 0.00000
Z 0.00000 0.00000 1.00000

This molecule is an asymmetric top.
Rotational symmetry number 1.
Rotational temperatures (Kelvin)  0.31172 0.27541 0.14622
Rotational constants (GHZ): 6.49512 5.73864 3.04675
Zero-point vibrational energy  200961.1 (Joules/Mol)
48.03085 (Kcal/Mol)
Warning -- explicit consideration of 13 degrees of freedom as
vibrations may cause significant error
Vibrational temperatures: 574.10 630.23 856.82 971.39 1013.85
(Kelvin) 1155.83 1348.43 1384.74 1427.53 1457.38
1517.12 1547.78 1614.27 1754.68 1836.27
1959.15 2090.65 2130.16 2224.24 2319.73
4604.58 4621.32 4642.06 4657.76

Zero-point correction= 0.076542 (Hartree/Particle)
Thermal correction to Energy= 0.090828
Thermal correction to Enthalpy= 0.092642
Thermal correction to Gibbs Free Energy= 0.014561
Sum of electronic and zero-point Energies= -247.450049
Sum of electronic and thermal Energies= -247.435763
Sum of electronic and thermal Enthalpies= -247.433948
Sum of electronic and thermal Free Energies= -247.512029
E (Thermal) CVv S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin
Total 56.995 29.537 85.509
Electronic 0.000 0.000 1.377
Translational 1.708 2.981 42.224
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Rotational 1.708 2.981 27.399
Vibrational 53.579 23.575 14.508
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Appendix 4A: Molecular orbital diagrams for nicotine
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Appendix 4B: Molecular orbital diagrams for B-nicotyrine
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Appendix 4C: Molecular orbital diagrams for 3,5-dimethyl-1-phenylpyarazole
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Appendix 5A: MS-Fragmentation pattern of nicotine using Electron Impact lonization (EI)
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Appendix 5B: MS-Fragmentation pattern of B-nicotyrine using Electron Impact lonization
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