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Abstract

Biogenic volatile organic compounds (BVOCs) emitted by plants undergo chemical
reactions in the atmosphere resulting in the formation of oxidised products and
secondary organic aerosols (SOA), which have a large impact on climate. In this work
an on-line time-of-flight chemical ionisation mass spectrometer (ToF-CIMS) was used
in laboratory studies to identify the main BVOCs emitted from the main plantation
tree species in Ireland, Picea Sitchensis (Sitka spruce). Experiments have also been
conducted to assess the atmospheric oxidation pathways of the BVOCs emitted by

Sitka spruce and their SOA formation potential.

The ToF-CIMS was used in combination with off-line gas chromatography-mass
spectrometry to identify the BVOC emissions from three Sitka spruce trees
maintained in a plant growth chamber under conditions relevant to the Irish climate.
Fifty-two of the seventy-four BVOCs emitted from Sitka spruce were oxygenated
compounds, with piperitone (CioH160), an oxygenated monoterpene, being the
dominant emission. Other prevalent emissions included isoprene and five
monoterpenes (myrcene, B-phellandrene, 6-limonene, a-pinene, and camphene).
Temperature, light intensity and stress were all found to alter the emission profiles,
with different BVOCs exhibiting different responses. At the current conditions of the
Irish climate the annual BVOC flux for isoprene was found to exceed that for

piperitone, although this is expected to change in a warming climate.

A series of simulation chamber experiments was performed to determine, for the
first time, the kinetics, products and mechanisms for the gas-phase reaction of
piperitone with the main atmospheric oxidant the hydroxyl radical (OH*®). The rate
coefficient was determined by the relative rate method and used to calculate an
atmospheric lifetime of under 2 hours. Calculations based on structure activity
relationships identified the reaction with OH® as the dominant loss pathway for
piperitone and was used to identify its most reactive sites. The ToF-CIMS detected

thirty-three gas-phase oxidation products, and formation mechanisms for seventeen
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of the products have been proposed. The results from these experiments provide

new and useful information on the atmospheric fate of piperitone.

Oxidation experiments were also conducted with OH* on all the BVOCs emitted by a
Sitka spruce tree, to identify oxidation products, reaction pathways and determine
the SOA formation potential of whole Sitka spruce BVOC emissions. Eight gas-phase
BVOCs were identified as key reactive emissions, and upon reaction with OH* led to
the formation of twenty-five gas-phase products and ninety-nine particle-phase
products. Eight of these products were identified as originating from the oxidation of
piperitone, myrcene and isoprene across the gas-phase and particle-phase, with the
majority of the remining products resulting from oligomerisation reactions. Rapid
SOA formation was observed soon after the onset of oxidation, likely due to the
formation of low volatility oxidation products which caused new particle formation.

SOA yields were estimated to be around 15%.

Overall, this work has produced a wealth of new information on the emission and
atmospheric oxidation of BVOCs emitted from Sitka spruce, which will be valuable to
decision makers in the forestry sector. Moreover, the research highlights the
importance of assessing BVOC emissions and the associated SOA formation potential

prior to establishing tree plantations.
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1.1 Earth’s Atmosphere

The atmosphere is the body of air surrounding the Earth, and is held in place by
gravityl. Neglecting water vapour, the atmosphere is composed of approximately
78% molecular nitrogen (N2), 21% molecular oxygen (02) and 1% argon (Ar), with a
minority attributed to trace gases. The atmosphere extends from ground level and
experiences a decrease in pressure with increasing altitude, with no defined
boundary between the atmosphere and outer space. The atmosphere is divided into
five layers; exosphere, thermosphere, mesosphere, stratosphere and troposphere.
Each layer is characterised by temperature, altitude and pressure?, with distinct

boundaries between the layers, Figure 1.1.
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Figure 1.1 Layers of the Earth’s atmosphere showing altitude, pressure and temperature.

