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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 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
al kal oi ds i n mai nst r ea m-nicatyritea and t3fganethgttno k e ;
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 wepored for the evolution of
major tobacco alkaloids over a modest temperature range 6f 2003 for a total pyrolysis
time of 3 minutes using a tubular quartz reactor, typically in increments o8 108ing
nitrogen as the pyrolysis gas. The heatiatg was ~ 2@ s. The pyrolysate was analysed
using a GagChromatography hyphenated to a mass spectrometeM&)ditted with a mass
selective detector (MSD). Analysis of pyrolysate usingl8€ showed that nicotine was the
major alkaloid in both cigartts, reaching a maximum at ~ 480 (8.0 x 1§ GC-Area
counts) for ES1 cigarette and about 2.7 & GC-Area counts for SM1 cigarette (at 580).
Mo r e o wnieatyrine &nd 3, Blimethyt1-phenylpyrazole were also detected in significant
amounts. Chemissiatomputationaktode 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
functiond theory calculations were conducted with B3LYP correlation function and
established that the scission of the phem@C bond i n miicatyane,iandeeN and b
phenyl bond in 3 limethyt1-phenylpyrazole were respectively 365.33, 507.37, and 494.24
kJmol™. Clearly, the value of the bond "di ssoc
interactions which play a primary role in stabilizing the phenyl bonds. A kinetic model on the
destruction of nicotine was proposed using psdudborder rate law and tmd that the rate
constantk, for the destruction of nicotine at 673 K was 0:34sd 0.74 s for ES1 and SM1
cigarettes respectivelyt 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 addictiveMiian S

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 rugkecell injury, and general respiratory
landscape. Cigarette smoking continues to claim so many lives despite netszeseh in this

area. Formation and emission of toxic-fmpducts 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 becauieetingal degradatioaf complex

plant materials such as tobacco gives rise to a variety of toxic substances including alkaloids
such as -mcotgrioetandn3eflimethyll-phenylpyrazole. It is well established that

the tobacco plant comprisesl6% cellulose, 1615% 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, npolymeric and inorganic compounds, and is
believed to be one of the most poisonous plants especially owing to its use in the form of
cigaretteg(Czégényet al, 2009) Sugrs such as cellulose, pectin, alginates, laminarin, and
ethyl cellulose are natural tobacco components which are often added to tobacco during the
manufacturing procegg alhoutet al, 2006; Baker, 2007 Pocumentation of tobacco use as
powder, chewingsmokingand sniffing dates back to its use Mgtive Americans in the 1%
century(Christenet al, 1982)

Tobacco alkaloids for instance nicotine from cigarette smoking has been knovanige
significantenvironmental risks as well as cognitive prokdefar developing foetugHetch,

2012) Generally, nicotine in mainstream cigarette smoke exists in the particulate phase
(Hecht, 2005; Siegeét al, 2012). Furthermorepnicotine mimics certain actions of the
neurotransmitter acetylcholine and it produdes discriminative stimulus effect in the
hippocampus portion of the brajbockmanet al, 2005) The addictive properties of nicotine
stem from its binding to nicotinic acetylcholine receptkou et al, 2011) Nonetheless,
nicotine is a primary subkatce in cigarette smoke that strongly affects brain development
(Lisko et al, 2013) Research on animals support biological evidence for increased motor

action, neurebehavioural, learning and memory deterioration, and change in neurotransmitter
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function due to nicotine uptakéulshreshtha and Moldoveanu, 2003; Shaehal, 2004;
Choet 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 frese goroducts 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 especialhjcotine sustains tobacco
addiction, which in turn causes devastating health problems including heart diseases, lung
diseases, and cang@®@enowitz, 2008) Tobacco use increases the risk of developing at least

14 types of cancer. It also accounts for alizhi 30% of all deaths from cancer and 87% of
deaths from lung cancer. Compared with4somokers, male smokers are 23 times and female
smokers 17 times more likely to develop lung carié@andet al, 2008) The formation and
emission of potentially toxic bgroducts 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 lang 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 @@nidentified
constituents and biological variety typified by the presence of carcinogens, toxicants,
irritants, tumour promoters, amarcinogens and inflammatory agents, any effort to identify
individual compounds which cause lung cancer in smokerdificult (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 avoifSiegel 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
producedHecht, 2005)

Generdly, 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 imravelingthe evolution characteristics of ehmajor

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 Kenyawsre fieainly 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 evaluative byproducts of tobacco
burning and the potency of cigarette smokf{Agou et al, 2011) However, the shortfalls in
describing the toxic compound formation mechanism during tobacco burning and the
challenges of developing model compounds which lmam under conditions that simulate
actual cigarette smoking with respect to heating rate, temperature distribution, variation in

oxygen concentration and residence time impede this under{@chiptzhauer, 1982)

1.2 Computational chemistry
The foundatn of computational chemistry is the conventional Schrédinger wave equation

expressed by equation 1.1:

Hy =By 1.1



where 1 is the Hamiltonian operatgrjs the wave function (Eigen function of the

Hamiltonian) andke is the total energy of the system (eigenvalue in the equgiuQuarrie
and Simon, 1997)The wave function ekcribes the system and takes as variables the

positions of electrons in the system leading to the global equation 1.2 below.
Hy (r{ .o IND) S EVy(rg, . N 1.2

whereasr describes the posin 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 functiMicQuarrie and Simon, 1997)Consider
equation 1.3yide infra

elif i = | 13

<y 1y . > =dij |
Yild Moit i, |

in quantum mechanicgij is called theKroneckerdelta.

