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A Note on the Cover Illustration

The water and ink illustration on the cover is the middle panel of a triptych I
created at Drew in Spring 2015 in the course Drawing I1. The triptych depicts three
aspects of my experience at Drew—art, science, and writing. The left panel is a drawing
of the entrance to the Arts wing of the Dorothy Young Center for the Arts, with charcoal
as the medium since it is a commonly used drawing material. The middle panel features
the experimental setup I used to conduct my research. Water and ink symbolize the
aqueous phase of the reaction I’ve studied. The right panel combines charcoal and ink in
an illustration of The Acorn office, which has been my Thursday night home for the last
four years and where I’ve developed my writing and journalism skills. Both charcoal and
ink were used to reflect the combining of my areas of study and also my future goals of

creatively communicating about science in the writing and journalism fields.
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Abstract

Ozone is a major atmospheric pollutant, a central component of smog, a lung
irritant, and able to react with abundant organic atmospheric aerosols. The gas phase
ozonolysis of volatile organic compounds has been extensively studied and shown to be a
major pathway for the formation of secondary organic aerosol (SOA). Although recent
work indicates that aqueous processes account for a major fraction of SOA, little is
known about aqueous phase ozonolysis. In the present research, we studied the
ozonolysis of a-terpineol in aqueous solutions to model the chemistry of atmospheric
droplets at varied ozone concentrations (131, 480, and 965 ppb). 'H Nuclear Magnetic
Resonance Spectroscopy (NMR) monitored the experimental progress of this reaction,
and one- and two-dimensional NMR along with Gas Chromatography-Mass

Spectrometry (GCMS) and Infrared Spectroscopy (IR) identified products.

O (@) O
+ O3 + +
> OH -OH o
OH @] O (0]

a~terpineol cis-lactol trans-lactol lactone
27% 43% 19%

The second-order rate coefficient of the aqueous reaction is 9.93 x 10® M's™ with a
lifetime of 5.2 min, 15 times shorter than in the gas phase (lifetime of 79 min). Formation
of products of decreased volatility suggests ozonolysis of a -terpineol yields more
condensible secondary organic material and therefore potentially increased impact on

climate, visibility, and health.
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Chapter 1.  Introduction
1.1 Importance of Studying Aerosols and Atmospheric Chemistry

1.1.1 Large Atmospheric Abundance of Organic and Inorganic Aerosols At
less than 2.5 microns across, a single aerosol particle is invisible to the naked eye, but
when aerosols accumulate in the atmosphere to the concentration 559 pg/m’ creating
thick smog, they cannot be ignored.' The concentration of PMs 5 acrosols in Beijing’s
atmosphere on January 2, 2016 was just that, 22 times the interim level of protection (25
ng/m’) set by The World Health Organization.” For residents of the city, this is not an
oddity, but a normality requiring the use of face masks outdoors, and likely indoors as
well. In Beijing and other urban environments, the emission sources of aerosols include
vehicle exhaust, fossil fuel combustion, biomass burning, road and soil dusts, cooking,
vegetative detritus, and metal processing.’

Aerosols are either organic or inorganic particles suspended in the atmosphere.
Organic aerosols are carbon-containing compounds emitted particularly through plant
processes, biomass burning, and fossil fuel combustion, whereas inorganic aerosols
include mineral dusts, soil, and sea salts.* Most organic aerosols are formed through
atmospheric chemistry of volatile organic compounds (VOCs) (e.g. isoprene and
monoterpenes from plants, acetone from paint coatings, and gasoline from fossil fuels),
which are gases at room temperature. It is estimated (perhaps underestimated) that there
have been up to 100,000 different organic compounds measured in the atmosphere.’

VOC:s are of particular interest due to their ubiquitous presence in the atmosphere

and their impact on climate. Research studying global emissions of gases and aerosols



found that the mean value of VOCs emitted into the atmosphere over a 30-year period
from 1980-2010 was 760 Tg/year.® It is difficult to imagine a teragram, let alone 760 Tg.
This value is equivalent to the mass of over 5 million blue whales (average mass: 150
metric tons) being emitted into the atmosphere every year.” The biggest VOC contributor
is isoprene, totaling 594 Tg/year. When a compound contains two isoprene units, it is
called a monoterpene. Monoterpenes contribute 95 Tg/year. The products of reactions
involving VOCs are secondary organic aerosols (SOAs), which are the subjects of
numerous atmospheric chemistry studies.

1.1.2 Aerosols’ Impacts on Visibility, Climate, and Health The most immediate
and noticeable impact of aerosols is the reduction of visibility by scattering light in the
atmosphere, resulting in smog and haze. Visibility is the relative ability of an object to be
seen via the perceiving of light particles by the eye-brain system. This psychophysical
process detects relative differences in brightness, which involves factors such as
illumination by the sun, physical characteristics of the object, optical characteristics of
atmospheric particulate matter, and the response of the eye-brain system.® Aerosols
reduce visibility by diffraction, refraction, phase shift, and absorption of particles of light
called photons.

Aerosols can directly or indirectly impact climate, which is quantified in terms of
aerosols’ radiative forcing. Radiative forcing (RF) expressed in Watts/m? is the net
energy change of solar and terrestrial radiation on Earth caused by anthropogenic or
natural changes in the atmosphere (e.g. aerosol emissions), Earth’s surface, and solar

activity.” These values enable comparison of climate responses caused by different



atmospheric components. Absorption of terrestrial radiation by greenhouse gases (carbon
dioxide, ozone, methane, and nitrous oxide) results in positive RF values which describe
a net warming effect.'” Scattering and reflection of solar radiation by aerosols results in
negative RF values which describe a net cooling effect. In 2011, aerosol-radiation
interactions were estimated to have an RF of -0.35 Watts/m” with an error bar of -0.85 to
+0.15 Watts/m? which appears to be net cooling; however the error indicates a possible
net warming effect as well.” In 2013, the Intergovernmental Panel on Climate Change
reported only a medium confidence level in its values reported for total aerosol effect
demonstrating the need for further scientific understanding of aerosols.

Aerosols indirectly impact climate via cloud formation by acting as cloud
condensation nuclei. Clouds consist of condensed water molecules, which are very small
at diameters of 0.00025 pm."" Their small size makes it difficult for water molecules to
form strong enough interactions to form cloud droplets, instead requiring a surface with a
diameter of at least 2 um on which they can condense.'” These surfaces are referred to as
cloud condensation nuclei (CCN) and can consist of organic and inorganic aerosols.
More is known about inorganic aerosols as CCN than organic aerosols. Organic
compounds are mostly nonpolar compounds and therefore not typically soluble in water,
but some oxidized organics are partially soluble. However, the partially soluble organic
aerosol adds solute to the growing water droplet which decreases both its critical
supersaturation and surface tension, resulting in accumulation of many smaller droplets
as opposed to few larger droplets."” The numerous smaller droplets have greater surface

area to reflect light, and are therefore whiter. The measure of a cloud’s whiteness is cloud



albedo. Greater aerosol concentration means more CCN to seed denser clouds of smaller
droplets, and therefore have a higher albedo, reflecting more light back into space, and
leaving less energy to heat the Earth’s surface resulting in an indirect effect of a global
negative RF value (net cooling effect).'* '* However, darker organic aerosols, such as
brown carbon, absorb radiation resulting in a direct warming effect on the atmosphere.
Aerosols can impact climate by cooling and heating; their abundances vary around the
planet. Therefore, there is uncertainty about the climate impact of aerosols necessitating
more study.

The health hazards of aerosols are due to their small size. With diameters less
than 2.5 microns, aerosols can penetrate alveoli of lungs, produce scarring, and cause
respiratory and cardiovascular effects, potentially increasing mortality rates.” '* A health
impact assessment found that cardiopulmonary mortality in 23 European cities studied
could be reduced by over 11,000 deaths if the concentration of PM; s is reduced to 15
ng/m’.'® Interactions of organic aerosols, nitrogen oxides, and ultraviolet light can reduce
visibility by scattering light in the atmosphere during episodes of photochemical smog."’
Organic compounds that contribute the most to smog formation are terpenes.'®

1.1.3 Chemical Modification of Aerosols in the Atmosphere by Ozone Although
observations of aerosol effects date back at least to the 18" century, there is still much to
be studied especially their chemical modification in the atmosphere.'*° Studying how
aerosols form, transform, and are removed from the atmosphere will increase scientific
understanding of aerosols’ environmental effects.”’ Of particular interest to atmospheric

aerosol research are aerosol interactions with oxidants such as ozone. Below the



stratosphere, which contains the ozone layer, is the troposphere, the atmospheric layer
nearest Earth’s surface. The troposphere contains ozone pollution at background
concentrations ranging from 35 to 50 ppb in the Northern Hemisphere, with episodes of
very high concentrations in urban areas ranging from 200 to 400 ppb.”' As a highly
reactive species, ozone is an effective reagent for cleaving carbon-carbon double bonds
(C=C), also called alkene bonds.”* Alkenes are particularly present in the atmosphere in
the form of monoterpenes such as a-terpineol (Figure 1), which is the compound of

interest in the present study.

OH

Figure 1. Structure of a-terpineol.

This cyclic terpene alcohol can enter the atmosphere directly as an emission from plants,
as a component of essential oils such as pine, camphor, neroli, and petitgrain used in
household cleaners and perfumes, or as an oxidation product of other monoterpenes such
as limonene.” Some have described o-terpineol as the most important monocyclic
monoterpene alcohol because it can be obtained from other key monoterpenes by simple

reactions.



1.2 An Introduction to Ozonolysis Chemistry

1.2.1 Simple Ozonolysis The specific term for ozone’s cleaving of C=C bonds,
like that of o-terpineol, is ozonolysis.** Often the term ozonation is used interchangeably
with ozonolysis, but it is a more general term meaning the action of ozone on a substance
not specifically on alkenes. The first step of ozonolysis is the 1,3-dipolar cycloaddition of
ozone to the unsaturated sites of the C=C bonds, to form a 1,2,3-trioxolane ring, or
primary ozonide (POZ), shown in Figure 2.7*?* This intermediate species contains the
inserted bridge of three O atoms, while retaining the sigma-bond between the C atoms. A
cycloaddition is a reaction that joins two & systems of electrons to produce a ring
structure.”” A cycloaddition is a concerted reaction because it occurs in one step as
opposed to stepwise addition, in which reactions occur in multiple steps with reactive
intermediates. The arrow-pushing mechanism shown in Figure 2 demonstrates the cyclic

aspect of the movement of the electrons.

Figure 2. Arrow-pushing of electrons in concerted 1,3
cycloaddition step forming primary ozonide (POZ) ring
structure.

