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Abstract

Free radicals are present in cigarette smoke and can have a negative effect on human
health by attacking lipids, nucleic acids, proteins and other biologically important
species. However, because of the complexity of the tobacco smoke system and the
dynamic nature of radicals, little is known about the identity of the radicals, and
debate continues on the mechanisms by which those radicals are produced. In this
study, acetyl radicals were trapped from the gas phase using 3-amino-2, 2, 5, 5-
tetramethyl-proxyl (3AP) on solid support to form stable 3AP adducts for later
analysis by high performance liquid chromatography (HPLC), mass
spectrometry/tandem mass spectrometry (MS-MS/MS) and liquid chromatography—
mass spectrometry (LC-MS). Simulations of acetyl radical generation were performed
using Matlab and the Master Chemical Mechanism (MCM) programs.

A range of 10-150 nmol/cigarette of acetyl radical was measured from gas
phase tobacco smoke of both commerial and research cigarettes under several
different smoking conditions. More radicals were detected from the puff smoking
method compared to continuous flow sampling. Approximately twice as many acetyl
radicals were trapped when a GF/F particle filter was placed before the trapping zone.
Computational simulations show that NO/NO, reacts with isoprene, initiating chain
reactions to produce a hydroxyl radical, which abstracts hydrogen from acetaldehyde
to generate acetyl radical. With initial concentrations of NO, acetaldehyde, and

isoprene in a real-world cigarette smoke scenario, these mechanisms can account for
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the full amount of acetyl radical detected experimentally. This study contributes to

the overall understanding of the free radical generation in gas phase cigarette smoke.
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Chapter 1: Introduction

1.1 Free Radicals

Free radicals are atoms, molecules, or ions that have an unpaired electron in the outer
valence shell. Organic free radicals are exceptionally chemically reactive because of
the drive to form more stable compounds by pairing off their lone electron. The high
reactivity and short lifetime makes free radical detection and identification extremely
difficult.

1.1.1 Fundamental Chemistry

Because of their exceptional reactivity, free radicals play an important role in
atmospheric chemistry, the combustion processes, polymerization, biological aspects,
and other areas. Free radicals can participate in a wide range of reactions, including
abstractions, additions, oxidations and reductions, rearrangements, and electron
transfer. In this chapter, hydroxyl radical (*OH) is used as an example to review some
fundamental free radical chemistry.

1.1.1.1 H Abstraction

OH can attack on saturated hydrocarbon compounds such as alkanes to abstract a
hydrogen atom to form a water molecule and an alkyl radical. For example, OH can
abstract a hydrogen atom from ethane to form an ethane radical and H,O with a

reaction rate constant of 2.44 x 10" ¢cm?/molecules®s as shown in Reaction 1.1.



H H H H

H—C—C—H + OH —> H—Cc——C- + H,0

H H H H

Reaction 1.1. Hydroxyl radical abstraction reaction with an alkane (ethane) to

produce carbon-centered radical.
1.1.1.2 Double Bond Addition

Rather than abstracting hydrogen, OH adds to the double bond when alkenes are
present. The OH double bond addition reaction is faster than its hydrogen abstraction

reaction, with a reaction rate constant of 8.51 x 1072 cm?/moleculeses for ethane.

OH

H H H H
NA— ~ . -
/C—C\ + OH —> /C—C\

H H H H

Reaction 1.2. Hydroxyl radical double bond addition reaction with an alkene (ethane)
to produce carbon-centered radicals.
Reaction 1.2 shows an example of a double bond addition reaction of a hydroxyl

radical to an alkene to produce a carbon-centered radical.
1.1.1.3 Aromatics Hydrogen Abstraction and Addition Reactions

The reaction with the hydroxyl radical is the major sink for aromatic compounds in
the atmosphere. Aromatics can undergo a combination of hydrogen abstraction and
addition reactions. For example, for the reaction of toluene with hydroxyl radical, the

major reaction pathway (~90%) is via OH radical addition to the aromatic ring while



the minor pathway (~10%) is via hydrogen atom abstraction from C-H bond of the

methyl group as shown below in Reaction 1.3.