Computational chemistry refers to a branch of chemistry utilizing computer simulation
algorithms in solving chemical problerfiicQuarrie and Simon, 1997Jhis is achieved by
incorporating sufficiently weltleveloped methods of theoretical chemistry intieotive
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 capabéelicting
unobserved chemical phenomeft@chterski, 200Q) Furthermore the use of computational
techniques currently plays a vital role in preliminary feasibility stages of most scientific
research. For instance in nanotechnology, computatrandelng has become an important
characterization tool due to the difficulty of dealing with naimed materials. The
application of high performance computing to such disciplines e.g. simulation (molecular
modelling) has evidently reduced research time ant bbsre 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 applicationnodlecularmodelng can be attributed to
increasing computing power facilitated by advances in hardware and software witnessed over

the past decade. Powerful computational softwares with moderngf@phical user
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interfaces e.g. Mathematica, NWchem, Spartdyperchem, 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 $gm apart from that of the hydrogen atom (Oseti@l,

2013). Hence, computational chemistry is wholly founded on approximate solutions, some of

which are more accurate than any known experimentaldatang, 2001)

The graphical illustration shown schatically 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 dbbacco byproducts.

tobacco

nicotine
: N

|

burning cigarette

filter w

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 alka#ts 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 arlinked to accidental poisoning and fatality in a few cases. This study
therefore explored experimentally the temperature dependent evolution of minor tobacco
al k al enicalysne &ndd 3, &limethyll-phenylpyrazole) which have received little
attentionin 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 towaodtsgical

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 tobacca | k al oi d s -niotyrine @&,t 571 dineethyl1b
phenylpyrazole) and to compare the concentration of nicotine in two commercial
cigarettes SM1 and ES1 in mainstream cigarette smoking.

2. To propose a mechani st-nicotyridee 3 bidichethyltl-on o f
phenylpyrazole to intermediate free radicals.

3.To compute optimized mol ec ul-rcotyrirer3ps t al g
dimethyl1-phenylpyrazole using Gaussian and Chemissian computational softwares.

4. To determine the activation enerdsom 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 mechani stic d e g r -nicbtgring, o3rb Tdmnéthytln i c ot i
phenylpyrazole will not yield the same intermediate free radicals

3. Mol ecul ar orbital opt i mmicatwink, 3g wimettyHl-r i es o0
phenylpyrazole generated using Chemissian will be different from those generated
using Gaissian 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 towardsrstadding 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
GasChromatography and High Performance lLeq@hromatography (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 cigaretteokm 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 majgggmpband
energies, bond lengths, bonagées 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 verynptex matrix consisting of over 7000
compounds which makes a cigarette behave like a chemical reactor where several complex
chemical processes take place during pyrol{Baker, 2006; Czégémgt al, 2009; Adamet

al., 2010; Forsteet al, 2015) Pyrolyss can be described as the direct decomposition of an
organic matrix such as tobacco to obtain an array of reaction products in limited okiygen.
basic phenomena that occur during the thermal degradation of tobacco is the initiation of
pyrolysis reactios 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 tob#&@daite et al, 2011; Huanget al,

2011) Pyrolysis experiments offer the possibility of unravelling mechanistic information
about the complex processes involved in the thermal decompositiavbaécb biomass.
Moreover, tobacco biomass in the form of cigarettes generates various smoke compounds
during pyrolysis reaction@itschkeet al, 2005; Baker, 2007; Busd@t al,, 2012)

2.2 Cigarette smoking

Cigarette smoking is an old age addictive hdbat has attracted serious condemnation
because of the clinical implications associated witfMitschke et al, 2005; Busclet 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 worldwid@\nand et al, 2008) According to the Global Burden of
Disease study, smoking causes tremendous disability, estimated at 2,276 desdjoititgd

life years (DALYs) per 100,00Wang et al, 2015) Smoking cessation, however, is
extremely difficult because of the highly adiive nature of nicotindMendelsohn, 2011)
Among regular smokers, withdrawal symptoms occur within two hours of the last cigarette,
peaking within 2448 hours and sometimes lasting for weeks or mo#thseams and Niaura,

2003)