Computational research studying the reactivity trends of dipolar cycloadditions has

compared these mechanisms to stepwise additions, and has found that cycloadditions



have lower energy barriers than stepwise additions with differences in the range of 5-33
kJ/mol.**

The favorability of this addition can be understood using frontier molecular
orbital (FMO) theory.*® %’ This theory considers only the the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of a reaction. The
HOMO acts as a nucleophile while the LUMO acts as an electrophile. In ozonolysis, both
species have m systems with ozone having a 4 electron system and the alkene having a
21 electron system.”® Ozone is an electrophilic 1,3-dipole. The alkene is a dipolarophile.
The alkene’s HOMO and ozone’s LUMO have a small energy gap between them (Figure

3), which makes for a better overlap and interaction of the FMOs which is favorable.?®

O3 g Figure 3. Ozone’s lowest
LUMO 80/ N 8 unoccupied molecular orbital

© (LUMO) and the alkene’s
\ K highest occupied molecular
N I orbital (HOMO) overlap

alkene beginning the ozonolysis
HOMO reaction.



The formation of the POZ is highly exothermic (-228 kJ/mol) with the excess
energy causing the POZ to collapse rapidly by homolytic cleavage of the C-C bond and
one O-O bond in a unimolecular cycloreversion process, also exothermic (-11 kJ/mol).*’
This yields two fragments, one containing a carbonyl bond and the other a carbonyl oxide

at the sites of fragmentation (Figure 4).
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Figure 4. The fragmentation of the primary ozonide can yield two
different pairs of fragments. Each pair consists of one fragment with a
carbonyl and the other with a carbonyl oxide.

Depending on the substituents of the C-C bond and which of the two oxygen-oxygen
single bonds (O-0) breaks, two different pairs of fragments can be produced. The
carbonyl oxide containing species is a biradical known as the Criegee Intermediate (CI).

The identity of this intermediate dates back to 1949 when Rudolph Criegee, an enthusiast



of ozone chemistry, began to study the mechanism of ozonolysis which became known as
the Criegee Mechanism.?
The post-POZ fragments can then rearrange through an exothermic (-211 kJ/mol)

1,3-cycloaddition process to give 1,2,4-trioxolane, or secondary ozonide (SOZ) shown in

29
Scheme 1.
o
o o / AN //o
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intermediate ozonide

Scheme 1. Formation of secondary ozonide.

This product is more stable than previously thought. Although it can and has been
isolated, its ring structure is highly strained at low molecular weight causing it to be
potentially explosive.*® SOZs of such monoterpenes as limonene, 3-carene, 4-carene,
isolimonene, have been identified using Gas Chromatography/Mass Spectrometry
(GCMS) and "*C Nuclear Magnetic Resonance Spectroscopy (NMR).*! The SOZ can
then proceed to form further products depending on the presence of oxidative or
reductive reagents and the phase of the reaction.

1.2.2 Organic Ozonolysis Synthesis Ozonolysis is a typical process found in
organic synthesis literature for its usefulness in cleaving C=C bonds. In organic
synthesis, the SOZ leads to formation of aldehydes, ketones, and carboxylic acids,
depending on synthetic workup.** These workups (Scheme 2) involve either reductive
reagents like zinc metal (Zn) in acetic acid (CH3;COOH), or sodium iodide (Nal); or

oxidative workups like potassium permanganate (KMnQy) in neutral or acidic solution, or
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formic acid (HCO,H) and hydrogen peroxide (H,0,).** ** Reductive workups typically
yield products containing aldehydes (R(C=0)H) or ketones (R(C=0O)R). Oxidative
workups typically yield products containing carboxylic acids (RCO,H). Much recent
research involving ozonolysis has not been in organic synthesis, but in atmospheric

studies particularly of monoterpenes.

(0]
g HO,C
1) Og, HCOLH COH
H
2)H20, COH
: HO,C
(0]
CH,CH=—=CHCHJCI CH,CH=—=0
b 1) O
ﬁ
2) Nal
NO» NO,
1) 04
— EE—— 1) o
2) Zn, HyO*

Scheme 2a. Oxidative workup.
Scheme 2b. Reductive workups.

(e}

Ozonolysis in atmospherically relevant phases like gas, heterogeneous, aqueous,
and surface-adsorbed differ greatly from organic synthesis. In the atmosphere, oxidative
and reductive reagents are not added to workup products. The next section will discuss
more specific distinctions between atmospheric and typical organic synthesis.

1.3 Atmospheric Ozonolysis Reaction Environments and Their Relevance
1.3.1 Gas Phase The most studied reaction environment of ozonolysis is the gas

phase. In the gas phase, VOCs react with ozone, NOs, and *‘OH forming products that are
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condensed or dissolved in bulk aerosol phase.** The rearrangement of the POZ to form

the SOZ is unlikely in the gas phase and instead the POZ will decompose and fragment

rapidly.* CIs have been indirectly established as a source of free radicals like hydroxyl

radicals (-OH) in the atmosphere.”* For example, the ozonolysis of ethene and terminal

alkenes form the CI, "CH,0OO" and stable reaction products

H,O and HC(O)OH by the mechanism shown in Scheme 3.

including HC(O)H, CO, CO,,

24

- £
0—o o} o Q
X — X — )K
7 H H H OH
"CHZOO'I H H L
M \ —>» H+H+CO,
- OH + HC(0) — H+ *OH+CO
—> H,+CO,
*CH,00"

Scheme 3. Mechanism of .CHZOO. decomposition.

These gas-phase products are small due to the fragmentation of the POZ and lack of SOZ
formation which would retain larger sizes instead of smaller fragments.”> However,
aqueous ozonolysis mechanisms yield larger products since the SOZ is formed. A
comparison of gaseous and aqueous mechanisms is shown in Figure 5.

Studies of the gas-phase ozonolysis of a-terpineol have identified the following
products with 33.5% total carbonyl yield using Gas Chromatography/Mass Spectrometry
(GCMS) and proposed mechanisms: 2-oxopropanal (major product), ethanedial, 4-
methyl-3-cyclohexen-1-one, 6-hydroxy-hept-5-en-2-one, 1,4-butanedial, and 4-
oxopentanal (Scheme 4).>* 37 The first-order reaction rate constant was determined by
measuring the decrease in ozone concentration with excess a-terpineol, and was reported

to be 3.0 x 107'° cm® molecules™ s1.%’
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OH (0]
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2-oxopropanal ethanedial X -hept-5-en-2-
+ 03 prop 4-methyl-3-cyclohexen-1-one 6-hydroxy-hept-5-en-2-one
—_—
OH O
a-terpineol WO (0]
+ o7 + ™
1,4-butanedial 4-oxopentanal

Scheme 4. Products of the gas-phase ozonolysis of a-terpineol.

1.3.2 Aqueous Phase Aqueous ozonolysis describes ozonolysis reactions
occurring in the presence of water in the aqueous environment. It has been proposed that
water can stabilize the energy-rich Criegee radicals resulting in differing total carbon
yields for aqueous versus gas-phase ozonolysis of isoprene.” It was concluded that gas-
phase allows for decomposition, isomerization, stabilization, and bimolecular reactions of
the CIs, whereas in aqueous-phase, water stabilizes and reacts bimolecularly with the Cls.
Due to the increased presence of water molecules in cloud and fog environments, it is
suggested that the increase of water molecules leads to a major increase in CI
stabilization and subsequent aqueous-phase product formation.®

1.3.3 Heterogeneous Phase The term heterogeneous describes reactions in which
the reactants are not in the same phase. This includes reactions between gases and liquids,
gases and solids, solids and liquids, and surface-adsorbed reactions. Most atmospheric
studies of heterogeneous reactions involve the surface-adsorbed reaction. Surface-
adsorbed describes reactions in which one reactant (adsorbate) is adsorbed onto a
material (adsorbent) creating a thin film prior to being exposed to another reactant,
typically a gaseous flow. An example mechanism of catechol heterogeneous ozonolysis is

shown in Scheme 5.%
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{OH
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TS1b
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OH
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Scheme 5. Ozonolysis of catechol.”

Research has shown that heterogeneous ozonolysis of organic compounds proceed at
faster rates than their homogeneous gaseous counterparts.”” ** Several studies have
focused on the fate of semi-volatile organic pesticides in the atmosphere. One group of
researchers compared their own data of three different pesticides adsorbed on quartz to
seven other adsorbates on six different adsorbents.*' They found that ozone reactivities
depend on both the structure of the adsorbate and the material serving as the adsorbent.
The researchers determined the tropospheric lifetimes of the pesticides based on their
reactivities toward ozone, finding they ranged from 5 min. for benzo[a]pyrene on soot to
12 months for folpet (2-(trichloromethylsulfanyl)isoindole-1,3-dione) on quartz plaques,
with most adsorbate/adsorbent combinations providing half lives longer than one week.
The longer lifetimes led the researchers to suggest that the pesticides can be transported
to regions away from their application site.

Other atmospheric heterogeneous reaction studies focus on ozonolysis of biogenic
VOC:s such as isoprene and monoterpenes. One study found that isoprene’s oxidation
products, methacrolein and methyl vinyl ketone yielded a greater amount of products in a
heterogeneous reaction (adsorbed on silica (Si0;)) than in a homogeneous gaseous
reaction, suggesting that the heterogeneous reaction is competitive with the homogeneous

reaction.*?
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The surface reaction of ozone and a-terpineol adsorbed on beads of three typical
indoor surfaces, glass, polyvinyl chloride (PVC), and latex paint has been studied to
determine the effect of relative humidity on these reactions.* The presence of water was
found to have the greatest affect on glass surfaces. Relative humidity changed the
adsorptive capacity, but made little impact on the second-order reaction rate constant, &,
and ozone reactivity was dependent on the interfacial activity of a-terpineol. This study
compared surface ozonolysis of a-terpineol to gas-phase ozonolysis, and found reaction
probabilities on surfaces to be larger. The rate constant, k,, for the surfaces studied were
found to be in the range of (2-15) x 107 cm® molecule™ s™.

1.3.4 Present Research Several atmospheric chemistry studies have focused on
gas-phase ozonolysis, and consequently, there is little known about aqueous-phase
reactivity. The present research seeks to understand the aqueous ozonolysis of a-
terpineol, both its products and mechanism, using one- and two-dimensional Nuclear
Magnetic Resonance (NMR) Spectroscopy and Gas Chromatography/Mass Spectrometry
(GCMS) techniques to monitor the reaction and identify its products. Defining the phase
of this reaction is more complex than in simple aqueous solution because gaseous ozone
is used, and ozonolysis can occur in solution near the surface, in the bulk of the solution,
or at the interface. Recent reports suggest that surface or interfacial reactions may be
more significant than bulk-phase reactions.*® The aqueous droplet reaction environment

is modeled in Figure 6.
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Interfacial Reaction
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Figure 6. The aqueous environment, such as in cloud droplets, is an unusual
medium for ozonolysis, as it differs from both organic synthesis and gas phase.
The reaction may take place in the bulk of the droplet or at the interface.