Data taken from US Standard Atmosphere, 19763,



The furthest atmospheric layer from the Earth’s surface is the exosphere. The
thermopause, at an altitude of 500 km, marks the lower boundary of the exosphere
which extends upwards. The density of the exosphere is very low and similar to a
vacuum, making it the thinnest of the atmospheric layers?. It is composed primarily
of N2, Oz and carbon dioxide (CO3). The temperature in the exosphere is over 1000 K,

and is relatively constant throughout?.

The thermosphere is located between the mesopause at an altitude of 85 km, and
the thermopause at 500 km. The absorption of solar radiation at wavelengths below
200 nm by Nz and O3, causes the temperature in the thermosphere to increase with
increasing altitude. The pressure at the base of the thermosphere is approximately

102 mbar, making it slightly denser than the exosphere® 24,

The mesosphere extends from the stratopause at 50 km to the mesopause at 85 km.
Pressure ranges from approximately 1 mbar to 10 mbar in the mesosphere. The
temperature in the mesosphere decreases with increasing altitude. At approximately

188 K, the mesopause is the coldest part of the atmosphere® 2,

At an altitude of 15 km the tropopause marks the lower boundary for the
stratosphere. The pressure in the stratosphere ranges between 102 mbar at the
tropopause and 1 mbar at the stratopause. The stratosphere is characterised by a
high concentration of ozone (0s3), which absorbs solar radiation to undergo
photodissociation. The excess energy following absorption is released as heat, and
leads to an increase in temperature which increases with altitude in the

stratosphere® 24,

The troposphere is the lowest atmospheric layer, and is composed of two separate
layers, the boundary layer and the free troposphere. The troposphere extends from
the Earth’s surface to the tropopause at 15 km, and experiences a decrease in
temperature with increasing altitude. The troposphere is the most dense of the
atmospheric layers, and contains approximately 80% of the mass of the atmosphere.

The composition of the troposphere is significantly more diverse than the
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compositions of the other atmospheric layers. The troposphere contains all
emissions from the Earth’s surface and almost all of the water vapour in the
atmosphere. The interactions between the various entities in the troposphere,
including gases, aerosols and particles, determine the weather and climate at the

Earth’s surface® 24,



1.2 Volatile Organic Compounds

Volatile organic compounds (VOCs) are compounds that are predominantly found in
the gas-phase at ambient temperatures®. VOCs are composed mainly of carbon and
hydrogen and may contain other elements including oxygen, nitrogen, sulphur, and
halogens. They are emitted from a wide range of natural (biogenic) and man-made
(anthropogenic) sources. The major biogenic sources of VOCs include plants® and
oceans’, while the dominant anthropogenic sources are fossil fuel burning® and
solvent use®. The emission of VOCs from biogenic sources far exceeds the emission
from anthropogenic sources®, accounting for approximately 90% of VOCs emitted on

a global basis® 12,

Once emitted into the atmosphere VOCs can have impacts on human health'? and
climate. Several VOCs are known to be toxic!?, with some compounds such as
benzene and its derivatives, classed as carcinogenic!* and mutagenic®®. The oxidation
of VOCs can lead to the formation of tropospheric Os, which also has negative health
impacts at high concentrations, aggravating conditions such as chronic pulmonary
heart disease and asthma'® 7. VOCs indirectly impact climate through the formation
of secondary organic aerosols (SOA)*® 1%, and by reducing the oxidant concentration
available to react with the major greenhouse gas methane, prolonging its

atmospheric lifetime® and contributing to global warming.



1.3 Oxidants

The dominant atmospheric oxidants are the hydroxyl radical (OH*), O3 and the nitrate
radical (NOs®), which along with photolysis are responsible for initiating the
atmospheric oxidation of VOCs. These oxidants are produced from a variety of

natural and man-made sources.