The symptoms of cigarette withdrawal include cigarette craving, depression, insomnia,
irritability, nervousness, anxiety, difficulty concentrating, restlessness and weight gain
(Cappelleriet al, 2005) Most smokers who quit smoking experiemgeotine wihdrawal
symptoms due to their nicotine dependefBenowitz, 2008) Usually the symptoms are
most severe during the first 3 days following cessation but may continue for (&effsan

et al, 2006) The severity of these symptoms depends on the nunilmégavettes smoked
daily and duration of usagéndersonet al, 2002) It has also been shown that women are
less successful in quitting smoking than m@vetter et al, 1999) Nicotine withdrawal
symptoms are more severe in women and nicotine replataheapy is less effective in
them(Hesamiet al, 2010)

Smoking is the leading cause of preventable déRéhezet al, 2009) It has been estimated

that tobacco smoking causes about 400,000 premature deaths per year in the United States,
and approximiely 4.9 million deaths per year worldwileouldset 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 nortcommunicable deaths result from tobacco use, and 55% of all deaths f
cancers of the trachea, bronchitis, and lung are attributable to tofpdeemdaet 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 tharsnmakergJhaet 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
leaveslt 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 dduig&nt

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 tobacgohoet al, 2013) An average tobacco rod containg 10

mg of nicotine, and on average abouflb mg of nicotine is absorbed systemically during
smoking. Nicotine in tobacco is largely the levorotaBrigomer; only 0.10.6% of total
nicotine content isR)-nicotine. Chemical reagents and pharmaceutical fatons of §)-
nicotine have a similar content dR)¢nicotine (0.11.2%) as impurity since plawlkerived

nicotine is used for their manufactyigenowitzet al,, 2009)
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Figure 2.1: Molecular structure of nicotine: ChemDraw (left) ahlgperChem 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 bréenowitz, 2010) Nicotine is a naturally
occurring colourless liquid that turns browmewn 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 inhalatiofLeshner, 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, 1988%he addictive propeds of nicotine result from its
binding to nicotinic acetylcholine recepto(sletch, 2012) Moreover, nicotine is a key
substance in cigarette smoke that strongly affects brain develogatexd, Ford, Tsai, Li,

Ahluwalia, Pearsoret al, 2012)

Many aspets of the general pathways of carcinogenesis are firmly established but there are
still some areas that could benefit from further investigaftféacht, 2005; Duncaet al,

2009) These include structural anal ysiers of
understanding of the role of n@enotoxic 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 cg&teywitz and

Shaywitz, 1996) A better understanding of mechanisms of lung cancer initiation by cigarette

10



smoke can provide new insights on prevention of lung cancer in smokers, and possibly on

cancer preventiofHecht, 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 prenatatotine exposurand reading skill oaomes(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 ieteligacademic achievement,
shortterm and verbal working memory, loitgrm and immediate memory for auditory and
verbal material, executive function, increased incidence of behavioural indices during
childhood and adolescence, hyperactivity, and attendieficit disorders(Duncanet 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 nicotin€Zhao, Ford, Tsail.i, Ahluwalia and Pearson, 2012; Ckbal,

2013)

Cigarette smoking exposes the developing foetus to nicotine and this may pose significant
environmental risk factor for variability in reading ski{Buncanet al, 2009) Nicotine also

affects the caidvascular 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 catecholdBemewitz, 1996)Nicotinecan also

affect lipid metabolism(CluetteBrown et al, 1986) accelerate the development of
atherosclerosigStrohschneideet al, 1994)and induce endothelial dysfunctig€@halonet

al., 2000) After entering the circulation, nicotine is subjected tdelesive metabolism,
resulting in a number of major and minor metabolites. On averagf)%0of the nicotine is
metabolized to cotinine; about 4% is converted to nicetind-oxide and 0.4% to

nornicotine(Benowitz and Jacob, 1994)

Cotinine is furthermetabolized to cotinin®l-oxide and trang’-hydroxycotinine, among
others. Tran8’-hydroxycotinine is the most abundant metabolite in urine, accounting for on
average 38% of the metabolit¢Benowitz, 2001) As most of the metabolites have a
considerablylonger physiological hallife compared to nicotine, plasma concentrations of

nicotine metabolites in tobacco users tend to accumulate throughout tllgudaberget
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al., 2013) Nicotine in mainstream cigarette smoke is primarily present in the patéicu
phase. Remarkably, however, the deposition efficiency of smoke particles in the respiratory
tract is less effective than is the nicotine reten{idnncanet al, 2009; Neha G. and Derek,
2010)

Absorption of nicotine across biological membranes dépem pH(Hukkanenet al, 2005)

Nicotine is a weak base with g a of 8.0 (Robsonet al, 2010) In its ionized state, such as

in acidic environments, nicotine does not rapidly cross memb&@ssowitz et al, 2009)

ThepH of smoke from fluecured tobaccos, found in most cigarettes, is acidie 6.5 6.0).
At thispH , nicotine is primarily ionized. Therefore, there is ditbuccal absorption of

nicotinefrom flue-cured tobacco smoke, even when it is held in the m@ni et al., 1986)
Smoke from aucured tobaccos, the predominant tobacco used in pipes, cigars, and some