Although uncommon, NMR spectroscopy has been used for structural analysis of
organic aerosol experiments.** NMR experiments, both 1-D (‘H) and 2-D (COSY and
HSQC), have been used to identify limonene SOA functionalities in a mixture of
multifunctional compounds that were difficult to isolate. Abundance of the different
functionalities has been quantified using ratios of integrated signals of different
functionality regions. The ozonolysis of aqueous a-terpineol may contribute to the
formation of secondary organic matter in cloud droplets. This research seeks to better
understand the role of aqueous chemistry in the atmosphere, its kinetics, mechanism, and

atmospheric impact in comparison to the much-studied gas chemistry in the atmosphere.
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Chapter 2. Methods

2.1 Ozonolysis Reaction

2.1.1 Reaction Preparation A saturated solution (~6 mL, ~3mM) of a-terpineol
was prepared by sonicating excess o-terpineol in deuterated water for 10 min.
Tetramethylammonium chloride (N(CH3)4Cl, 0.05g) was then added to 5 mL of the
solution for a final concentration of 91 mM. Tetramethylammonium chloride was chosen
as the internal standard because it is nonvolatile, does not react with the starting
materials, and its '"H NMR peak does not overlap with that of the reactants and products.
The experiment was conducted in a 1-L round-bottom flask attached to a rotor (Buchi RE
111) spinning at maximum speed to create a thin film on the inner surface of the glass

with a surface area of 265 cm®. The reaction set up is shown in Figure 7.

O,
~

Figure 7. Reaction set up includes a rotating round-bottom flask, which creates a
thin film of the aqueous a-terpineol solution containing tetramethylammonium
chloride as the internal standard, and air mixed with ozone flowing into the flask.

Ozone was produced by a photolytic ozone generator (Jelight 600). It was mixed
with air and allowed to flow into the flask. Ozone and air flow rates were monitored with

flow meters (Matheson 600 E100) and held relatively constant at a combined flow rate
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which varied from 56.53 to 60.46 sccm. Separate experiments were conducted with
varying ozone concentrations (approximately 131, 480, and 965 ppb) which were
measured with an ozone monitor (Jelight 465L) before the reaction. Additional variables
were studied, including acidifying the environment by adding sulfuric acid (5 pL, 0.10
M) and changing the solvent to methanol. Acidifying the solution did not impact the
results. Changing the solvent to methanol did not yield a reaction between ozone and a-
terpineol.

2.1.2 Reaction Monitoring and Product Extraction 'H NMR spectra were taken
of the a-terpineol solution before the reaction and at 30 and 60-min intervals until
reaction completion, which ranged from six to twenty-four hours, depending on O;
concentration. Products were extracted into deuterated chloroform (CDCls) using a
separatory funnel and concentrated with a gentle flow of nitrogen gas. The concentrated,
extracted products were analyzed with lH, 13C, COSY, and HSQC NMR, GCMS, and
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR).
NMR is a non-destructive technique, whereas GCMS and ATR-FTIR are destructive
techniques.

2.2 Product Identification

2.2.1 One-Dimensional Nuclear Magnetic Resonance Spectroscopy By
exploiting the magnetic properties of atomic nuclei, Nuclear Magnetic Resonance
Spectroscopy (NMR) provides structural information about organic molecules. The
nucleus of an atom carries a positive charge because it consists of positively charged

protons and neutral neutrons. The “spinning” of positively charged nuclei having either
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an odd atomic number or odd atomic mass generates a magnetic field with a magnetic

moment p, as shown in Figure 8.%

1

()

Figure 8. A spinning nucleus
generates a magnetic field with
a magnetic moment, p.*’

Organic molecules contain the common atoms carbon, hydrogen, oxygen,
nitrogen, phosphorus, and fluorine. All of these except oxygen have isotopes meeting the
odd atomic number criteria, such that 'H and '*C have a spin magnetic moment, which
can be either + or -, but '>C and '°O do not. The spinning nuclei have a non-zero spin
quantum number, /. Isotopic nuclei with / =’ are the predominant type of nuclei studied
using NMR.

NMR is based on the principle that molecular structure can be elucidated based on
how the structural arrangement of atoms affects nuclear magnetic properties. The
experiment involves applying a strong, superconducting external magnetic field to nuclei
of magnetic isotopes such as 'H and "*C by placing the nuclei between poles of the
magnet. Prior to experiencing the applied magnetic field, the nuclei have random

orientation and two spin states, +'2 and -2, of degenerate (equal) energy. When
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experiencing the applied magnetic field f,, the spins of the nuclei can become aligned
with the magnetic field, which is the low-energy state, or against the magnetic field,
which is the high-energy state. The splitting of the two states into different energies is
called the Zeeman effect.*’

Energy is pulsed on the order of microseconds to excite the nuclei from the low-
energy state to a high-energy state. Between pulses, the nuclei relax back to the low-
energy state. During this relaxation, the nuclei release radiation (Figure 9), which is
described on the free induction decay (FID) within a time domain. To obtain the
frequency domain spectrum, the FID signal is Fourier transformed to a spectrum with

frequency and concentration domains.

A
frequency
emission
NMR %
E absorption
relaxation
v
>

Figure 9. When a magnetic field is applied, an energy gap exists
between the spin states. A nuclei relaxing from high to low energy
emits energy at a specific frequency but is usually accomplished by
non-radiative processes.

The radiation absorbed is characteristic of different nuclei according to the

specific electron density surrounding those nuclei, which varies depending on the

neighboring atoms. The effective magnetic field a nucleus experiences is not equal to the
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applied magnetic field; it depends on the surrounding atoms and their electron density
because electron density shields the nucleus from the applied magnetic field. A nucleus
experiencing more of the magnetic field is described as deshielded, while a nucleus
experiencing less of the magnetic field is described as shielded. Shielding and
deshielding affect the frequency absorbed, and the variation of the frequency is referred
to as chemical shift, in units of ppm.

Close proximity to single atoms or groups of atoms that remove electron density
will deshield a nucleus, resulting in a higher frequency and chemical shift. An example of
a group of atoms with this effect is the aldehyde, which contains a carbonyl (carbon-
oxygen double bond). Oxygen is more electronegative than carbon, so it will draw
electron density away from carbon. This in turn draws electron density away from the
proton bonded to the carbon, which makes the carbonyl an electron-withdrawing group.
This exposes the proton’s nucleus to more of the applied magnetic field, resulting in a
high chemical shift for the aldehydic proton in the 9-10 ppm range. A proton on an
alkane chain is well shielded because the surrounding atoms (carbon and hydrogen) do
not greatly withdraw electron density from the given proton. Therefore, the proton
experiences less of the magnetic field, resulting in a low chemical shift in the 0-2 ppm
range.

Chemical shifts are also affected by pi bonds. This type of bonding is present in
multiple bonds, such as the double bond of alkenes (C=C). This bond consists of a sigma
bond composed of overlapping hybridized orbitals and a pi bond composed of

overlapping p orbitals. The electrons of the pi bond circulate, which induces a local
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magnetic field. This induced magnetic field exists in the same direction as the applied
magnetic field of the NMR’s magnet, reinforcing the field experienced by the proton,
which deshields the nucleus of the proton. This results in a higher chemical shift for
alkene protons in the 4-6 ppm range, as compared to alkane protons in the 0-2 ppm range.
Comparing an experimental chemical shift to typical ranges of alkanes, alkenes,
aromatics, carbonyls, alcohols, ethers, esters, amines, etc. can elucidate the structural

elements of a molecule. Tables 1 and 2 report typical NMR proton and carbon chemical

Table 1. Proton chemical shifts. Table 2. Carbon chemical shifts.
Approximate Approximate
Functionality | Chemical Shift Functionality Chemical Shift
Range (ppm) Range (ppm)
alkane 0.2-2.0 alkane -2-45
alkene 4.5-6.2 saturated alkene 110-160
alkyne 1.5-3.7 disubstituted alkene 140-160
aromatic 6.4-8.2 alkyne 65-80
ketone 2-2.5 aromatic 110-160
alcohol 3.3-4.1 ketone 195-215
ether 3.1-3.9 alcohol 50-75
ester 3.5-4.3 ether 60-80
amine 2.5-3.1 ester 160-175
aldehyde 9.7-10.3 amine 25-65
aldehyde 190-205

shifts, respectively. The molecule tetramethylsilane (TMS) (Figure 10) is used as a
reference in NMR because few protons are more shielded than those of TMS. Therefore,
the chemical shift of the protons of TMS is assigned the value of 0 ppm. Proton chemical
shifts are given values based on how deshielded they are compared to the protons of

TMS.



CHs
Figure 10. All 12 protons of
H,C——Si—CH, tetramethylsilane have a chemical
shift of 0 ppm.
CHj

Just as neighboring proton nuclei affect the chemical shift of a proton, the
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neighbors also affect a proton’s signal by splitting it, making one spin state more favored

than the other. This effect, called spin-spin splitting or indirect coupling, occurs because

the spin of a nucleus polarizes surrounding electrons slightly which in turn polarizes the

electrons of a neighboring atom, which polarize that atom’s nucleus, splitting the signal

into the two spin states.*’ The splitting of a signal is quantified as multiplicity. A proton

without neighboring nuclei has a signal that is not split, thus the multiplicity is 1 and a

singlet splitting pattern results. A proton with one neighbor has a signal with two peaks,

thus a multiplicity of two and a doublet splitting pattern results. Table 3 describes further

multiplicities.

Table 3. The splitting pattern of a

nucleus’s signal is dependent on its

number of neighboring nuclei.

Number of | Multiplicity [ Splitting
Neighboring Pattern
Nuclei n+1
n

0 1 singlet

1 2 doublet

2 3 triplet

3 4 quartet
4+ 5+ multiplet

Neighboring nuclei within two bonds from each other (vicinal) are said to be

coupled to each other. The peak intensities are specific to the splitting pattern and follow
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the binomial expansion of coefficients in Pascal’s triangle (Figure 11). The numbers of
each symmetric row correspond to the ratio of peak intensities. For example, a proton
with two neighbors will have triplet splitting pattern. The middle peak in the triplet signal
will be the tallest and the peaks on either side will be half the height of the middle peak.

Figure 12 shows how the splitting patterns appear in a NMR spectrum.

Figure 11. Pascal’s triangle. Each row is
symmetric and the numbers correspond to
a ratio of a signal’s peak intensities.

L

singlet doublet triplet quartet multiplet

Figure 12. Splitting patterns of nuclei.
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The difference in frequency of the peaks in a signal is called J coupling and can
provide information about the angle between a specific proton and its neighbors. When
looking straight on at a carbon atom, the angle between protons on each carbon is called

the dihedral angle, @ (Figure 13).

Figure 13. The angle between
nuclei three bonds away from each
other is the dihedral angle.

The Karplus equation (Equation 1) describes the relationship between the dihedral angle
and J coupling values.*’

A cos’¢+C =0-90°
JZ{ cos’ © ) (Equation 1)

Acos?dp+C (6=90-180°)
Constants vary depending on the system, but C and C’ are usually less than 0.3Hz and A
and A’ are 8-14Hz with A less than A’. The graph shown in Figure 14 demonstrates the J
value as a function of the dihedral angle in the Karp lus equation. Maxima lie at angles

nearing 0° and 180°, and the minima lies at angles nearing 90°.
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Figure 14. The Karplus equation as
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NMR solvents are deuterated in order to lock the signal of the sample and to
ensure they do not interfere with the 'H signal of the compound. The signal can drift
which requires locking of a nucleus that will not be observed or decoupled. Since 'H is
being observed, another candidate to 1 ock onto is deuterium (*H), a heavy isotope of
hydrogen, which contains a proton and a neutron in its nucleus instead of just a proton
like hydrogen. Solvents like water, chloroform, and methanol are deuterated by replacing
all of their hydrogen atoms with deuterium atoms. The NMR instrument locks to the “H
signal of the solvent. The present research studies aqueous ozonolysis, therefore water
would be the desired reaction solvent, but deuterium oxide (deuterated water) is used
instead in order to study the reaction progress with NMR.