(a) CH3 CH2
-H,O
+ OH —> ~10%
(b)
CHg CH
3
\
+ OH ——>
. OH
CH, CHg
OH
+ OH —— > ~ 90%
CH, CHg
© . OH — > @

OH _/

Reaction 1.3. (a) Hydroxyl radical hydrogen abstraction reactions with aromatic
compounds (~10% of pathway); (b) addition reactions with aromatic compounds
(~90% of pathway).

1.1.1.4 Biological Effects

Free radicals play an important role in the life process of plants and animals by acting
as signaling molecules in plant biochemistry and physiology. For example, the radical
nitric oxide (NO) is an important messenger molecule involved in many physiological

and pathological processes in mammals including humans (Hou et al. 1999). By a
3



broad definition, transition metals containing unpaired electrons can also be defined
as free radicals. These d-block elements such as Cu, Mn and Fe are essential in
human diet and metabolism (Halliwell and Gutteridge 1999) .

Reactive oxygen species (ROS) such as OH, H,0,, and O, are produced
during normal cell metabolism (Halliwell and Cross 1994). These accidental free
radicals from metabolism can induce oxidative effects, which result in lipid
peroxidation, oxidation of proteins, and damage to certain organs, mainly lung and
other tissues (Ozguner et al. 2005). Free radicals can also oxidize unsaturated lipids
(Porter et al. 1995). There are three stages involved in carcinogenesis: initiation,
promotion, and progression. It is believed that free radicals are involved in the
initiation step by activating a procarcinogen to its carcinogenic form, or binding the
carcinogenic species to NDA (Pryor 1997). Hydroxyl radicals are especially reactive
and can damage or modify any biomolecule such as lipids, proteins and DNA. For
example, hydroxyl radicals can react with DNA to break the DNA strand or form
hydroxylated DNA bases, which leads to gene mutation. The general pathway of

radical damage to DNA is shown in Scheme 1.1.

transition metal ions

semiquinone-type radicals O—2> 0, » H,0, —— > +OH ——> damage
DNA

Superoxide

Scheme 1.1. The pathway of radical damage to DNA.

Environmental free radical sources such as ozone, nitrogen oxides, and
cigarette smoke can also cause oxidative damage. Cigarette smoke is a cancer
initiator and promoter and contains a large number of carcinogenic and mutagenic

compounds such as polycyclic aromatic hydrocarbons (PAHs), N-nitrosamines,
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aldehydes and various other organic compounds (Swauger et al. 2002). Although the
mechanisms for cigarette smoke-induced carcinogenesis have not been completely
elucidated, many studies have established the central role of free radicals in tobacco
smoke carcinogenesis and in the last two decades (Halliwell and Cross 1994;
Leanderson et al. 1993; Ozguner et al. 2005; Pryor 1997; Randerath et al. 1986;

Valavanidis et al. 2009).
1.1.2 Sources of Radicals in the Atmosphere

Radical chemistry in the atmosphere has been well studied and can provide basic
principles to radical generation in cigarette smoke. In this study, the hydroxyl radical
is used to illustrate radical chemistry in the atmosphere. As shown in Reaction 1.4-
1.7, the major sources for hydroxyl radicals in the troposphere are from ozone

photolysis reactions.

O3 +hv — Oy + O(' D) (Reaction 1.4)
O('D)+M — O(*P) + M (Reaction 1.5)
O('D) + H,0 — 20H- (Reaction 1.6)
O+0;+M — O3+ M (Reaction 1.7)

Ozone photolysis produces excited singlet oxygen atom (O('D)) at
wavelength smaller than 319 nm (Reaction 1.4). Excited singlet oxygen collides with
atmospheric molecules such as N, or O, (M) to remove excess energy, producing
ground state oxygen atom (O(CP)) (Reaction 1.5). In some cases, an excited singlet

oxygen atom collides with H;O and produces two hydroxyl radicals (Reaction 1.6).