European cigarettes, is less acidigH( 6.5 or higher) andctonsiderable 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 tité of cigarette smoke
particulate matter is higher than previously thought, and thus, a larger portioootihe

would be in the uaonized form, facilitating rapid pulmonary absorptigtankow, 2001)

When tobacco smoke reaches the small airways andliabfethe lung, nicotine is rapidly
absorbedBenowitz, 1988)Blood concentrations of nicotine rise quickly during a smoke and
are at peak at the completion of smok{iykkanenet al, 2005) The rapid absorption of
nicotine from cigarette smoke throutlte lungs, is because of the huge surface area of the

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

lung facilitates transfer across membra(@snowitzet al, 2009) After a puff, hidn levels of
nicotine reach the brain in 120 s, faster than with intravenous administration, producing
rapid behavioural reinforcemeiliBenowitz, 1990) The rapidity of rise in nicotine levels
permits the smoker to titrate the level of nicotine andedl&ffects during smoking, and
makes smoking the most reinforcing and dependenoéucing form of nicotine
administration(Henningfield and Keenan, 1993)

2 . 4nicdbyrine and 3,5dimethyl-1-phenylpyrazole
These are considered minor alkaloid componehtsbacco. Although their concentration in
tobacco smoke may be low, their health impacts on biological and physiological systems

could be devastating. | t -nediyane bndl 3, iemetleyklt hel e s
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phenylpyrazole (Figures 2.2 and3Pare 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 wel as the el ectronic c¢ hancetywiteeganst i cs

established cancer causing agent derived from nicfitineet al,, 2000)

Figure 2.2:Mo | ecul ar snicotyire:tChem®raw (teftf) anbd HyerChemodeling
(right)

Figure 2.3: Molecular structures of 3;8imethyl1-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 nicotingTaylor et al, 1990) Pseudeunimolecular rate law was applied in
which the empirical rate of decomposition of the initial product was first @miexpressed

by equation 2.1.

C=cCcye 2.1
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where: G 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 ps@oddecular rate

constant in the Arrhenius expression (cf. equation 2.2) at a residencd frfesec.

Ea

k= Ae RT 2.2

A is the preexponential factor (¥, Ea is the activation energy (kJriplIR is the universal
gas constant (8.314 3kol?), and T ishe 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.

Q 0¢— - 2.3

The activation energy was determined from the Arrhenius plon((vs.%) which

establishes a linear relationship between theegmonential factor A and the rate constant k

as given by equation 2.4, where In A is thmtgercept and % is the slope.

Ea
Ink=InA- — 2.4
RT

2.6 Computational chemistry and molecular modéng

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
modding is one of the most valuable and essential tools that are used by chemists in
molecular design and itescribe the generation, manipulation and representation of
3-dimensional structurgdNadendla, 2004)Computational techniques that aepresented by
molecularmodelng usually play a critical role in the process of molecular design, which
makes these computational techniques important stegsiccessful modeling procedures
(Young, 2001) Quantum chemical calculations of thermodynamatadhave 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 mot! for energy.
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Scientists and engineers firsttgbeir hands on computers in the late 1960s and the growth in
understanding and application of moleculaodding has run parallel with growth in
computer power. The two greatest driving forces in recent years have been the personal
computers (PCs) and ehgraphical 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 degredslinchliffe, 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 hydragem dhus, the entire field

of computational chemistry is constructed around approximate solutions, some of which are
more accurate than any known experimental @étang, 2001; Osoriet al, 2013) The
molecular orbitals are represented by capital fet&® 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 NOsdrioet al,

2013) A perfect sequence of phomenological 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 stghells can be altered according to the potential, which depends on the
detaik 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 employg@chterski, 2000; Friscét al, 2004)

DrH ° = a. (eo B Hco”)products i a (6’0 i Hco")reactants 2

where brH ° is change in enthalpy of the reactian,__ is correction to the thermal enthalpy

torr

ande 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 refeflo€@sarrie and
Simon, 1997) DFT is a highly accurate computational method which caoobeidered an
improvement of the Hartreéock (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 amntao approximations.
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This computational method is exact. The electronic energy is written in the DFT application

and expressed in terms of equation(@6hterski, 2000; Friscét al, 2004)

Clpl = alpl+eslp]+ex[pl+eclp] 26

where the square brackets represent a functional of thelecteon density (r). The first

term on the righthand side gives the ormdectron 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 var®éunctionals, it is convenient to adopt some of the notation

commonly used in the field. For instance, the functional dependenee obn the electron

density is expressed as an i nt er agcyt idoenn shiettyw

e,. that isdependenon the electron density, equation 2.7.

Exc[r(D] = ar (r) exc[r (N]dr 2.7

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.
11
835 -
ex[r(n]=- ——2=6°r3(n
p Sp~ 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 idgiegunation 2.9.