'H and "°C NMR spectra are referred to as one-dimensional. The x- and y-axes
display frequency (chemical shift) and intensity, respectively. For 'H NMR, the

integrated area under a peak is called integration and proportionally corresponds to the
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number of protons of that type. The ratio of integrations describes the ratio of proton

types in a molecule. The 'H and '*C NMR spectra of a-terpineol are shown in Figures 15

and 16, respectively, as examples.
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Figure 15. Labeled proton NMR spectrum of a-terpineol.
In the 'H spectrum of o-terpineol, the solvent and internal standard have chemical

shifts of 4.7 ppm and 3.1 ppm, respectively. All chemical shifts and integrations are

reported in Table 4. The integration values are relative to the integration of peak b, which

had the smallest integration and corresponds to a single proton in a-terpineol. The most

intense a-terpineol peak is labeled ““j” and corresponds to the six identical protons of the

two methyl groups near the alcohol with a chemical shift of 1.1 ppm and a relative

integration of 6.9746. It has a singlet splitting pattern because it does not have any non-
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identical neighboring nuclei. The proton on the double bond corresponds to the peak
labeled “a” which has the highest chemical shift (5.4 ppm) because this proton is the most
deshielded. Peak “a” has a relative integration of 1.1036, consistent with its
corresponding to a single proton. Protons on the ring have many neighboring nuclei
coupled to them and varying dihedral angles, so their splitting patterns are very

complicated as demonstrated by peaks b, ¢, d, e, f, h, and 1.

Table 4. Chemical shifts and integrations
of "H NMR spectrum a-terpineol.

Proton Chemical |Integration
Shift (ppm)
a 5.14 1.1036
b 2.01 1.0000
c 1.95 1.0595
d 1.93 1.1167
e 1.79 1.2613
f 1.69 1.0799
g 1.59 3.3723
h 1.44 1.1669
1 1.14 1.1207
] 1.10 6.9746

In the °C spectrum of a-terpineol (Figure 16), the solvent does not have a signal
since it does not contain any carbons. Carbons labeled “a” and “b” have the highest
chemical shifts (135.9 and 120.8 ppm, respectively) as they are alkenes. The remaining
carbons on the ring (d, e, g, h) have lower chemical shifts (44.3, 30.4, 24.9, and 23.6
ppm, respectively) because they are saturated alkanes. This holds for the other saturated
carbons (f and 1) as well. The carbon labeled “c” only has single bonds, but it is not

saturated with protons, so it has a higher chemical shift than the saturated carbons (d-1).
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Figure 16. Labeled carbon NMR spectrum of a-terpineol.

Characteristic NMR assignments of products were verified using theoretical NMR
calculations computed in Gaussian.*® The theoretical calculations used the gauge-
independent atomic orbital (GIAO) method, which is a preferred method for reliable
results.*” Structures for a-terpineol, secondary ozonide, lactone, and cis and trans lactol
1somers were optimized with the B3LYP function using the 6-311++G(d,p) basis set. The
optimized structures were then optimized to consider the effect of the solvent, water, by
using the default solvation model, the Polarizable Continuum Model (PCM), which uses
overlapping spheres to create the solute cavity within the solvent. Following optimization
with solvation, theoretical NMR data were obtained by computing coupling constants (J

values) and chemical shifts. The method used to calculate the coupling constants was
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spin-spin mixed. The theoretical coupling constants were used to generate theoretical 'H

NMR spectra for individual signals as Lorentzian functions

L(x)=l 1"2 (Equation 2)

T (x-x,) +T2

where L is the intensity, /" is the half-width of the signal, x is the chemical shift, and x, is
the center of the signal. Half-widths were arbitrarily assigned to match experimental half-
widths. The theoretical proton 'H NMR spectra were generated using the theoretical and
experimental centers and compared to experimental spectra.

2.2.2 Two-Dimensional Nuclear Magnetic Resonance Spectroscopy Other
NMR experiments add a second frequency domain, which can provide information about
how nuclei correlate through connectivity or space.*’ These NMR spectra are referred to
as two-dimensional because they have two frequency domains. These spectra are
generated by pulsing the sample twice instead of once. Data is acquired during the second
pulse. For one spectrum, multiple experiments are conducted by varying the length of
time for the first pulse.*® The FID of the second time domain is Fourier transformed,
followed by the first time domain. This generates a contour plot. When both axes of the
plot have the same nuclei (homonuclear), the contours on the diagonal are the one-
dimensional spectrum, and any contours off the diagonal represent correlations between
nuclei. The diagonal contours represent the one-dimensional spectrum since the identical
nuclei will always correlate. When the axes of the plot have different nuclei
(heteronuclear), all contours represent correlations between nuclei. The two types of two-
dimensional NMR used in the present study are Correlation Spectroscopy (COSY) and

Heteronuclear Single Quantum Correlation (HSQC). The contours of the COSY plot
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demonstrate correlations between proton nuclei that are within three bonds of each other.
The contours of the HSQC plot demonstrate correlations between proton nuclei and the
carbon nuclei to which they are bonded. The COSY and HSQC contour plots of a-

terpineol are shown in Figures 17 and 18, respectively, as examples.
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Figure 17. COSY NMR spectrum of a-terpineol. The light red highlighted

box is the diagonal representing the one-dimensional proton spectrum. The

blue box shows an example of off-diagonal contours.

In the COSY spectrum of a-terpineol, the diagonal is highlighted in light red and
corresponds to the 'H NMR spectrum. Visually it appears as a bird’s eye view of the
spectrum. Identical nuclei have contours that make up the diagonal. For example, 1.5

ppm on the x and y axes has a contour. Off-diagonal contours are correlations between

non-identical proton nuclei within three bonds of each other. For example, the contours in



32

the blue box show correlations between the 1.0 ppm signal and both the 1.7 and 1.9 ppm

signals. These correlations agree with the assignments made on the proton spectrum

[13%4]
1

(Figure 15) suggesting these contours are the correlations between proton “i” and protons

‘Gc” and GCd.,Q
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Figure 18. HSQC NMR spectrum of a-terpineol. The 1H spectrum is plotted
on the x-axis. The 13C spectrum is plotted on the y-axis. The blue box shows
an example of a correlation between a proton nucleus (1.6 ppm) and a carbon
nucleus (25 ppm).

In the HSQC spectrum of a-terpineol, there is no set of diagonal contours.
Contours shown are correlations between proton nuclei and carbon nuclei. For example,
the contour in the blue box show correlations between the 1.6 ppm proton signal and the

25 ppm carbon signal. These correlations agree with the assignments made on the proton
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(Figure 15) and carbon (Figure 16) spectra suggesting these contours are the correlations

[{P)

between proton “g” and carbon “1.”

2.2.3 NMR Instrument Parameters and Methods NMR spectra were obtained
using a Bruker 400MHz NMR - ICON-NMR (Automation). All NMR experiments were
conducted in 5 mm NMR tubes. Spectra were taken with deuterated water or deuterated
chloroform as the solvent. a-Terpineol and its ozonolysis products are not very soluble in
water; therefore, spectra were taken with greater than standard number of scans. 'H
spectra were taken with 64 scans; BC with 16384 scans; COSY with 64 scans; and HSQC
with 256 scans. One-dimensional spectra were analyzed in Igor.

2.2.4 Gas Chromatography/Mass Spectrometry A popular analytical technique
for identifying the structures of components in a mixture of organic volatile or semi-
volatile compounds is Gas Chromatography/Mass Spectrometry (GCMS). This
instrument combines two techniques to first separate component molecules in a mixture
and second to ionize these components to determine their masses and predict their
structures. The instrument predicts structures by comparing mass spectra of the samples’
components to standard mass spectra from the National Institute of Standards and
Technology (NIST) library. The probability of the accuracy of these predictions is also
reported.

In the present research, GCMS was utilized to determine the amount and
molecular weights of major and minor compounds in the product mixture, to approximate

the product ratios, and to identify the presence of alcohol groups in any products by

derivatization. The experiments were carried out on an Agilent 7890 Gas Chromatograph
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and an Agilent 5975 Mass Selective Detector. Injections (1 puL) were introduced to an
SLB-5ms column (30 m x 250 pm, 0.25 pm, Supelco 28471-U) with a pulsed split inlet,
split ratio of 10:1, and split flow of 12 mL/min. The oven was set to an initial temperature
of 75°C for 5 min., followed by a temperature ramp of 4°C/min. to 120°C for 2 min., then
15°C/min. to 200°C for 5 min., and 15°C/min to 230°C for 1 min, for a total run time of
31.583 min. The ion scan range was wide from m/z = 15 to m/z = 350. Products were
derivatized with BSTFA (N,O-bis(trimethylsilyl) trifluoroacetamide)/10% TMCS
(trimethylchlorosilane) reagent. The BSTFA reagent replaces the H of any alcohol group
with a trimethylsilyl (TriMS) group.®’ TriMS groups are very polarizable which increases
the ionization intensity in the GCMS, which enables determination of alcohol groups
depending on how many TriMS groups are present.

2.2.5 Infrared Spectroscopy An analytical technique to identify types of bonds
and functional groups present in molecules is Infrared Spectroscopy (IR), which looks at
molecular vibrations characteristic of different bonds. In the present research, IR was
conducted with an attenuated total reflection crystal (IR-ATR) to verify the presence of
carbonyls, which have a strong characteristic peak near 1690-1760 cm™. The experiments
were carried out on a Nicolet iS10 with FT-IR ATR accessory. The spectra were acquired
as absorbance over the wavenumber range of 728-4000 cm™ with 4 cm™ resolution and
64 scans. Samples for IR-ATR were prepared by concentrating the sample in chloroform
with a gentle flow of nitrogen gas. A drop of the concentrated sample was placed on the
crystal and the solvent was allowed to evaporate for two minutes before acquiring the

spectrum. An inverted funnel with nitrogen gas flowing through it was placed over the
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crystal to ensure all solvent was evaporated and only the desired compound remained on
the crystal. This process was repeated until the spectrum absorbances did not change,

which typically was after three or four drops.
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Chapter 3. Results and Discussion
3.1 Reaction Progress and Formation of Products
Gaseous ozone and aqueous o-terpineol reacted to completion in approximately
10 hours, as monitored by 'H NMR. After 10 hours, no change was observed in 'H NMR.
The initial terpineol "H NMR spectrum overlaid with the final product spectrum show
clearly that terpineol peaks disappear and distinct product peaks have grown in (Figure
19). Each spectrum was normalized to the constant concentration of the internal standard,

tetramethyl ammonium chloride (Figure 20).
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Figure 19. Over the chemical shift range of 0.92 to 2.2 ppm), the initial terpineol
"H NMR spectrum overlaid with the final product spectrum demonstrate that
terpineol peaks disappear (e.g. 1.58 ppm) and distinct product peaks have grown in

(e.g. 1.28 ppm).
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Figure 20. Normalization of
the signal of the internal
standard tetramethyl
ammonium chloride at 3.11
ppm. Overlaid 1H NMR
spectra of this signal shows
normalization to constant
intensity (concentration).