The ground state O atom combines rapidly with O, to reform Os, resulting in a null

cycle (Reaction 1.7).
1.1.3 Photochemical NOy Cycling

NO, NO; and O3 are major compounds involved in the basic photochemical cycle in
the troposphere. NO, is decomposed at wavelengths < 424 nm to give NO and O
(Reaction 1.8) and regenerated as a result of reactions of NO and O3, HO,, and NO;
(Reaction 1.9).

NOy+hv— NO+ O (Reaction 1.8)
NO + O3 — NOy + Oy (Reaction 1.9)

In analyzing these chain reactions above, we can apply the pseudo-steady state
approximation (PSSA) to Os;. In atmospheric chemistry, the pseudo-steady-state
approximation is a method to calculate low concentrations of reactive intermediate
species such as free radicals by assuming that they are consumed as rapidly as they
are formed. For example, at steady state for Os, ozone is formed from the photolysis
of NO; at the same rate at which it is consumed by NO, which is shown in Equation
1.1. Hence, the ozone concentration at steady state is Jg [NO;]/ko [NO], as shown in

Equation 1.2.

d[O]

= =15 — 19 = Js|NO3| — k| NO||O

0 dt e s[NOz| = ko [NOJIO:) (Equation 1.1)
 JINO,)

(Equation 1.2)
Equation 1.2 is also called the photostationary state relation, which shows that

the ozone concentration at steady state is proportional to the [NO,]/[NO] ratio.
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NO+HOy — HO - +NO,

NO + RO; — RO - +NO;

(Reaction 1.10)

(Reaction 1.11)

Reaction 1.10-1.11 shows that NO can also react with peroxides including

HO; and RO; to regenerate NO, and produce OH and RO radicals. As one of the

major components in cigarette smoke, NOy can also play an important role in radical

generation and cycling in the tobacco smoke.
1.1.4 Scavengers and Fates

When a hydroxyl radical and nitrogen dioxide collide, the chain reactions shown

in Scheme 1.2 come to a termination by producing HNOjs as shown in Reaction 1.12.

O, O3
%
NO, NO
>19<
02 03
o
03 hv
rk H.O
12—~ " ?
NO r
HNO, 2 11
RO. ROQ'

Scheme 1.2. Chain cycling reactions of radicals in the troposphere.

(Reaction 1.12)



Steady-state for OH is shown in Equation 1.3- 1.4.

0= d[gtj_]] = T4Te+Tr10—"12 = J4k6[03} [HgO]—i—km[NO] [HQO]—]{JlQ[OH] [NOQ]
(Equation 1.3)
(OH] = Juk[O5][H20] + kio[NOJ[H20] _ JaJsks[H2O][NOs] + kokio[NOJ*[HOs]

k12[N O3] kok12[NO][N O3]

(Equation 1.4)
It is logical to compare the sources, cycling, and fate of radicals in the
atmosphere and in tobacco smoke because they have the same chemical nature.
However, there are several key differences between reactions in the atmosphere and
those in tobacco smoke. First, smoke has a much higher volatile organic compounds
(VOCGs) level than the atmosphere does (Hoffmann et al. 2001); second, there is little
or no O3 present in cigarette smoke compared to the atmosphere; Third, photolysis
reactions are not very important in cigarette smoke, due to its lack of exposure to
strong ultraviolet lights. Fourth, the reaction time for free radicals in cigarette smoke
is much shorter than that in the atmosphere, which usually lasts for hours, or even
days. Hence, a modified atmospheric model is required to investigate free radical

chemistry in cigarette smoke.