IS=g—¢
cap (r)= 29

In defining spin density the individual functionals #&inds are usedThe spin densities at

any position are typically expressed in termsgpfthe normalized spin polarization as

presented in equation 2.10.
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(- rfm

r(r) 2.10

’
z(r) =

so that theJ spin density is simply orkalf the product of théotal; and( & 1), and theb
spin density is the difference between that value and thg total

2.6.2 Chemissian software

Chemissiarver.3.3(Lenoid, 2012)i s an anal ysing t oo strucfurer mo |
and spectra. It is used to develop molecular orbital eHdekgy diagrams (banrdap

energies), experimental UVis electronic spectra, natural transition orbitals and electronic

and/or spin density maps. It has a dsendly graphical intedce and it can examine and

visualize data from the output &fS-Gamess Firefly/PC-Gamess Q-Chem Spartanand
otherquantum chemical program packages. Chemissian tools also help to investigate nature

of transitions in UWVis spectra and the bomd) nature of molecule@Nojcik et al, 2013)
However, in this work, Chemi ssian will be u:
of programs to generate molecular orbital energy level3,aBd 2D electron density maps,

and D which defines the lectronic 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 gBa@eQE Q@ & .
Methanol was purchased frorBigma 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 wer e used i n t his
Chemissiarver.3.3computational softwares were used to compute geometry optiom zz
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 gaitbttei
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 anplea5 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 1ISO 3402:1999
standards, and cigarette smoke collecteBOmrmL 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. llAsamples 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

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

3.4 GG MS characterization of molecular products

The gquantitative analysis of nicotinbsnicotyrine and 3,5limethyl1-phenylpyrazolewas
carried out using an Agilent Technologies 7890A GC system connected to an Agilent
Techologies 5975C inert XL Electron lonization/Chemical lonization (EI/CI) with a triple
axis mass selective detector (MSD), using-5W®S 5% phenyl methyl siloxane capillary
column (30 m x 250 um x 0.25 um)Y-he temperature of the injector port was set &t2ao
vaporize the organic components for 8IS analysis. The carrier gas was ultigh pure
(UHP) helium (99.999%). Temperature programming was applied at a heating rate of 15
for 10 minutes, holding for 1 minute at 280followed by a heating rate of 26 for 4
minutes, and holding for 10 minutes at 390 Electron impact ionization energy of 70 eV
was usedTo ensure that the right compounds were detected, standards were run through the
GC-MS system and the peak shaped egtention times compared with thosenafotine, b-
nicotyrine and 3, 8limethyt1l-phenylpyrazole The data was then run through the NIST
library database as an additional tool to confirm the identity of compoiidst et al,

2012) Experimental resultwere averaged replicates of two experimental runs.

3.5 GGMS 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 wdeltt #ie 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 8éViG 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 lin@svconnected to the G@S 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 lins, or reactoinjection port interface, the connections were tightened and
guantitative transport experiment repeated to make sure no leaks were in the system. A
known concentration of nicotine was injected into-8@S system to monitor how much
nicotine wa recovered after analysis. This was to test the efficiency of theVi&C

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 cruciblerahdlgglaced in

a furnace. The tobacco in the furnace was then pyrolyzed at different temperatures; 200, 300,
400, 500, 600 and 700 at a constant pyrolysis time of 3 minutes to monitor the char yield

of tobacco biomass. The data obtained in this stuelg 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 tBea u s s i camputational pygram(Frischet al,

2009) . Ab initio calculations including correlation effects were made using the Density
functional (DFT) level of theory with the-81G basis set. The frequency calculations also
provide thermodynamic quantities such as gevmt vibrational energy (ZPVE), temperature
corrections, and absolute entrop{@omingo 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 seduently establish their global minima. Enthalpy
changes were computed between the enthalpies of formation of the reactant (neutral
compound) and its corresponding free radical. Chemissian3.3 (Lenoid, 2012)

computational software was used to modelaoalar orbital energy level diagrams, electron
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density maps as well aeterminghe band gap energies of frontier orbitals (HOMGMO)

for the selected tobacco alkaloids.

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

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,atks 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 formatdmicotine, one of the major tobacco
alkaloids as articulated in literatuf@rmitage et al, 2004; Borgerding and Klus, 2005;
Forsteret al, 2015) Therefore, from these assumptions, it was possible to calculate the

apparent kinetic parameters for thestiuction 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 {Rand Co the maximum concentration of the reaction product

In this study, GEArea 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 nicwfihestill 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 GNES hyphenated to a mass selective

detector (MSD). For simplicity, a consecutive first order reaction with rate constaatsd
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 sr{ickytay et
al.,, 1990) Accordingly, pseudanimolecular reaction was applied in which thep#ical
rate of decomposition of the initial product is first order and expressed by equation 3.1.

C=Cgoe X 3.1

where G is the concentration of the reactant (nicotine) at the peak of the curve whiteeC is
concentration of the reactant at any temperature T, land the pseudanimolecular rate
constant in the Arrhenius expression (cf. equation 3.2).