OH* is the dominant day time oxidant?®, and largely controls the oxidation capacity
of the atmosphere. The main source of OH"* is the photolysis of Os, at wavelengths
below 320 nm?! leading to the formation of O, and an oxygen radical, *O(*D)?*?
(Reaction 1.1), which can subsequently react with water vapour (H,0) to produce

two OH* (Reaction 1.2).

h .
0, — Y 5 o0, +0('D) Reaction 1.1
<320 nm
O('D) + H,0 — 5 OH + OH Reaction 1.2

Other minor sources of OH® include the photolysis of nitrous acid (HONO) at

wavelengths less than 400 nm?% 23, producing OH® and NO* (Reaction 1.3);

h . .
HONO — ™ o OH+ NO Reaction 1.3

<400 nm

and the photolysis of formaldehyde (HCHO) at wavelengths below 330 nm producing

HO,* (Reaction 1.4), which reacts with either O3 (Reaction 1.5) or NO* (Reaction 1.6),

depending on ambient conditions?? 24 2>,

HcHo v - ' i
——> H + HCOH Reaction 1.4
<330 nm

H(.)2 +0; — = 20, + OH Reaction 1.5

HO, + NO —  » NO, + OH Reaction 1.6



The oxidation of VOCs by OH® in polluted air masses generates appreciable amounts
of HO,*, which readily reacts with NO®, thereby OH* is regenerated??. Finally OH" is
also produced as a by product from the ozonolysis of alkenes?? 26, which is the only

non-photolytic source of OH".

The ambient OH® concentration depends on several factors including the time of day
and location, with 1.6 X 10° molecules cm estimated to be the global 12-hour
average OH"* concentration?’. The OH* concentration follows a diurnal pattern which
peaks at noon?3. Around the world, OH* concentrations are highest at the tropics,

due to high solar irradiance and high water vapour concentrations” %,
O3 can be produced in the presence of sunlight, as well as in the dark. During the day
the formation of ground level Os is initiated through the photolysis of nitrogen

dioxide, (NOy), Reaction 1.7.

hv

NO, — 5 O(*P) + NO Reaction 1.7
<420 nm
OBP) +0, +M — » 0, + M Reaction 1.8

Biomass burning and fossil fuel burning are the main sources of NO2?2. NO;
undergoes photolysis at wavelengths less than 420 nm?¥ 2%, to produce *O(3P) and
NO*. *O(3P) will react with O in the presence of a third body, M, to form 032 22,
Reaction 1.8. M is usually a small stable molecule, typically N; or Oz, which acts as a
diffusion pathway for the excess energy generated from the reaction?!. Os photolysis
can also lead to the regeneration of Os, through the stabilisation of *O(!D) with M,
producing *O(°P). At night the ground level Os concentration increases due to

entrainment from the free troposphere® 2%,

O3 concentrations depend on several factors including altitude, location and season,
with 7 X 10 molecules cm? estimated to be the global 24-hour average Os;

concentration?’. The highest O3 concentration is found in the free troposphere® 2¢,



between approximately 2 km and 15 km above sea level. Elevated O3 concentrations
are found in the mid to high latitudes, due to enhanced Os formation and transport
from the stratosphere?®. O3 concentrations are at a maximum in the summer due to

enhanced photochemical activity3.

O3 in the stratosphere and free troposphere effectively filters solar radiation,
reducing the amount of UV radiation reaching the Earth’s surface. At ground level,
high concentrations of O3 have a negative impact on human health and biological
processes, leading to plant stress and a reduction in crop vyields, it also leads to an

increase in surface temperatures due to the absorption of solar radiation3.

NOs°® is the dominant oxidant at night-time?!. NOs" is produced from the reaction of

NO; with O3, Reaction 1.9.

NO, + O3 — N(.)3 + 0, Reaction 1.9

NOs® undergoes rapid photooxidation upon exposure to sunlight, preventing NO3*

oxidation from occurring during the day3? 33, Reactions 1.10 and 1.11.