After normalization, overlaid spectra in Figure 21 show reactant peaks decreasing

and product peaks growing in. This demonstrates that products did in fact form, and not

that the terpineol concentration just decreased. The evaporation of a-terpineol was

observed but at rates 2.5, 5.1, and 9.5 times slower than its reactivity for low (131 ppb),

mid (480 ppb), and high (965 ppb) ozone concentrations, respectively. This is especially

evident in Figure 22 in which the terpineol signal at 5.41 ppm decreases to almost zero

intensity, and product signals at 5.29 and 5.34 ppm grown in from zero intensity.
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Figure 22. Overlaid 1H
Time (min) NMR spectra of chemical
— % shift range 5.25-5.50 ppm
at time points 0-600 min.
Decreasing of terpineol
signal (5.41 ppm)
demonstrates using up of
terpineol. Growing in of
product signals (5.29 and
5.34 ppm) demonstrates
formation of products
distinct from terpineol.
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3.2 Product Identification

3.2.1 Minor Product: Lactone Upon gas chromatography/mass spectrometry
(GCMYS) analysis of the product mixture in chloroform, four products eluted at retention
times (RT) 12.75, 17.16, 20.03, and 22.22 min., as shown in Figure 23. The largest peak
was found at RT 20.03 min. meaning it corresponds to the major product(s). The mass
spectra were compared with mass spectra in the NIST Library resulting in the following
matches—(E)-1,1-dimethyl-2-(2-methylhex-3-en-2-yl)cyclopropane as RT 12.75 min.
(10.4% reliability); 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-one as RT 17.16
min. (39.2% reliability); 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-ene-1,4-diol as
RT 20.03 min. (28.7% reliability); and 5,5-dimethyl-4-(3-oxobutyl)dihydrofuran-2(3H)-
one as RT 22.22 min (96.3% reliability). Only the minor product RT 22.22 min. had
significant reliability for its identification as 5,5-dimethyl-4-(3-oxobutyl)dihydrofuran-

2(3H)-one, hereafter referred to as lactone (Figure 24).
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Figure 23. Gas chromatogram of aqueous product mixture in
chloroform solvent showing four to five products present.
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Figure 24. Mass spectrum of peak with retention time of 22.22 min.
Comparison of mass spectrum with NIST library identified the product as
lactone with 96.3% reliability.
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To confirm the identification of the lactone, a derivatization technique was
utilized in which BSTFA/10%TMCS reagent was added to the product mixture. The
BSTFA reagent replaces the H of any alcohol group with a trimethylsilane (TriMS)
group. TriMS groups are very polarizable which increases the ionization intensity in the
GCMS. When BSTFA/10%TMCS reagent was added, the RT of the lactone did not
change (Figure 25) and the mass spectrum did not change (Figure 26), therefore the
lactone peak did not derivatize. Since this peak did not derivatize, the structure cannot

have any alcohol groups on it, which agrees with the proposed lactone structure.
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Derivatized

Intensity
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Figure 25. Gas chromatograms of underivatized and derivatized
aqueous product mixture in chloroform solvent. The blue box indicates
the unchanged lactone peak (RT 22.2 min) upon derivatization.
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Figure 26. Mass spectra of lactone peak in underivatized (black) and derivatized
(red) product mixtures. Mass fragmentation patterns are identical demonstrating
that lactone did not derivatized and does not contain any alcohol groups.

Comparison of the product mixture with purchased lactone standard showed
similar mass fragmentation patterns (Figure 27). This confirmed identification of the
lactone as the minor product at 22.22 min. Further confirmation was successful by

comparing the product mixture with "H NMR and Infrared Spectroscopy (IR).
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Figure 27. Mass spectra of lactone peak in product mixture (black) and in
lactone standard (blue). Mass fragmentation patterns are very similar
demonstrating that the lactone is the structure for the peak with retention time
22.22 min.
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Comparison of the product mixture with the lactone standard in Figure 28 show
that each of the 'H signals of the lactone standard match to a signal in the product
mixture. This demonstrates that the product mixture likely contains the lactone.
Comparison of the IR spectra of the product mixture and the lactone standard in Figure
29 shows that each absorption of the lactone standard match to an absorption in the
product mixture. For example, a key feature in the lactone standard is the carbonyl
absorption at approximately 1700 cm™, which is also present in the product mixture. A
key feature in the product mixture, but not found in the lactone is the alcohol absorption
over the range of 3100-3500 cm™', showing that lactone does not contain any alcohol

groups. This agrees with the GCMS derivatization results.
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Figure 28. 'H NMR spectra of the aqueous product mixture extracted into
deuterated chloroform and lactone standard in deuterated chloroform, over
the full chemical shift range of lactone (1-3 ppm). Each lactone standard
signal matches to a signal in the aqueous product mixture demonstrating that
the lactone is likely in the product mixture.
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Figure 29. Infrared spectra of the aqueous product mixture extracted into deuterated
chloroform and lactone standard in chloroform, over wavenumber range of 760-4000
cm™'. Each lactone standard peak matches to a peak in the aqueous product mixture
demonstrating that the lactone is likely in the product mixture. Both spectra have a
carbonyl peak (1700 cm™) which agrees with the structure of lactone. The lactone
spectrum lacks an alcohol peak (3100-3500 cm™) which agrees with its structure.

The ozonolysis of terpineol was conducted in reaction environments other than
aqueous. These included a thin film of terpineol on glass, adsorbed on NaCl (for 2 and 5
hours) to model sea salt aerosols, and adsorbed on kaolinite to model mineral dust. The
resulting product yield ratios, according to GCMS, are shown in Figure 30. The same
four products result in each reaction environment; however, their ratios clearly differ
among the reaction environments. For example, the lactone is a minor product in the

aqueous environment (13.08%), but a major product on kaolinite (55.20%).
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The GCMS and IR data of the different reaction environments were compared.
The ratios of C=0 absorption to C-H absorption from the IR were compared to the
lactone yield percentage from the GCMS (Figure 31). The figure demonstrates a direct
linear relationship between the absorption ratios and the lactone yield. The trend appears
to have a non-zero y-intercept suggesting that at least one product besides the lactone

must have one carbonyl.
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The proposed mechanism (Scheme 6) for the formation of lactone is consistent
with the literature.”® The initial reaction steps follow typical ozonolysis in which
terpineol and ozone form the primary ozonide (POZ), then rearrangement forms the

Criegee intermediate (CI), followed by addition and removal of water to form the lactone.

0-0 : H

lo} o 5 Q :

(6} H H

+03 00 +H,0 ° -H,0 -H0 :
— — _ — ooH T2 oH T2 :

POz cl Mo g
Scheme 6. Proposed mechanism of lactone formation is consistent with literature®*°"

Terpineol and ozone react to form the POZ. Further rearrangement forms the CI. After
addition and removals of water, the lactone is formed.

In our experiment, we used deuterated water, so we would expect the hydrogen atoms
("H) added by water to be deuterium atoms (*H) instead. These are labeled red in Scheme
6. However the loss of water in the mechanism to form the lactone means that deuterium
atoms are not expected in the lactone in our product mixture.

3.2.2 Major Products: Key Features One of the most analyzed features in this
research is the triplet and doublet 'H NMR peaks at 5.34 and 5.29 ppm, respectively
(Figure 32b), and collectively referred to as the 5.3 ppm peaks. These signals fall in the
4.5-7.7 ppm chemical shift range of alkenes.*> However, as ozone is very reactive with
alkenes it is unlikely for a C=C bond to remain stable in the presence of ozone.”' Another
possibility for these chemical shifts is a methine proton alpha to two O atoms and one C
atom. A method for roughly estimating chemical shifts is Shoolery’s rule:

6=023+Ax+Ay+Az,
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where 6 is the chemical shift of the proton of interest; 0.23 ppm is the base chemical shift
of methane; and Ay, Ay, and Az are substituent parameters.45 According to Shoolery’s
rule, each alpha oxygen substituent adds 2.36 ppm and the alpha carbon adds 0.47 ppm,
yielding an estimated value of 5.42 ppm for this type of proton. Another estimation
method uses the Curphey-Morrison parameters in which additivity constants of
substituents alpha and beta to the proton’s carbon are added to the base shift for the type
of proton of interest (methane, methylene, or methine).’* With this method, the base shift
for a tertiary CH 1s 1.55 ppm to which 2.10 ppm is added for each alpha oxygen, yielding
an estimated value of 5.75 ppm. The observed chemical shifts of 5.34 and 5.29 ppm are
both within in 0.5 ppm of the estimated values, making either type of proton a possibility

for the observed data.
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Infrared spectroscopy confirmed the absence of alkenes in all of the products. The
full IR spectrum is shown in Figure 33. The blue box indicates the alkene (C=C) region
of 1610-1680 cm™, in which no absorptions are present. The green box indicates the
carbonyl (C=0) region of 1690-1760 cm™, in which a strong absorption is present. The
orange box indicates the aldehyde (C-H) region of 2700-2900 cm™', in which no
characteristic aldehyde absorptions are present. In an IR spectrum, aldehyde absorptions
are weak and appear as a doublet, and there is no doublet observed in the 2700-2900 cm™
region.” Also, when an aldehyde is present, one might see a wider C=O band, but the
observed C=0 band is sharp and has a small half-width. Aldehydic protons are very
deshielded with high chemical shifts in the range of 9.70-10.3 ppm. The full '"H NMR
spectrum in Figure 32a shows an absence of signals in that region, concluding none of the

products contain an aldehyde.
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Figure 33. Infrared absorbance spectrum of aqueous products mixture. Yellow represents
alcohol region (3100-3500 cm™). Purple represents alkane region (2850-2970 cm™, 1340-
1470 cm™). Orange represents aldehyde region (2700-2900 cm™). Green represents
carbonyl region (1690-1760 cm™). Blue represents alkene region (1610-1680 cm™). Pink
represents carbon-oxygen single bond region (1050-1300 cm™).
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The yellow box in Figure 33 indicates the alcohol region of 3100-3500 cm™, in which a
broad absorption is present. The pink box indicates the carbon-oxygen bonds (C-O) of
alcohols, ethers, carboxylic acids, and/or esters region of 1050-1300 cm™, in which
absorptions are present. The purple boxes indicate the alkane regions (C-H) of 2850-2970
cm™ and 1340-1470 cm™, in which absorptions are present. Since the IR data eliminates
the possibility of the 5.3 ppm peaks being alkenes, it is more likely they represent
methine proton(s) alpha to two oxygens and one carbon atom.