_ Ea
k = Ae RT 3.2

A is the preexponential factor (8, Ea is the activation energy (kJml R is the universal
gas constant (8.314 JinholY), and T is the temperature in Kespite all the criticisms
against the Arrhenius rate law, it remains the only kinetic expression that can satisfactorily
account for the temperatudependent behaviour of even the most unconventional reactions
including biomass pyrolysigWhite 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 bebaviour
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 syistgansiet al,
2012) It is also considered as the standard residence timeefdotmation and destruction of
reaction products in combustion proceg¥é@bet et al, 2012)

aCog1l

k =lnge—0¢—
¢CC -+t 3.3
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The activation energy was determined from the Arrhenius plotsc ( vs.%) which

establishes a linear relationship between theegponential factora and the rate constart

as given by equation 3.4, whekea is the yintercept and % is the slope.
Ink =In A- =2 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 behadour 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.

NiCl/zbzl- |1/2}‘§5- Product 3.5

Conventionally, the differential rate laws for each speiiegnicotine),l (intermediate), and

the finalproductare given by equations 3.6, 3.7, and 3.8 respectively

dINiel _ _y inig 3.6
dt

dfl] :

—— = kq[Nic] - ko[l 3.7
it 1[Nic] - k[1]

d[Product] - k1] 38
dt

These equations were solved analytically so that the integrated rate laws are expressed by
equations 3.9 and 3.10.

[Nic] = [Nic]ge™ X! 3.9

Equations 3.10 and 3.11 give the respective concentrations of the intermedratethe

productat any time t.

[ = alNiclo (e' kat g kzt) 3.10
kg - kg
e k
[Product], = [Nic], el + — (ke - ke kZ‘)S 3.11
é 17 %2 a

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

Kt

determining step so thia§ < <k; and thus the terne” "' decays moreapidly 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 literat(#hang X.et al, 2012)

[Product] = Nic]oéia- e kztg 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 behaviand energetics of alkaloids identified in this

work, thermochemical calculations were conduatesl i n g G a (Fssshetaah 2009) 9
computational framework for the purposes of quality assurance as well quality control.
Nicotine was used as the teshtpound for selecting a suitable basis set (cf. scheme 4.1 and
Figure 4.1).The geometries were optimized at DFT/B3LYP using #3. 6 basis sgZhang

Z. et al, 2012) When using DFT, however; the choice of basis set is considered to be
inconsequential because the convergence of DFT to thedmdimit with increasing size of

basis set is relatively quick, and as such, small basis sets areMm®doften, diffuse
functions on basis sets are not used for DFT calculations, as these lead to linear dependencies
and a bad convergence of the smlfisistenfield (SCF) Kohfi Sham equations for larger

molecules (Boese, 2015).

N
\N N
i Rxn 1 =
N | »~ N | " ‘H
™ N
N .
N N
N/ Rxn 2 N/

Y
+
a

i

\J

N o Rxn 3 N a ° \N
| +
X N .Q
Scheme 4.1The formation of various raditsafrom 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 format 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 18 1evéhich

appeas suitable for the tobacco alkaloids under investigation. Schemedelsupradepicts

the formation of various radicals in the proposed thermal degradation of nicotine in high
temperature cigarette smokinglearly, reaction 2 proceeds with a lower rgye 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 ‘
0.00 50.00 100.00 150.00 200.00 250.00 300.00 350.00 400.00 450.00

Energy (kJ/mol)

Figure 4.1: A plot of enthalpy change for reaction8ischeme 4.1) at various basis sets

4.2 GG-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 prodexgsored in this work. The
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compounds numbered andb r e p r e-sietyrine abd 3, &limethyt1l-phenylpyrazole

respectively.

4x10°

Total Ion Current
[\*)

Retention Time (Mins)

Figure 4.2:.0ver |l ay chromatograms for ES1 (red | ine

4.3 Product distribution of nicotine in ES1and 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 conceiunadf nicotine was noted at 430 (~ 8.0 x

10° GC-area counts) for ES1 cigarette, and peaked at 35202.7 x 1§ GC-Area Counts)

for SM1 cigarette. The variation in the maximum release temperature may be attributed to the
composition of the cigarette dng 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 rpsent 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
ofncotine from ES1 cigarette is sign3)fascant]|
can be observed in Figure 4.3. On the contrary, nicotine production from SM1 cigarette only

becomes significant above 38Q
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Figure 4.3: Product distribution oficotine and the selected alkaloids in mainstream cigarette

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

However, SM1 <cigarette vyi el ds-nicetyriterandf3ib-cant | vy
dimethyt1-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 mSM1
ES1
b-nicotyrine
0.00E+00 5.00E+07 1.00E+08 1.50E+08 2.00E+08

Yield, GC-Area Counts

Figure 44:Pr oduct nicogind and ®5kdiméthyt1-phenylpyrazole (3 8mpp)
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 selectéobacco alkaloids to their corresponding free radicals,
intermediate byproducts, 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 basisat. 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 temperaturezofaBd0
atmosphere. In all the schemes presented below, there are several parallel reaction pathways
accompanied by different enthalpic barriers. For example in schemeattipme 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 tmethyl pyrrolidinyl respectively). Badeon frequency analysis it was noted

that all intermediates were at their minima and therefore all the structures presented in

schemes -B are fully optimized.