. hV .
NO3 ——— NO + 0, Reaction 1.10

<800 nm

. hV .
NO3 ——— NO, +O Reaction 1.11

<580 nm

The ambient nocturnal NOs® concentration is estimated to be 5 x 10® molecules cm?
in urban areas?’. NOs3" concentrations are concentrated in urban areas near NOy
sources, and are quite low in rural areas. Although NOs® is typically associated with
urban environments, NO*® has also been found to originate from certain soils. The

oxidation of NO* could be a source of NOs® in rural environments?2.



Photolysis is also a major loss pathway for VOCs containing carbonyl (>C=0) or nitro
(-NO2) functionalities?®. In order for photolysis to occur, two criteria must be met; the
incident light must have the correct wavelength to be absorbed by the VOC, and the
light must have sufficient energy to dissociate the bond3*. Due to the filtration of
incoming solar radiation by Os in the stratosphere, the wavelength of light that
reaches the troposphere is typically above 290 nm, therefore photolysis only occurs

for VOCs that absorb in the actinic range?®.



1.4 VOC Oxidation

The fate of a VOC in the atmosphere depends on its reactivity towards the various
atmospheric oxidants OH®, Oz and NOs°, as well as photolysis. The reactivity of a VOC
depends on several factors including the functional groups present3> 3¢, the structure

of the VOC3” and the nature of the oxidant?? 32.

Laboratory studies involving the use of atmospheric simulation chambers (Figure 1.2)
or flow tube reactors are used to study oxidation reactions. They are constructed
from an inert material, typically Teflon3% 4% or glass** 2, and are supplied with dry,

clean air free of VOCs and oxidants*3.

Figure 1.2 Photograph of the Irish atmospheric simulation chamber (IASC) at

University College Cork, Ireland.

A suite of instruments connected to the chamber is utilised to monitor the progress
of the oxidation reaction through the decay of the reacting VOC and the formation

of oxidised products, which takes the general form:
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VOC + Oxidant  —————— Products Reaction 1.12

The rate of a reaction is a measure of the change in concentration of reactants or
products with time**. The rate of a reaction depends on several factors including
temperature and pressure, and is defined by the rate coefficient (k) for the reaction.
The temperature dependence of k values can be described using the Arrhenius
equation over a limited temperature range, and displays a negative trend with
increasing temperature**. The values for k can be used to determine the lifetime of
VOCs in the atmosphere due to reaction with the various oxidants?’. In the case of
photolysis reactions J values are used to describe the reaction kinetics, which can

also be determined from experiments performed using chambers.

As well as investigating reaction kinetics, chambers can also be used to determine
the oxidation products and SOA produced during the reactions. On-line monitoring
and assessment of oxidation products facilitates derivation of the oxidation
mechanisms leading to their formation, and can also be used to investigate the SOA

formation potential of VOCs.
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1.5 Secondary Organic Aerosols

An aerosol is the suspension of solid and liquid particles in a gas. SOA are produced
from the oxidation of VOCs which through a single oxidation step or multiple
progressive oxidation steps generate products with sufficiently low volatility that
partition into the particle-phase'®. Partitioning can occur via two methods,
nucleation leading to new particle formation* or deposition onto pre-existing

particles*®. A schematic for the formation of SOA is shown in Figure 1.3.

Oxidants Scattering — cooling
Chemical reactions Absorption —warming
Direct emissions i
Oxidation Products
OH® High volatility - gas
0, NO, Low volatility = particle
*.* . 0.0
o o ﬂ . [ J .
. .. Low-volatility
° ) L]
vapours condense
Further Oxidation
Less volatile products
Health

Aggravation of
respiratory conditions

90% Biogenic sources
10% Anthropogenic sources

Figure 1.3 Schematic of SOA formation from biogenic and anthropogenic VOCs.

SOA have impacts on health and climate. Inhalation of SOA can lead to an
accumulation of particles in the alveoli in the lungs*’, which cross the thin membrane
and enter the bloodstream. People living in areas subject to high SOA concentrations
have increased susceptibility to respiratory conditions and heart disease, as well as

increased mortality from stroke and cardiorespiratory diseases®®.