An initial hypothesized structure including this feature is the secondary ozonide
(SOZ). The SOZ is a known intermediate of ozonolysis, but is usually thought to be
unstable and rarely isolated. However, some researchers claim that under aqueous
conditions the SOZ can be isolated.”> ***° Some studies of aqueous ozonolysis of
monoterpenes have shown that the Criegee intermediate stabilizes after forming from the
decomposition of primary ozonide (POZ), which cannot be done in the gas phase.***
Recent studies have discussed the presence of water during ozonolysis of terpenes as a
reason for the stability of a secondary ozonide formed as a product.*® In ChemBioDraw,
the "H NMR of the SOZ of o-terpineol shown in Figure 34 was predicted to have a peak
at 5.30 ppm, which is consistent with the observed data and the Shoolery and Curphey-
Morrison estimations. The predicted signal has a triplet pattern due to two neighboring
protons, which matches the observed '"H NMR spectrum. Therefore, the 5.30 ppm peaks

initially presumed to be vinylic, could be indicative of the SOZ. The theoretical

ChemBioDraw NMR suggests the triplet correlated to two neighboring protons of 1.5
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Figure 34. ChemNMR estimation of SOZ 'H NMR predicts a triplet signal at

5.30 ppm (blue).

Another key feature of the product mixture is that upon derivatization with

BSTFA, the largest major GCMS peak (RT 20.03 min) presumably splits into two
distinct, yet similar peaks (RT 21.4 and 21.6 min), shown in Figure 35. The mass spectra
(Figure 36) of the two derivatized major peaks have nearly identical mass fragmentation
patterns, only differing by intensities. The mass fragmentation intensities of the 21.4 min
peak are greater than that of the 21.6 min peak. The very similar retention times and
nearly identical mass spectra suggest the structures of two major products are similar and
are possibly isomers.

Derivatization with BSTFA produced characteristic mass fragmentation patterns.
BSTFA replaces the hydrogen atom of alcohol groups with a TriMS group. In MS, the
ion m/z = 73 and M-73 are observed when one TriMS group is added. This is observed
and shown in Figure 36. If additional TriMS groups are added, for example two TriMS
groups, the ion m/z 147 and M-147 would be expected. This is not observed. Only the ion
m/z =73 and M-73 are observed. This indicates there is only one alcohol group on each

of the similar structures.
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Figure 35. Gas chromatogram of derivatized aqueous product mixture in
chloroform solvent. The blue arrows indicate the two major peaks with

similar retention times 21.4 and 21.6 min upon derivatization. The green

arrow indicates the lactone peak (RT 22.2 min).
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Figure 36. The mass spectra of RT 21.4 and 21.6 min of the derivatized sample
have nearly identical mass fragmentation patterns. The fragment m/z =73 is
associated with the loss of the TMS group. The fragment m/z = 185 is observed.
The fragment m/z = 258 is observed and could be the theoretical molecular ion of
the SOZ with TMS group.
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The proposed SOZ of a-terpineol is expected to maintain the alcohol group of its
starting material. The SOZ structure is consistent with the derivation evidence of one
alcohol group. Known fragments of SOZ are M-17 (m/z = 185) and M-34 (m/z = 168)
assigned as losses of OH and H,0,, respectively, are observed.’' However, in the
underivatized mass spectrum of RT 20.03 min, the SOZ molecular ion (m/z = 202) is not
observed. Also, M-1 (m/z =201), a known fragment for alcohols corresponding to the
loss of hydrogen is not observed.” In the derivatized mass spectrum of RT 21.4 and 21.6
min, the theoretical molecular ion of the SOZ (m/z = 202+72 = 274) is not observed. The
observed base peak M-159 (m/z = 43) can be structurally explained by the breaking of
the ozonide ring and the retaining OCCHj3 as the fragment. However, this is a
complicated fragmentation and unlikely to be the most stable ion. Also, the SOZ structure
cannot explain major fragments such as m/z = 58, 71, 95, 110, 128, and 153. In
conclusion, the SOZ must be rejected as a possible product because it is not consistent
with the mass fragmentation, existence of two derivatized peaks, and doublet 'H NMR
signal.

3.2.3 Major Products: Lactol Isomers The two major peaks of the derivatized
chromatogram have very close retention times (21.4 and 21.6 min) within 0.2 min of each
other. Their mass spectra are nearly identical and likely isomers. However, in the
underivatized chromatogram only one major peak is found with a retention time of 20.03
min. The difference between the derivatized and underivatized data suggests that in the
derivatized sample, the added TMS groups make the isomers different enough from each

other for the instrument to detect them as different molecules. It also suggests that in the
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underivatized sample having the alcohol groups intact with a hydrogen atom makes the
1somers too similar for the instrument to detect them as separate molecules. It is logical to
conclude this because TriMS groups are much larger than the hydrogen atom they are
replacing which means there is more steric strain with the TriMS group yielding isomers
that are more significantly different.

In analyzing the fragmentation pattern of the major product, the proposed
compound is an a-hydroxyfuran or lactol with the alcohol group on the alpha carbon, a
butanone group on the gamma carbon, and two methyl groups on the delta carbon (Figure
37a). This structure has two chiral centers at the alpha and gamma carbons, which yields
two diasteromers, cis-lactol and trans-lactol (Figure 37 b & ¢). The cis and trans denote

the orientation of the chiral Cyipne-O bond relative to the chiral C-Cgamma bond.

O @) O

—OH OH ««OH
o) o) o)

a b c

Figure 37. a) Proposed lactol major product with two chiral centers at
the alpha and gamma carbons yielding two diasteromers b and c. b) cis-
lactol c¢) trans-lactol

Note: Cis and trans denote the orientation of the chiral Calpha-O bond

relative to chiral C-Cgamma bond.
The labeled mass spectrum of the underivatized major peak is shown in Figure 38.
The mass spectra of the major and lactone peaks are similar, especially their base peaks

(m/z = 43), a known fragment (-COCH3) from the butanone side chain. The molecular
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ion M peak (m/z = 186) is not observed, but the M-1 fragment (m/z = 185) is observed.
The observed M-18 and M-33 fragments (m/z = 168 and 153, respectively) are consistent
with the loss of water and the loss of both water and a methyl group, both known alcohol

fragments.” The observed M-58 fragment (m/z = 128) is consistent with

(o]
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Figure 38. Labeled mass fragmentation pattern of underivatized 20.03 min peak.
On structures, red indicates m/z fragment and black indicates lost fragment.

the loss of the furan/ring oxygen, delta carbon, and two methyl groups. The observed M-
128 fragment (m/z = 58) is consistent with the loss of the M-58 fragment, which is the
alpha, beta, and gamma carbons and the butanone side chain. The observed M-76
fragment (m/z = 110) is consistent with the loss of both the m/z = 43 (-COCHj3; from the
butanone side chain) and m/z = 33 (water and methyl) fragments. The observed M-91
fragment (m/z = 95) is consistent with the loss of the m/z = 58 fragment and an additional
methyl group. The M-115 fragment (m/z = 71) is consistent with the loss of a
hydroxyfuran ring. Derivatization also produced the theoretical molecular ion (m/z =

186+72 = 258) as expected (Figure 36).
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This proposed lactol structure contains the proton of interest, a methine proton
alpha to two oxygen atoms and a carbon atom, which is consistent with the observed 'H
NMR signals at approximately 5.30 ppm. The two-dimensional (2D) NMR spectra,
COSY and HSQC, are shown in Figures 39 and 40, respectively. Due to the presence and
similarity of multiple compounds in the product mixture, the two-dimensional NMR
spectra are difficult to completely analyze all cross sections. However, they are consistent
with the proton of interest. On the COSY spectrum of the products (Figure 39), the blue
box indicates the cross-section of the proton of interest’s triplet and doublet
corresponding to neighbors in the 1.2-1.8 ppm and 2.2-2.5 ppm ranges, which is
consistent with the proposed structure. On the HSQC spectrum of the products (Figure
40), the blue box indicates the cross-section of the triplet and doublet of the proton
corresponding to the carbon at approximately 95 ppm, which is consistent with the
proposed structure. ChemDraw predicts this carbon to be at 102 ppm.

However, the GCMS data does not explain why two different splitting patterns
(triplet and doublet) are observed in the 5.30 ppm region. Structures of the cis and trans
lactol were optimized in Gaussian in water solvent conditions. In both isomers, the proton
of interest neighbors two protons. When viewing down the Cjjpha-Creta bond of the
optimized structures (Figure 41), the dihedral angles between the proton of interest
(circled in blue) and its neighbors (blue arrows) are different for the two isomers. In the
cis isomer, atom 6 (proton of interest) is almost 180° from atom 7 (neighbor) and less
than 45° from atom 8 (neighbor). In the trans isomer, atom 29 (proton of interest) is less

than 45° from atom 6 (neighbor) and about 90° from atom 7 (neighbor). According to the
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Karplus equation, the cis isomer would have a non-zero coupling constant for atoms 6

and 7, and atoms 6 and 8, and the trans isomer would have a non-zero coupling constant

for atoms 29 and 6 and an approximately zero coupling constant for atoms 29 and 7.

Lactol
Cis

Figure 41. Optimized structures of lactol isomers (cis and trans) in
Gaussian. Atoms circled in blue are the proton of interest which is on

the same carbon as the alcohol group. Blue arrows point to their

neighboring protons. The dihedral angles differ within and between

each isomer.

Table 5. Theoretical
coupling constants (J) of
proton on alpha carbon.
Note: “a” denotes proton
of interest and “b” denotes
neighboring proton.

isomer H, H, J C?Hug)l ng
cis 6 7 7.38879
cis 6 8 6.32044
trans 29 6 5.71865

trans 29 7 -0.0184957

The theoretical coupling constants are reported in Table 5. The cis coupling constants are

similar and both non-zero for atoms 6 and 7 and atoms 6 and 8 (7.38879 and 6.32044 Hz,

respectively), which is consistent with the Karplus equation. The trans coupling constants
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is non-zero for atoms 29 and 6 (5.71865 Hz) and approximately zero for atoms 29 and 7
(-0.0184957 Hz), which is consistent with the Karplus equation. More research is needed
to understand the reasoning for a negative coupling constant value.

The theoretical "H NMR signal generated as Lorentzian functions are shown in
Figure 42a compared to the experimental signals with the theoretical centers of the
signals set to be the same as the experimental centers of the signals. The theoretical peak
widths were arbitrarily selected for comparison with the experimental signals. The red
function is the theoretical triplet (cis). The blue function is the theoretical doublet (trans).
The green graph is the experimental. The signals overlap closely indicating the proposed
lactol isomer structures have coupling constants consistent with the observed NMR data.
However, when the theoretical chemical shifts of the signals are set to be the values
computed by Gaussian, the result is less conclusive (Figure 42b). The theoretical and

experimental chemical shifts are reported in Table 6.

Table 6. Theoretical and experimental 'H NMR
centers (ppm) of proton of interest.