4.4.1 Proposed mechanistic channel for the thermal degradation of nicotine

This section investafes the possible mechanistic pathways involved during the thermal
degradation of nicotine in tobacco burning to various intermediates apbdycts. The loss

of a methyl group (reaction 1) is accompanied by a less endothermic energy (302.13 kJ/mol)
as ompared 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 intermediategpyrodin-2-yl) pyridinyl radical and
possibly 3(pyrrolidin-2-yl)pyridine. Thus these routes were not examined further considering
the fact that gpyrrolidin-2-yl) pyridine was not detected in mainstream cigarette smoke in
the two cigarettes investigated. This leaves us to congdetion 2 which results into many
intermediates, some of which were detected experimentally in our studies. The scission of
the phenycyclopenta GC linkage in nicotine resulting to the formation of pyridinyl and 1
methylpyrrolidinyl radical proves a weimportant pathway. Interestingly, reaction 3 and 5

are competing reaction channels for the formation of neutral speemst(®lpyridine and
pyridine respectively). Since the hydride radical is more reactive than the methyl radical
according to previasistudiegKibet et al, 2012)then the formation of pyridine was expected

to be produced in larger amounts tham@thylpyridine. 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 andr8ethlypyridine in mainstream cigarette

smoke detenined from the burning of commercial cigarettes; B8ft)(and SM1 (ight)

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 thieformat
of 1,2-dimethylpyrrolidine and -Inethylpyrrolidine 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-3(¢1.02 kJ/mol) and possibly more favouralhan
reaction 4 which proceeds with an enthalpic change30#(81 kJ/mol). The low exothermic

value in reaction 4 may be attributed to the low reactivity of the methyl radical, ] in

comparison to the reactivity of the hydrigalical.
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Scheme 4.2Proposednechanistic pathways for the thermal degradation of nicotine
4. 4.2 Mechanistic descri pt i-micotyriheor t he t her ma

Al t hough it may appear -nicotyrme amb thag of inicodimre are t r u c t
similar, their chemistries are sighnifiincatnhtel y
C-C double bonds in the cyclopenta ring linkage which are absemtatine. These results

in high bond dissociation energy for the phenyl/cyclopen@ l@nd presented by reaction

(507.37 kJd/mol) compared to reaction 2 in schemevid2, supraand reactiort, scheme 4.4,

vide infra Another interesting reaction is id@n i which proceeds with an endothermicity of

(292.77 kJ/mol) compared to reaction 1 which takes place with absorption of (302.13 kJ/mol

scheme 4.2).
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The parallel ractionsiii andv 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 pyridinenatitlyBpyridine

in cigarette smoke presented in Figs. 4.3 and 4.5. The formation of methylaiadpinom
1-methylpyrrolyl radical is presented by the parallel reactiongnd vi. As previously
discussed, the H radical is very reactive compared to the r@dical and therefore,-1
methylpyrrole will be expected to be formed in significant amountsbacco smoke. This
result agrees well with our experimental results in whighethylpyrrole, though a minor

product was detected in significant amounts as compared tdithe2hylpyrrole.

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

The chemistry of 3, Hlimethyltl-phenylpyrazole is quite remarkable because its
decomposition during cigarette smoking is predicted to yield several intermediate as well as
stable byproducts. The most importareaction 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 stly, 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

a n dnicdtyrine contain a nitrogen atom in the phenyl ring;@rbethyt1-phenylpyrazole
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does not contain a nitrogen atom in the phenyl ring. This explains whyli@éthyt1-
phenylpyrazole can easily form aromatic hydrocarbons (benzene and toluene) while nicotine
a n dnicdtyrine do not. Nevertheless, the bond dissociation energy for the pGexyl

linkage in nicotine (302.13 kJ/mol, reaction 1) is much lower than irdi&®&thyt1-
phenylpyrazole (512.18 kJ/mol, reactiahaccording to schemes 4.2 and 4.4 respectively.
The ratio between the two éhergbemntheC ~1. 7
double bonds and the phenyl nitrogen bond have a significant influence o\t in
3,5-dimethyl1-phenylpyrazole. These groups are electron donating and therefore stabilize

the methyl attached to the cyclopenta linkage inddaethyt-1-phenylpyrazole. This makes

it difficult for the "cH, to leave during the pyrolysis of tobacco. The scission of the methyl
group in reaction (scheme 4.4) occurs with higher endothermicity (519.99 kJ/rviis
again is attributed to the electron richGCdouble bond and the-B 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, benaeitieg) proceeds

via three parallel pathways: reactidn(-414.66 kJ/mol), reactioh (-470.88 kJ/mol), and
reactiong (-435.26 kJ/mol).