1.2 Tobacco Composition and Chemistry

1.2.1 Tobacco Types and Composition

Tobacco is a complex plant member of the Solanaceae or Nightshade family,
with most of the commercial tobacco being of the Nicotiana fabacum species.

Research has shown that the smoke delivery and smoke constituents greatly depend



on the tobacco leaf characteristics (Borgerding and Klus 2005). It is estimated that
there are more than 4000 different chemical constituents in the tobacco leaf, as shown
in Table 1.1 (Weeks 1985).

Table 1.1. Tobacco components and percentages.

Compounds Percentages %
Waxes and wax esters 0.66-1.20
Solanesol and esters 0.80-2.00
Organic acids 3.00-7.67
Polyphenols 0.75-5.70
Reducing sugars 0.80-25.00
Non reducing sugars 1.00-5.00
Starch and pectins 0-8.00
Nicotine 0.28-4.00
Amino acids 0.25-3.00
Cellulose and lignin 25.00-28.50
Volatile oils 0.25-1.00
Protein 1.00-3.00
Water (free and bond) 11.00-24.00

Tobacco components and their percentages are affected by genetics,
agricultural practices, weather conditions, and harvesting, resulting in different smoke
components or smoking quality (Leffingwell 1999). For example, the formation of
proteins, amino acids and nicotine is based on the abundance of the nitrogen supplies
in the different tobacco plants. Mainly based on the production locations, three types
of tobacco, including Virginia, Burley and Oriental, are used for -cigarette
manufacturing worldwide (Thielen et al. 2008). In addition, the curing procedure,
which allows for the slow oxidation and degradation in the tobacco leaf before
consumption, can also affect the amount of nicotine and VOCs in cigarette smoke as
well. Generally speaking, there are three types of curing: air, flue- and sun-curing.
Burley tobacco is a light air-cured tobacco, which contains little sugar. Flue-cured

tobacco usually contains more sugar and a medium to high level of nicotine. Turkish
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tobacco, which is sometimes called Oriental tobacco, 1s a sun-cured tobacco, which

contains less nicotine and fewer carcinogens than other varieties. Smoke composition

details of Burley, Flue-cured and Turkish tobacco are shown in Table 1.2 (Borgerding

and Klus 2005).

Table 1.2. Selected Organic compounds in different tobacco types

Smoke constituent Tobacco Type

Burley  Flue-cured Turkish
Tar, mg/cig 16.7 20.6 20.7
Nicotine, mg/cig 1.5 2.1 0.7
Carbon monoxide, mg/cig | 17.1 15.7 15.1
Phenol, pg/cig 27.2 34.1 259
Catechol, pg/cig 49.4 120.2 110.3
Hydroquinone, pg/cig 41.0 131.7 81.9
Nitric oxide, pg/cig 442 91 83
Formaldehyde, pg/cig 12.9 66.0 75.3
Acetaldehyde, pg/cig 866 1124 911

Reference Cigarettes

To allow for replication and comparison in different laboratories and

experiments, several types of reference cigarettes were manufactured by Reference

Cigarette Program, College of Agriculture from Kentucky University as standard

cigarettes as shown in Figure 1.1 (RCP 2011).

Research
CIGARETTES

Figure 1.1. Research cigarettes manufactured by Reference Cigarette Program,

College of Agriculture from Kentucky University.
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The first reference cigarette 1R1 was manufactured in 1968 to serve as an
international standard. Other series of reference cigarettes including 1R3F, 2R4F, and
IRSF were manufactured later for different research purposes. For example, 2R4F is
a low nicotine research cigarette and 1RSF is an ultra low nicotine research cigarette.
More specifications for various reference cigarettes are shown in Table 1.3.

Table 1.3. Reference Cigarette composition and specifications.