Splitting Theoretical |Experimental

Pattern Center (ppm) [Center (ppm)
triplet 5.2488 5.3380
doublet 5.3442 5.2905
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Figure 42. Comparison of theoretical and experimental "H NMR for 5.30 ppm peaks
(triplet and doublet). Peak widths are set arbitrarily. a) Theoretical chemical shift
centers are set to be the same as the experimental centers, demonstrating that proposed
lactol isomers consistent with experimental data at characteristic chemical shift region.
b) Theoretical chemical shift centers are set as values computed by Gaussian.
Theoretical centers do not match experimental centers.

The experimental results show the triplet at a higher chemical shift (more deshielded)
than the doublet (5.3380 and 5.2905 ppm, respectively). The theoretical results report the
triplet at lower chemical shift (more shielded) than the doublet (5.2488 and 5.3442 ppm,
respectively). A possible explanation for the discrepancy between theoretical and

experimental chemical shifts is a limitation of Gaussian in that the coupling constant
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values computed are equivalent to a snapshot of the averaging that occurs in the actual
NMR instrument.

The proposed mechanism (Scheme 7) includes the formation of lactone and lactol
isomers and is consistent with literature.”® According to the mechanism, in the formation
of the lactol isomers, hydrogen peroxide is generated in the formation of the aldehyde
precursor to the lactol isomers. Hydrogen peroxide is a known byproduct of ozonolysis in
the presence of water.”

Cl lactone
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Scheme 7. Proposed mechanism consistent with literature and formation of H,O».

Peroxide test strips tested positive during the course of the reaction for the presence of
peroxide in the solution as shown by the blue color in Figure 43. The peroxide
concentration approximated by the intensity of the blue color was plotted against reaction
time (Figure 44) and shows peroxide concentration increases over time, indicating a
buildup of peroxide as lactol isomer products form, which verifies the proposed

mechanism.
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Figure 43. Blue color of hydrogen

B peroxide test strip demonstrates
presences of hydrogen peroxide in
reaction solution.

Figure 44. The
semi-quantitative
2.5 kinetic study of
H,0, formation
during ozonolysis
of terpineol
demonstrates an
1 increase in
peroxide
03 concentration
during the course
0 50 100 150 200 250 300 of the reaction.

Reaction Time (min)

Approximate Conc.

of H,0,(mg/l) ;¢

In our experiment, we used deuterated water, so we would expect the hydrogen
atoms ('H) added by water to be deuterium atoms (*H) instead. These are labeled red in
Scheme 7. We would expect the alcohol group on the lactol to be deuterated if it
originated from water. However, this is not observed in the underivatized mass spectrum
because we only see the M-H peak (m/z = 185) which would be the same mass whether
'H (186-1=185) or “H (187-2=185) is lost. The molecular ion for lactol (m/z = 186) and
deuterated lactol (m/z = 187) are not observed. In addition, the presence of “H is not
observed in the derivatized mass spectra because derivation replaces the hydrogen or
deuterated hydrogen of an alcohol with a TriMS group.

3.3 Aqueous Phase Kinetics The variation of ozone concentration demonstrated that
product formation of both lactol isomers is linearly dependent on ozone (Figure 45). This

suggests that the reaction is first order with respect to ozone. The linear shape of each
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curve suggests the reaction is zero order with respect to a-terpineol. This is unexpected,
but may be due to the reaction occurring in a combination of in solution near the surface,
in the bulk of the solution, or at the interface. A simple mechanism describing this

observation,

slow

0s(g)

Os(aq)
0;(aq) + terpineol(aq) —~— products
=~ Rate = k[O3(g)]
in which the fast gas transport to the surface is followed by the slow step of ozone

dissolving, followed by the fast reaction between ozone and a-terpineol.
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Figure 45. Rate of production formation is linearly dependent on ozone
concentration. Trans-lactol and cis-lactol refer to the products with the
doublet and triplet in the 'H NMR, respectively.

Ozone is hydrophobic as it has a low Henry’s law coefficient, 1.00 x 10 M atm™.
These ideas support the first step being slow. For the reaction to occur in solution, several

steps must occur.”’ 1) Gaseous ozone diffuses to the droplet’s surface where a
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heterogeneous reaction may occur between gaseous ozone and dissolved a-terpineol. 2)
In a process called uptake, ozone is transported across the air-water interface where the
reaction can occur between dissolved ozone and dissolved a-terpineol. 3) The dissolved
ozone diffuses into the droplet’s aqueous bulk phase, and the reaction takes place in
solution near the surface or in the bulk. However, diffusion of molecules in the aqueous
phase is slower than in the gas phase. To determine the aqueous reaction’s rate constant
(k) and lifetime (7), and to ultimately compare aqueous ozonolysis of a-terpineol to that
of gaseous ozonolysis, several values must be calculated.

For gaseous molecules of ozone to diffuse to the surface and into the droplet and
ultimately react in solution, they must collide with the surface, but not all collisions with
the surface will result in a reaction occurring. Reactive uptake coefficients (y) describe
the heterogeneous reaction kinetics as the fraction of Os-water surface collisions resulting

in a reaction,

~ d[Os]/dt
- Z

where Z is the frequency of Os-water surface collision as determined by the kinetic theory

of gases,

,_ AlOs] | 8RT
4 M,

where A is the total surface area, R is the gas constant, 7'is the temperature, and Mo, is

the molar mass of ozone.>®
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The net collisional uptake probability (y..) is the net rate of gaseous ozone uptake
described in terms of conductances (/") normalized to the rate of Os-water surface

collisions,

1 I 1 1
- =
ynet Fg a 1—‘rxn—i_l—‘sol

where 'y, I'so1, and I'iyp, are the conductances associated with gas-phase diffusion to the
surface, solubility, and reaction in the bulk aqueous phase, respectively, and a is the mass
accommodation coefficient across the interface.”’ The mass accommodation coefficient is

the fraction of gas-condensed phase collisions resulting in uptake of gas. ao, has been

found to have a lower limit of 2 x 10, which is used in the present study.”

The previous equation has been shown to be equivalent to,
1 1 1 1
Yoo Le " a ’ 4HRT| (D
Ynet g = AT
U,y [\I ot WDk

which has several limiting cases for atmospheric reactions, and where H is Henry’s law

coefficient for gas dissolving in condensed phase, u,, is the mean thermal velocity of
ozone in the gas phase, D, is the diffusivity of ozone in water, ¢ is time, k is the pseudo
first order rate constant, and remaining symbols are as defined earlier.”” Mean thermal

velocity is given by

3RT
Mo,

Uay™

where variables are as defined earlier. The diffusivity of ozone in water is given by

—1896]

D,=1.10x10" [
1 exXp T
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where variables are as defined earlier.”” The second order bulk aqueous rate coefficient is
given by

ko,=k[a-terpineol]
in units of M"'s™. Henry’s law coefficient for ozone in water has been found to be (0.82-
1.3) x 102 M atm™, a low solubility, and in the present study the geometric mean, 1.0 x
10% M atm™, is used.”’ The earlier proposed reaction mechanism is a limiting case for the

reactive uptake coefficient expressed by

since I'sol << I'rxn.’’

After determining the net reactive uptake coefficient and total surface collision
frequency to calculate the reactive uptake (d[O3]/dt), the experimental data can be fitted
kinetically by calculating the theoretical concentration of product for a given time (7)

d[O
[Product]|=[a-terpineol],+ % (t-t,)
where [a-terpineol], is the a-terpineol concentration at a preceding time (,). This fit and
the rate constant (k) are optimized for each ozone concentration (131 ppb, 480 ppb, 965
ppb) separately by reducing the sum of the squared error of the theoretical and
experimental product concentrations (Figure 46). The rate constants for each ozone
concentration experiment are summarized in Table 7. The average rate constant for the

aqueous ozonolysis of a-terpineol was found to be 9.93 x 10° M's™".
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o T3 Table 7. Rate constants for each
254 | o seomed i ozone concentration experiment.
[Ozone] k
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131 1.21x 10
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Figure 46. Kinetic fit of experimental data to
theoretical rate constants.

OH

a-terpineol styrene

Figure 47. Structures of a-terpineol and styrene.
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This is a relatively fast reaction as its rate constant is an order of magnitude faster
than that of the aqueous ozonolysis of styrene (k = 3.00 x 10° M"'s™), a structurally
similar molecule (Figure 47).°" This faster rate is likely due to the alkene attacked by
ozone being more substituted on a-terpineol than it is on styrene.®* Since these
substituents are electron donating alkyl groups, the alkene has greater electron density.
Ozone is an electrophile, which means it is attracted to electrons, so it will have a greater
attraction to the alkene with greater electron density. This lowers the activation energy
for the addition of ozone to the alkene of a-terpineol compared to that of the alkene of
styrene.

The gas-phase ozonolysis of a-terpineol is described by the reaction

03(g)+a-terpineol(g) —— products

=~ Rate = k[Oj3(g)][a-terpineol )]
with a reported rate constant, k, of 3.0 x 10™® cm® molecules™ s™'.*” The gas and aqueous
phases can be compared by comparing their lifetimes, 7, which describe the length of
time a reactant will exist in the atmosphere before reacting, and is the inverse of the

overall rate constant of the reaction expressed by
1
; =k= k03 [03]

where 7 is the lifetime, £ is the overall rate constant, k03 is the rate constant with respect

to ozone, and [Os] is the concentration of ozone in either the gas or aqueous phase. The
reported 24 h daytime and nighttime average ozone concentration in the troposphere is

used as the gaseous centration of ozone, [O3)] =7 x 10" molecules cm™, which is
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equivalent to 1.16 x 10”° M.® For the gas-phase reaction, T = 79 min. To calculate the
aqueous phase concentration of 0zone, [O3aq)], [O3()] 18 converted to units of pressure
(atm) using the Ideal Gas Law rearranged as,

P =ZRT,
14

where P is pressure, n/V is [O3(g)], and remaining symbols are as defined earlier, which
can then be used with Henry’s law constant (1.14 x 102 M atm™)® to determine [O33aq))»
according to

[03(aq)] = PH,
which yields [O3uq] =3.2 x 107"° M. This concentration and the average aqueous
ozonolysis rate constant (ko3=9.93 x 10® M's™) yield a lifetime for the aqueous phase
reaction, T = 5.2 min. The lifetime of the aqueous reaction (a condensed phase) is 15
times faster than that of the gas-phase reaction, demonstrating the importance of the
aqueous phase reaction.

The reported range for the second-order surface reaction rate constant (k;) for the
ozonolysis of a-terpineol adsorbed on glass, PVC, and vinyl is (0.68-3.17) x 10"° cm*
molecules™ s™. This is an unusual unit, but when the researchers multiplied this range of
values to range of surface to volume ratios (S/7) in residences (0.029-0.046 cm™), the
k>S/V range is (2-15) x 10™'® cm® molecules™ s™'. This value was compared to the gas
phase rate constant (3.0 x 10™® ¢cm® molecules™ s™), which prompted the conclusion that
surface ozonolysis occurred at rates equal or higher than that of the gas-phase reaction,

but with the same magnitude. It can be deduced that condensed phase ozonolysis occurs
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faster than gas phase ozonolysis, which agrees with the aqueous phase reaction having a
shorter lifetime than the gas phase reaction.