3-methyl-1-phenyl pyrazole

T 496.54 kJ/mol CHj3 N
~
~ ©/ Z SN—
\ =

toluene 1.3 5-tri hvlnvrazol
5-methyl-1-phenyl pyrazoyl radical -3,2-trimethylpyrazole
CH,

@
512.18 kJ/mol
©)

- 414.66 kJ/mol *CH;
N
= 494.24 kJ/mol @ Z “SNH
\ —- —
- \L« 442.79 kJ/mol

hcruyl radical

- 368.84 kJ/mol

3,5-dimethyl-1-phenylpyrazole

-cn, lﬁlg .99 kJ/mol

methyl 1 phenyl pyr’lzoyl O

radical

3,5-dimethylpyrazoyl 3,5-dimethylpyrazole

: NH,

benzene aniline

Scheme 4.4Proposed mechanistic pathways for the thermal degradation-din3eshyt1-
phenylpyrazole
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The formatimm of benzene from benzyl radical (reactiopnis the most preferred pathway
because the hydride radical is more reactive than both the amine radical (rgpesowell

as the methyl radical (reactiafj). 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 investigati@us@uthe
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 presentedure B.6vide infra Similar
explanations can be inferred for the competing react®msd 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¢hmethylpyraoyl radical is the most favoured mechanistic

channel because of the high exothermicity-4#2.79 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; @St) and SM1 (right)

While toluene and benzene reach a maximum at about the same temperature (~fd00

ES1 cigarette, the evolution characteristics of toluene and benzene for SM1 cigarette vary
markedly. For instance, toluene peaks at 400while berzene peaks at about 5@0.
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 tobacduring processing and different growing

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

Geometrical parameters such as bormgjtles 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 optimizatiprocess presentedle infrashows steps towards
achieving an opt i mi z e d-nicosyine uvandt G,r dimethiyld-r nNi cc
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 1) bonmolin nic
and it required 23 steps to attain a structure of minimum energy usually referred to as the

global energy.
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Figure 4.8:0pt i mi z ed mitotynneanduarplet srmwing fiis optimization steps (the
red circle s the optimization level)
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On t he o tnicetyrine hequiredl 52 steps to attain a structure of minimum energy
while the breaking of €3, C18 (1.46 i) bond
507.37 kJ/mol.

(Hartreef/Bohr)
T

4 2 4 6 8 1012 14 16 18
Optimization Step Number

Figure 4.9: Optimized structure of 3;8imethytl-phenylpyrazolea plot showing its

optimization step (the red circle is the optimization level)

3,5-dimethyt1-phenylpyrazole required only 17 steps to attain a structure of minimum
energywhilethes ci ssi on of C3, Ndin2thyliphehyBoyrdzgle obcorea d i n
with a bond dissociation energy of 494.24 kJ/mol.

The bond strengt h i micatyene ®&,8diméthyld-phenylpycazolei ne t
as presented in Figure 4.7.9. This inplies 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 . -nicotyriee amd I8 &@imgthyltl-b ond d
phenylpyrazole arefef ect i vel y sit"abinltiezreadc thyo ntshe han i n

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 respively. 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(Frischet al, 2009) The HOMGLUMO bandgap energies for the alkaloids under
study are presented iTable 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 reaco n i s f -aivotyrine heaslthe simallest HOMQJMO energy gap (4.811
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eV) and therefore more reactive compared to nicotine (5.492 eV) andligyefyt1-
phenylpyrazole (6.057 eV). Though 3jbnethyll-phenylpyrazole may have a large
HOMO-LUMO energygap it is considered a good electron daitanulikovaet al, 2016)

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

Compound Enowo(eV) | E umo(eV) | DE = E yumo - Enomo(eV)
Nicotine -5.974 -0.482 5.492
b-nicotyrine -5.837 -1.026 4.811
3,5-dimethyt1-phenylpyrazole -6.213 -0.156 6.057

In this investigation, the HOMQ@UMO bandg a p o f n i crocotyrimeare a n d b
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 teaches

brain in 10 20 s seconds after a cigarette puff as reported in liter@Bereowitzet al, 2009)

Generally, the bandap between the HOMO and the LUMO is directly related to the
electronic stability of the chemical speci@idanulikovaet al, 2016) This suggests that

3, 5dimethyt1-phenylpyrazole having a lower HOMO energy value®®13 eV is much

more stable making it a good -niceitwineevbighlare!l e co
energetically higher in the HOMG5.974 & and-5.837 eV respectively.
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Figure 4.10: The HOMOLUMO 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 applitations
organic systemgJddin 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 bet ween t h-aicothi@db@d 3ashd t he

dimethyt1-phenylpyrazole were calculated.

The electron density contours maps for 2BD-, and tdimensions for nicotine are presented

in Figures 4.117 4.13 respectively. Electron density maps are very important in
understanding electrophiliand nucleophilic sites. Conventionally, the negative potential
sites (red colour) represents regions of el
bonding within aromatic systems and positive potential sites (blue colour) represents regions

of nucleophilic reactivityHanulikovaet al, 2016). Similar electron density maps were done

f o rnicobyrine and dimethyl-phenylpyrazole as presented in appendix 1 and 2. These

figures are critical in determining regions of high electron density withmolacule. Electron
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