Composition 1R3F 2R4F IR5F
Flue-cured 32.54% 32.51% 5.75%
Burley 20.04% 19.94% 42.25%
Turkish 11.09% 11.08% 7.00%
Maryland 1.06% 1.24% /
Reconstituted 27.17% 27.13% 15.00%
Invert Sugar 5.30% 5.30% 5.30%
Glycerin 2.80% 2.80% 2.80%

1.2.2 Tobacco Smoke Composition and Chemistry

Tobacco smoke is a very complex and dynamic system, consisting of more
than 4,800 compounds partitioned between gas and particulate phases. Most of these
compounds can be found in the particulate phase and some are classified as
semivolatiles. As defined by the Federal Trade Commission (FTC), tar is the total
particulate matter (TPM) minus nicotine and water (Pillsbury 1996). There is a
dynamic equilibrium between both phases, which can be affected by concentration,
pressure, and chemical reactions. Owing to the complexity of the cigarette system,
smoke from different cigarettes or under different smoking conditions could produce
different components.

Federal Trade Commission (FTC) Conditions

In addition to the variations in cigarette types, the measured composition of
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cigarette smoke is also greatly affected by the smoking methods for the complex
chemical reactions taking place in the smoking process. To allow for replication and
comparison in different laboratories and experiments, the American Federal Trade
Commission (FTC) introduced a standard smoking method for cigarette smoke
scientific research in 1966 (FTC 1966). The FTC puff-resolved method draws 35 mL
of smoke for each puff over a 2-second duration; one puff is sampled every minute.
Mainstream Smoke and Sidestream Smoke

Mainstream smoke (MS), sometimes called whole smoke (WS), is the aerosol
and gas mixture generated during a puff from the burning site drawn through the
cigarette rod, and inhaled by the smoker. Instead of reaching the rod, sidestream
smoke (SS) is primarily formed between puffs during the smoldering process at lower
temperatures. A picture of mainstream smoke and sidestream smoke is shown in
Figure 1.2. Although there are a lot of similarities in chemical composition between
mainstream and sidestream smoke, there are also some differences in combustion
temperature, pH and the degree of dilution with air. The dilution with air in
sidestream smoke results in a rapid temperature decrease and smaller particle size

distribution compared to its counterpart in mainstream smoke (Thielen et al. 2008).
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Sidestream
Smoke

Filtration

A: Combustion Zone
B: Distillation, Pyrolysis and
Pyrosynthesis zone

Mainstream
Smoke

Figure 1.2. Chemical and physical processes in burning cigarette adapted from
Thielen et al. 2008.

The burning of a cigarette can be divided into two processes by different
temperatures and oxygen concentrations: exothermic oxidation/combustion zones and
endothermic pyrolysis/distillation zones as shown in Figure 1.2. The combustion zone
is at or near the burning tip, with a temperature as high as 950 °C and the sufficient
oxygen concentration of 20.4% (Thielen et al. 2008). In this exothermic oxidation /
combustion zone, the major products are water, carbon dioxide, and carbon
monoxide, because of the high temperature and sufficient oxygen. A zone of
distillation, pyrolysis and pyrosynthesis is behind the burning tip with lower
temperature (200-600°C) and oxygen level (20.4%-0%). This endothermic pyrolysis/

distillation zone can produce a variety of organic compounds, which can have
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multiple reactions in the gas phase.

The chemical species in tobacco leaves are the precursors to the smoke
constituents by a variety of mechanisms. First, volatile and thermally stable
compounds in tobacco can be easily transferred directly to the gas phase smoke. For
example, methanol transfers efficiently from tobacco leaf to the smoke because of its
volatility and heat stability. Various saturated and unsaturated hydrocarbons, and
other stable VOCs are distilled out of the tobacco during the combustion process.
Even some less volatile compounds such as nicotine can be transferred into the gas
phase smoke at a higher temperature or pH. Second, some tobacco constituents
undergo oxidation and pyrolysis reactions to produce partially oxidized species or
even nearly completely degrade into smaller molecules. For example,
polysaccharides, sugars, proteins, cellulose, pectin, lignin, and amino acids can
thermally decompose into a wide variety of small organic compounds in tobacco
smoke. Previous study shows that formaldehyde in mainstream smoke can be
generated by saccharides such as sugars and cellulose in burning cigarettes. Third,
many reactions happen at the distillation, pyrolysis and pyrosynthesis zone and new
compounds are pyrosynthesized by protein and carbohydrates or their degradation
compounds (Green 1977).