SOA are a key component of photochemical smog, which leads to reduced visibility®°.
More importantly, SOA have significant direct and indirect climatic impacts, through
their interaction with incoming solar radiation which alters the natural radiative
balance®. SOA directly affect the climate through the reflection and scattering of

incoming infra-red (IR) solar radiation. This reduces the amount reaching Earth and
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has a cooling effect on the Earth’s atmosphere®?>2, If the SOA contain light absorbing
functionalities (chromophores) such as carbonyl or nitro groups, radiation can be
absorbed and this has a warming effect on the climate®® >4, An example of this is
brown carbon, which is formed through the oxidation of anthropogenic and biogenic

VOCs®® and absorbs in the near-UV and visible wavelength ranges.

SOA indirectly affect climate through their influence on clouds. SOA particles act as
cloud condensation nuclei (CCN), leading to the formation of clouds®" °>. Clouds
reflect incoming solar radiation reducing the amount that reaches Earth>2. Changes
in the concentrations or sizes of CCN will alter cloud formation and properties, and
impact natural radiative processes'®. Figure 1.4 shows the direct and indirect effects

that aerosols have on radiative forcing.
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Figure 1.4 Direct and indirect effects of aerosols on radiative forcing®®.

The largest uncertainty regarding predictive global climate models is that associated
with aerosols, and in particular their indirect impacts on clouds®’. The composition
of SOA determine their properties and health and climatic impacts®8. There is a high
degree of uncertainty associated with global SOA concentrations®®, with estimates
for the biogenic SOA flux from 12 Tg year™ to 70 Tg year?, and estimates for the
anthropogenic sources between 2 Tg year! and 12 Tg year!. While the SOA estimates
are largely variable, it is clear the SOA contribution originating from biogenic sources

far exceeds that from anthropogenic sources. Therefore, it is important to determine
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the chemical and physical properties of SOA produced from the most abundant VOCs

released from biogenic sources into the atmosphere.
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1.6 Biogenic Volatile Organic Compounds

VOCs emitted from plants, soils and aquatic plants are referred to as biogenic VOCs
(BVOCs). BVOCs are emitted from the foliage, bark and roots of plants. BVOCs
account for approximately 90% of global VOC emissions, and are over an order of

magnitude more abundant than anthropogenic VOCs?!.

A significant amount of research has been conducted on the BVOC emissions from
various plant species in an effort to determine their composition and potential
climatic impacts>Y . All plant species have been found to emit terpenes, which are
hydrocarbons comprised of multiple CsHs units® 6. The most common terpenes are
isoprene (CsHs), monoterpenes (CioH1s) and sesquiterpenes (CisHz4). Terpene BVOCs
are emitted from coniferous plants®?, deciduous plants'® and grasses®3. Only one CsHs
isomer, isoprene, is emitted from plants, while multiple cyclic and linear

monoterpene and sesquiterpene isomers exist.

Figure 1.5 shows the structures of isoprene, a-pinene a commonly emitted
monoterpene and B-caryophyllene a commonly emitted sesquiterpene. BVOC
emissions are dominated by terpenes, although smaller amounts of oxygenated
compounds can also be emitted including acetone'®, methanol® and oxygenated

monoterpenes®®

Figure 1.5 Structures of isoprene (left), a-pinene (middle) and B-caryophyllene (right).
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The BVOCs emitted from a plant species depend on several factors. In general each
species of plant emits a unique BVOC emission profile, typically with isoprene or two
to three monoterpenes accounting for 60% to 90% of the BVOC emission flux®”- 2,
with the remainder composed of other terpenes and oxygenated BVOCs. Depending
on the emission flux, plant species are normally classed as high or low emitters, with
the emissions from the leaves of deciduous plants usually much lower than those

from the needles of coniferous plants®® 7°,

Two of the most well studied tree species are Scots pine and Norway spruce, which
are typically found in the temperate and boreal regions of the Northern Hemisphere.
The main BVOCs emitted from Scots pine are a-pinene and &-carene, although other
monoterpenes can also be emitted in significant amounts’> 72, The main BVOCs
emitted from Norway spruce are a-pinene, B-pinene and limonene’3. As both Scots
pine and Norway spruce are found in the same locations, and emit similar BVOC
profiles, the climate surrounding these forests is influenced by the SOA produced

from the oxidation of these monoterpenes.
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1.7 Monocultures