To compare the lifetimes of the surface and aqueous reactions, k,S/V and 24 h
daytime and nighttime average ozone concentration in the troposphere are used to find
the overall rate constant (k), the inverse of which is the lifetime (t). The range of
lifetimes for the surface reaction is 15.9 to 119 min. The previously reported aqueous
lifetime (T = 5.2 min) demonstrates that the aqueous reaction is between 3 and 23 times
faster than the surface reaction.

Further data reporting the concentration of ozone in solution must be collected.
Kinetics data were collected using an open system, meaning that ozone could flow out
and solvent could evaporate. A closed system experiment needs to be conducted in order

to obtain more accurate kinetics data.
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Chapter 4. Conclusion
4.1 Implication of Products
The ozonolysis of a-terpineol in an aqueous environment yielded two major
product isomers of 4-((3R,55)-5-hydroxy-2,2-dimethyltetrahydrofuran-3-yl)butan-2-one
(trans: 42.61%, cis: 27.22%), one minor product 5,5-dimethyl-4-(3-
oxobutyl)dihydrofuran-2(3H)-one (18.94%), and three unidentified minor products

(4.65%, 1.55%, and 1.32%).

Cl lactone

-H o ------------------------------
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*
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00 H.O0 OOH - 202 cis-lactol trans-lactol
_O M. _0o 27% 43%

Scheme 8. Proposed mechanism of aqueous ozonolysis of a-terpineol consistent with
literature and formation of H,O».

The aqueous Henry’s law constant of the lactol can be estimated using the two methods
described by Brockbank, et al.** These methods are termed as a first order method and a
second order method, not to be confused with first order and second order rate laws. The
first order method parameterizes the contributions of groups. The second order method
accounts for the interactions of neighbors of a group. Both methods have limitations with
the first order not having a parameter for ether and the second order not having a

parameter for alkenes which then must be treated as an aromatic C=C. The resultant
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estimations for the Henry’s law constants for a-terpineol and lactol using both methods
are reported in Table 8. In both first and second order methods, lactol is 235 and 6.7 x 10°

times less volatile than a-terpineol, respectively.

Table 8. The theoretical Henry’s law constants for o-
terpineol and lactol.

First Order [Second Order
Compound Method Method
(atm M) (atm M)

o-terpineol | 5.10x 10° | 4.16x 107 | 1.46x 107
lactol 2.17x 107 6.17x10° | 3.66x10*

Log Average
(atm M)

Comparing the log averages of the two methods used to estimate Henry’s law
constant for lactol (3.66 x 10™ atm M™) to that of a-terpineol (1.46 x 10~ atm M™), the
lactol is 3.98 x 10? less volatile than a-terpineol. All identified products are more
oxidized than a-terpineol suggesting longer atmospheric lifetimes due to decreased
volatility. The decreased volatility of these products enables them to exist in the
condensed phase longer. These compounds may have greater solubility in water
suggesting they may act as better cloud condensation nuclei, leading to the formation of
denser clouds with higher albedo values which means these whiter clouds would reflect
more light back into space, and leave less energy to heat the Earth’s surface resulting in a
global negative RF value (net cooling effect). This study also reports for the first time the
rate constant for aqueous ozonolysis of a-terpineol (9.93 x 10° M™'s™), which is an order
of magnitude faster than that of the gas phase reaction (1.8 x 10° M™'s™). This suggests

that the aqueous phase reaction is more important than the gas phase reaction.
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The results of this study are also relevant to indoor air quality. Air purifiers can
produce ozone intentionally or as an air ionization byproduct, resulting in dangerous
concentration levels without proper ventilation. According to the U.S. Environmental
Protection Agency, levels of ozone above 120 ppb for 1-hr exposure and 80 ppb for 8-hr
exposure present a risk of respiratory symptoms and reduced lung function.®® Britigan et
al. measured steady-state ozone concentrations during operation of nine air purifiers in
various indoor environments such as bathrooms, bedrooms, offices, and cars. The
measured ozone concentrations had a range of 9-650 ppb, with 72% of the measurements
at or above the EPA risk levels.®® These high concentrations of ozone alone have health
implications. However, the reaction of ozone with organic aerosols such as a-terpineol,
which are present in household cleaners and perfumes, can yield secondary organic
aerosols like lactol, which have longer lifetimes. Shu et al. have studied ozonolysis of a-
terpineol on common indoor surfaces, glass, PVC, and latex paint, finding reaction
probabilities on surfaces to be larger than in the gas phase.” The aqueous environment,
such as the phase studied in the present research, can exist in indoor air environments
because of natural humidity and humidifiers, which renders the present study of
relevance to indoor air environments.

The conclusive rejection of the secondary ozonide (SOZ) as a product and the
subsequent identification of the major products as lactol isomers questions the
observation of the SOZ by NMR in the study by Maksymiuk et al.* The "H NMR signal
these researchers attribute to the methine proton of SOZs, 5.6-5.8 ppm, is in a similar

region to the proton of interest in the present study (5.3 ppm), which has been identified
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as the methine proton alpha to two oxygens and one carbon atom in the lactol. The signal
these researches attribute to SOZ may in fact be lactol- or hemiacetal-type structures.
4.2 Future Work

4.2.1 Aldehyde-Lactol Equilibrium Experiment Although no aldehyde has been
detected, the formation of the lactol products may be in equilibrium with the preceding
aldehyde structure in the mechanism. Reported equilibrium constants (K) for the closure
of 4-hydroxybutanal and 5-hydroxypentanal to their cyclic hemiacetals have been
reported as K = 8 and K = 16, respectively.’” To determine if the lactol isomers found in
the present study are in equilibrium with each other and with the open chain hydroxyl
aldehyde, an NMR study of the effect of adding a crystal of p-toluene sulfonic acid to the
product mixture should be conducted. If in fact they are in equilibrium, then the aldehyde
is an intermediate and may react with other molecules in cloud droplets such as
ammonium and amines.

4.2.2 Closed System Aqueous Kinetics The present research was conducted in an
open system, meaning that ozone was able to flow out of the system and water was able
to evaporate during the reaction. A study with humidified air using a water bubbler
should be conducted in order to determine more accurate kinetics information. It is
hypothesized that closing the system will not change what products form, but perhaps it
may impact product ratios.

4.2.3 DRIFTS Experiment Although the present study included conducting the
reaction on inorganic aerosols, a more robust model of the interaction of a-terpineol and

inorganic aerosols should be studied. A proven method for this involves coating mineral
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dusts and sea salts (NaCl) with a-terpineol, exposing it to ozone, and monitoring with
infrared spectroscopy. Coating of kaolinite and a-alumina (mineral dusts) with limonene
(organic aerosol) has been successfully monitored with Diffuse Reflectance Infrared
Spectroscopy (DRIFTS).®

4.2.4 O-18 experiment For additional verification of the product identification
and mechanism, a study with isotopically-labeled ozone can be conducted. Labeling
ozone with '*0 may provide information on where O atoms in the products originate—
from ozone, a-terpineol’s alcohol group, or water. The mechanism in Scheme 9 is

hypothetically labeled with red markers to indicate the locations of '*O in the structures.

Cl lactone
’ L] ~|
. e :
[e] N O. :
-4 +Hy0 oo - hd H,0 H
0o z oon M9 oH M :
H o : 0
OH on® OH : o :

H,0, lactol lactol
+H;0 QQHO. cis trans
Z 27.22% 42.61%

Scheme 9. Proposed mechanism with hypothetical locations of isotopically marked
oxygen atoms. Red markers indicate location of '*0. In formation of lactol, red squares
indicate where '*O would be via the top pathway and the red triangles indicate where '*O
would be via the bottom pathway. Both labeled oxygen atoms would not be present at the
same time.

Oxygen atoms not labeled with red markers indicate the locations of '°O. In the
mechanism, after the pathways converge in the formation of lactol, the red squares

indicate where '*0 would be via the top pathway and the red triangles indicate where '*O
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would be via the bottom pathway. The labeled oxygen atoms would not be present in the
same structure.

After conducting the experiment, the product mixture should be analyzed with
Gas Chromatography/Mass Spectrometry (GCMS). The '®O replacing '°0 will shift the
weights of the fragments in the mass spectra up by two mass units for every '*O atom. To
utilize these results, they must be compared with the known fragmentation of the
products discussed in Chapter 3. Another technique to differentiate between isotopically-
labeled oxygen and not isotopically-labeled oxygen is Infrared Spectroscopy (IR). It
would be expected to see a shift in the C=0 band on the IR spectrum due to '*O instead
of '°0. However, multiple products contain C=0 bonds and are in mixture, which makes
it too complicated to use IR with this experiment.

Each oxygen atom in the labeled ozone will be '*O. After the 1,3-cycloadditon of
ozone to a-terpineol, two possible Criegee intermediates form—a primary radical shown
in the top pathway of the mechanism and a secondary radical in the bottom pathway of
the mechanism. Through the top pathway, the lactone is formed and only the oxygen of
the ketone is expected to be labeled with '*O. If the lactol isomers are formed through the
top pathway, then they are only expected to have the same oxygen as the lactol labeled.
However, if the lactol isomers are formed through the bottom pathway, then only the
oxygen of the alcohol is expected to be labeled with '*0. Although the lactol has two
labeling possibilities, it is not expected to have both oxygen atoms labeled on the same

structure because the two labels result from two different pathways.
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In any of the products, only one oxygen atom is expected to be labeled at a time.
Therefore, this experiment has a built-in control in which the parent ion and fragments
containing the labeled oxygen atoms are only expected to shift up by two mass units. If
both potentially labeled oxygen atoms in lactol were labeled at the same time, the mass
would shift by four units. This is not expected; however, if it were observed, it would
suggest that the mechanism would need to be modified.

It is important to note that some fragments of the lactone and lactol are similar,
such as m/z =43 and 71 which contain the ketone. When labeled, these fragments are
expected to appear as m/z =45 and 73. The fragments m/z =43 and 71 would still be
expected to appear as the ketone on the lactol is not labeled via the bottom pathway. The
fragments m/z = 128 and 185, which are uniquely identified as fragments of the lactol,
are expected to shift up to m/z = 130 and 187, and these fragments would correlate to
lactol formation via the bottom pathway.

4.3 Recommendations

The results of this study suggest greater significance of aqueous phase reactions in
the atmosphere than gas phase reactions in the atmosphere, which is consistent with
recent literature. Because there is comparatively less knowledge on aqueous phase
atmospheric reactions than there is on that of the gas phase, the results of the present
study emphasize the importance of studying aqueous phase atmospheric reactions and
aqueous phase ozonolysis in particular.

Limited policy recommendations can be made. Nothing can be done about plants

emitting organic aerosols like a-terpineol. These emissions in and of themselves are
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largely not detrimental to the planet. However, the reactions between the emitted organic
aerosols and oxidizing agents such as ozone have climate, health, and visibility impacts.
The abundant presence of oxidizing agents is the result of pollution by man, which can
and should be regulated to reduce the occurrence and impact of their reactions with

organic aerosols.
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