Variables on Combustion and Pyrolysis Outcome

Many variables can affect the outcome of the combination of the combustion

and pyrolysis processes, such as temperature, oxygen concentration, pH, and

additives present.
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Baker et al. showed that the generation of formaldehyde is dependent on the
burning temperature and other components such as amino compounds, which can
suppress the yield of formaldehyde by reacting with it to produce a complex (Baker et
al. 2000).

The level of peroxides in cigarette smoke is greatly dependent on the oxygen
concentration. In the presence of sufficient oxygen, carbon-centered radicals can be
rapidly oxidized into oxygen-centered radicals, which can convert NO into NO,
(Atkinson et al. 1997; Atkinson 2001).

As mentioned in the last paragraph, nicotine can be easily transferred to the
gas phase smoke during the combustion process at a higher pH. It is also often
questioned whether the tobacco manufacturers deliberately add base ammonium to
make the smoke more basic, which releases more nicotine in free base form, and

improves nicotine delivery to the respiratory system, thus making it more addictive.

NH NH
N ltlH —3‘ N NH —‘3 N N
| | |
+/ CH3 N/ CH3 N CH3
H pK, = 3.04 pK, = 7.84
Diprotonated Form Monoprotonated Form Free Base Form

Scheme 1.3. Diprotonated, monoprotonated and free base form nicotine at different
pHs.

When ammonia is present in tobacco, it increases the pH, which drives the
reaction to the right and produces more free-based nicotine as shown in Scheme 1.3.

Since the tobacco in cigarettes is naturally acidic (Brunnemann and Hoffmann 1974),
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the change in pH by adding ammonia not only affects nicotine delivery but also has a
decisive influence on the chemical nature of the smoke.

During the processing, manufacturing, and packing processes of the cigarette,
a wide range of additives is introduced to tobacco. According to the United States
Department of Health and Human Services, there are 599 additives in cigarettes,
including cocoa, sugars, methanol, glycerin, water and other ingredients. The main
purposes for adding additives are to enhance aroma, to create a special flavor, to
make it easier to inhale, and to preserve moisture levels (Geiss and Kotzias 2007).

Approximate numbers and classes of inorganic and organic compounds in
fresh cigarette smoke are shown in Table 1.4. Inorganic species, such as N, O, CO,
and CO,, and water account for 80-98% of total effluent of the fresh vapor phase
cigarette. Among these major inorganic species in the vapor phase smoke, nitrogen
oxides (NOy, or NO and NO,) play a crucial role in radical generation in gas phase
smoke not only because they are major constituents of the vapor phase of the
mainstream smoke of non-filter cigarette (100-600 pg/cigarette) (Hoffmann et al.
2001) but also because NO; can react with a wide range of organic compounds in
cigarette smoke to produce radicals. In addition, approximately 760 of the major
organic compounds in vapor-phase tobacco, including methane, volatile alkenes,
isoprene, butadiene, acetylene, benzene, toluene, styrene and other volatile aromatic
hydrocarbons are also present in the vapor phase smoke. Notably, approximately 110
different aldehydes are present in fresh tobacco smoke (Borgerding and Klus 2005),

which can be possible precursors of radicals in tobacco smoke.
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Table 1.4. Approximate number and classes of compounds identified in fresh tobacco
smoke. (Borgerding and Klus 2005; Hoffmann et al. 2001)

Class Number | Major Compounds Concentration/cigarette
(% of total effluent)