A monoculture is an area of land that is dedicated to growing a single plant species.
In terms of forestry, this often means natural forests containing multiple native
species are cleared, and replaced with a single, usually non-native species. An
example of this are the oil palm plantations that have been established in place of
natural rainforest across Asia, Africa and Latin Americal. Large scale oil palm
plantations (Figure 1.6) were established due to the worldwide demand for palm oil

used in food, cosmetics and as a biofuel3L.

Figure 1.6 Photograph of oil palm plantation in Asia”?.

The mass planting of oil palm has had several negative impacts on the local areas. Qil
palm plantations have led to widespread deforestation’. There has been a significant
loss in biodiversity due to the removal of natural forest, as oil palm plantations tend

to be devoid of other flora and fauna’®.

Since the establishment of oil palm plantations, the atmospheric composition of the

air in areas surrounding the plantations has experienced significant changes. In
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Southeast Asia the replacement of natural tropical rainforest with oil palm
plantations has lead to a significant increase in ambient isoprene concentrations, and
decrease in monoterpene concentrations3!. Oil palm plantations are also associated
with elevated NOx concentrations relative to the natural forest, due to agro-industrial
activity. In the presence of NOjy, the oxidation of isoprene can lead to the formation
of ground level Os. For remote oil palm plantations NOx emissions are sufficiently low
to maintain pre-plantation ground level O3 concentrations. More intensive oil palm
processing would increase NOx emissions leading to an enhancement in O3
formation. Elevated O3 concentrations have been observed in regions where oil palm

plantations are in close proximity to urban centres.

In Ireland a similar process is occurring. Natural forest comprised of predominantly
native broadleaf species including oak, ash and birch, are cleared to make way for
Sitka spruce monocultures. Sitka spruce is a non-native coniferous tree species,

desired for its ability to rapidly grow in the Irish climate.
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1.8 Picea Sitchensis (Sitka spruce)

In Ireland forestry accounts for approximately 11% of land cover, almost 50% of
which is dedicated to Picea Sitchensis (Sitka spruce) monocultures. Sitka spruce is a
naturally occurring species in the Western US, it was originally introduced to Ireland
in the 19t century, with the first Sitka spruce plantations established at the start of
the 20™ century. Since then Sitka spruce has become the main plantation tree species

in Ireland, Figure 1.7.

Figure 1.7 Photograph of a Sitka spruce monoculture in Co. Cork Ireland.

The widespread planting of Sitka spruce is favoured over native species because of
its ability to grow quickly and straight, which facilitates wood production. Sitka
spruce can grow to a height of approximately 30 m, with nearly all the foliage located
at the top. This has the effect of blocking sunlight from reaching the forest floor,
preventing the growth of flora that is commonly found in other forests, leading to a

significant loss in biodiversity””.

The climatic implications of planting Sitka spruce monocultures are largely unknown,
as to date only a limited number of studies have characterised the BVOC emissions

from Sitka spruce. The most recent study was conducted in 2004, and none were
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conducted in Ireland. In all studies isoprene and monoterpenes were identified as

BVOC emissions from Sitka spruce.

The first known study on the characterisation of BVOCs emitted from Sitka spruce
was conducted in the US on twelve Sika spruce saplings housed in a controlled
environmental chamber. A combination of gas- and liquid-chromatography were
used to identify the BVOC emissions, which were comprised of isoprene, and four
monoterpenes; camphene, a-pinene, B-pinene and myrcene. The emissions were
dominated by isoprene, with myrcene identified as the main monoterpene emission.
A very low concentration of B-phellandrene was also detected in the emissions of
only one of the twelve Sitka spruce trees’®. In a follow-up study the BVOC emissions
of twelve 6 month old Sitka spruce saplings were analysed. Isoprene was found to
dominate the emissions with the same four monoterpenes identified in the same

ratios’.