Inorganic ~12 Nitrogen 280-320 mg (56-64%)
Oxygen 50-70 mg (11-14%)
Carbon dioxide 45-65 mg (9-13%)
Carbon monoxide 14-23 mg (2.8-4.6%)
Water 7-12 mg (1.4-2.4%)
Argon 5 mg (1.0%)
Hydrogen 0.5-1.0 mg
Ammonia 10-130 pg
Nitrogen oxides (NOy) 100-600 pg
Hydrogen cyanide 400-500 pg
Hydrogen sulfide 20-90 pg

Hydrocarb | ~760 Methane 1.0-2.0 mg

ons Other volatile alkanes 1.0-1.6 mg
Volatile alkenes 0.4-0.5 mg
Isoprene 0.2-0.4 mg
Butadiene 25-40 pg
Acetylene 20-35 pg
Benzene 6-70 ng
Toluene 5-90 pg
Styrene 10 pg
Other volatile aromatic | 15-30 pg
hydrocarbons

Acids ~230 Formic acid 200-600 pg
Acetic acid 300-1700 pg
Propionic acid 100-300 pg
Methyl formate 20-30 pg
Other volatile acids 5-10 pg

Aldehyde ~110 Formaldehyde 20-100 pg
Acetaldehyde 400-1400 pg
Acrolein 60-240 ug

Nitriles ~100 Acetonitrile 100-150 pg
Other volatile nitriles 50-80 ng

Alcohols ~380 Methanol 80-650 ug
Other volatile alcohols 10-100 pg

The complexity of

the inorganic and organic species, and their high

concentrations in cigarette smoke make tobacco smoke a unique atmospheric model.
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Cigarette Tar and Total Particulate Matter (TPM)
The commonly used “Cambridge filter” is a glass fiber filter used for the
collection of the particulate phase of cigarette smoke. The configuration of the

Cambridge filter and its holder is shown in Figure 1.3.

)
]
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\
|'™
[ S—

Figure 1.3. The configuration of Cambridge filter and holder.

When whole smoke passes through a Cambridge filter pad, the fraction
collected on the filter is known as tar, or more specifically, nicotine free dry
particulate matter (NFDPM)(Cech and Enke 2001), which is total particle matter
(TPM) minus water and nicotine. The fraction passing through the filter is defined as

the gas phase (GP) (Baker 1999).
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aerosol formation

S, = vapor phase or gas phase smoke
S, = particulate phase

S4= tar deposited on the tobacco rod

Figure 1.4. A model of general processes occurring during condensation of
mainstream smoke precursor vapor leaving the burning zone.

Figure 1.4 illustrates the dynamic balance between vapor phase, particulate
phase, and tar. Semi-volatile compounds such as phenol are partitioned between
vapor phase and particulate phase (Townsend 1983).

The tar content of a cigarette is not well defined. It contains thousands of
different substances, which vary in different cigarettes and in different smoking
regimes.

The particle phase of cigarette smoke consists of a distinctly different suite of
compounds from that in the vapor phase. A higher molecular weight fraction of
organic compounds such as nicotine, naphthalene and pyrenes are prone to condense
into tar when the smoke cools. Large amounts of carcinogenic polynuclear aromatic
hydrocarbons, including phenols, catechols, quinones, oleic acid, quinolines and other

aza-arenes, are also present in the particulate phase. The distribution of ionizable
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species, such as amines and nicotine, between gas phase and particulate phase is very
sensitive to the pH of the aerosol liquid, which may be controlled by additives in
tobacco (Pankow 2001).

A summary of major constituents of the Particulate Matter in the mainstream
smoke is shown in Table 1.5 below.

Table 1.5. A summarized table of major constituents of the Particulate Matter in the
mainstream smoke by Hoffmann et al.

Compound ug / cigarette
Nicotine 100-3000
Total nonvolatile hydrocarbons (45)™° 300-400
Carcinogenic polynuclear aromatic hydrocarbons | 80-160
Phenol 60-180
Other phenols (45)"° 200-400
Catechols (4) 100-200
Other catechols (4) 200-400
Quinones (7) 600-1000
Linoleic acid 150-250
Linolenic acid 150-250
Lactic acid 60-80
Benzofurans (4) 200-300

* Parentheses show the number of individual compounds identified in a given group.
® Estimate. (Hoffmann et al. 2001)

Free Radicals in Tobacco Smoke

It has previously been reported that the burning of tobacco produces
semiquinone-type free radicals, which can induce oxidative stress and DNA damage.
There are two distinctly different populations of radicals in cigarette smoke: short-
lived radicals in gas-phase and relatively persistent long-lived quinone and
hydroquinone radicals in the tar (Pryor et al. 1983b).

Primary free radicals are generated during the tobacco components pyrolysis
and direct thermo decomposition. When TPM is exposed to air at room temperature,

it can generate secondary free radicals, which strongly depend on the constituent,
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temperature range, and atmospheric exposure time. Many studies have shown that tar
contains a variety of environmentally persistent radicals, such as quinones and semi-
quinones, which can reduce O, to produce QH radical and eventually OH radical
(Pryor 1985; Pryor et al. 1983a; Maskos et al. 2008; Pryor et al. 1983a).

Persistent radicals have been found from the pyrolysis of tobacco (Adam et al.
2009). Persistent free radicals are usually associated with free radicals present in the
structural biomass of the plant (polyphenols, carbohydrates, and lignin). ESR results
show that the free or chemically TPM bound hydroquinone/catechol-type species are
oxidized by ambient air to produce semiquinone-type radicals (Maskos et al. 2005).

Surprisingly, inconsistent with their highly reactive nature, free radicals are
also detected well beyond the burning site, even as long as 10 minutes post
combustion (Cueto and Pryor 1994; Flicker and Green 1998, 2001; Pryor et al. 1993).
To explain this paradox, Pryor et al. (Pryor et al. 1993) proposed that radicals are
continuously formed and destroyed in the gas phase by a steady state mechanism
based on the addition of NO; to alkyldienes. However, recent studies have raised
questions about this steady state mechanism because of the lack of evidence for NO,-
containing radicals and the discovery of apparently unrelated radicals, such as
alkylaminocarbonyl and acyl radicals in mainstream smoke (Bartalis et al. 2007;
Bartalis et al. 2009). In addition, several studies have indicated that the Cambridge
filter, which separates gas phase smoke from total particulate matter (TPM),

substantially influences the generation of radicals in smoke (Wooten 2011).
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1.3 Significance of Free Radicals

1.3.1 Atmospheric Chemistry

Free radicals play a vital role in the atmospheric chemistry of both the
stratosphere and the troposphere. For example, ozone is the most important trace
constituent in the stratosphere, where it is generated by photolytic decomposition of
O, as shown in Scheme 1.4. However, radicals such as bromine and chlorine radicals
resulting from photolysis of many industrial gases, including chlorofluorocarbons
(CFCs) and hydrochloroflurorocarbons (HCFCs), can attack ozone molecules,
initiating catalytic cycles that deplete ozone as shown in Scheme 1.5.

Oy +hv—0O+0

Scheme 1.4. Ozone generation in the stratosphere.

CFCl3+ hv — CFCly+ Cl
CFCly+ hv — CF,ClL+ Cl
Cl+ 03 — ClO + Oy
ClO+0 — Cl+ O,

Net reaction: O+ 03 — Oy + Oy

Scheme 1.5. Ozone depletion reactions by chloride radical resulting from photolysis
of chlorofluorocarbons.

The chloride radical is very destructive to ozone in the stratosphere because of
the reaction loop which regenerates chloride radical, as shown in Scheme 1.5 (Pandis

1998). On average, one chlorine radical can destroy 10° ozone molecules before it is
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