A study conducted in the UK, also using gas-chromatography analysis, found a
difference in the BVOC composition and emission fluxes from a young Sitka spruce
tree and a mature Sitka spruce tree naturally growing in a forest. The difference in
fluxes was partly attributed to differences in the environmental conditions between
the trees at the time of sampling. For both trees the emissions were dominated by
myrcene, accounting for over 80% of the total BVOC flux. The other BVOCs consisted
of isoprene, a-pinene, B-pinene and camphene, although the relative contributions
were different, with the mature tree emitting more isoprene and the young tree
emitting more monoterpenes. In the same work, the emissions of glasshouse grown
2 year old Sitka spruce trees, analysed in a laboratory under controlled
environmental conditions, were composed almost entirely of isoprene, with minor
contributions from the same three monoterpenes®. In an extension of this study it
was found that B-phellandrene made a significant contribution to the overall Sitka
spruce BVOC flux, and was the second highest monoterpene emission after
myrcene8!. These results are in contrast to those reported for Sitka spruce in the US,

for which B-phellandrene was barely detected.
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Another study in the UK, using a combination of proton transfer reaction-mass
spectrometry (PTR-MS) and gas chromatography, analysed the BVOC emissions from
a Sitka spruce tree. The BVOC emissions were composed predominantly of a-pinene,
B-pinene, limonene and myrcene. Minor concentrations of several other
monoterpenes; camphene, 6-carene, a-phellandrene, a-terpinene and y-terpinene
were also detected, as well as p-cymene and two C10H160 oxygenated monoterpene
isomers, piperitone and camphor. The emission of isoprene was not reported®?. An
extension of this study, using PTR-MS analysis only, found isoprene, an unidentified
monoterpene mixture and small oxygenated compounds, methanol and

acetaldehyde in the emissions of 9 year old Sitka spruce®3.

Several studies have also been conducted to determine the composition of Sitka
spruce resin. Resin originating from the needles and branches was found to be
composed of mainly myrcene, camphor and piperitone®48, Other monoterpenes
including B-pinene®*, B-phellandrene®* &, and several oxygenated compounds
including 1,8-cineole®” and isopentyl isovalerate®® were also identified in various
studies. The composition of the cortical resin in the main trunk was found to be quite
different to that in the needles and branches. The monoterpenes a-pinene, B-pinene
and B-phellandrene were found to dominate the composition of Sitka spruce cortical

resin8® %0,

Two studies analysing the soil in Sitka spruce forests covered with fallen needles,
found the composition of the soil emissions to be quite similar to the needle BVOC
emissions. The soil BVOC emissions were mainly composed of B-myrcene, a-pinene,
B-pinene, 6-limonene and camphene. Both studies focussed on the detection of
isoprene and monoterpenes, and did not report the detection of oxygenated

compounds.

There is a discrepancy between the results of studies identifying the composition of
the BVOCs emitted from Sitka spruce. Some studies focussed solely on the detection
of isoprene and monoterpenes, with others also reporting the detection of

oxygenated compounds. All studies were conducted under different conditions, and
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none were performed in Ireland. In order to assess the BVOC emissions from Sitka
spruce monocultures in Ireland, it is important that the work is performed at

conditions relevant to the Irish climate.
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1.9 Aims and Thesis Overview

1.9.1 Aims of Thesis

The aims of this work were to:

e |dentify and determine the emission fluxes of the main BVOCs emitted by
Sitka spruce under conditions relevant to the Irish climate.

e Assess the atmospheric reactivity of the main BVOC emitted by Sitka spruce,
through determination of its reaction kinetics, product formation and
oxidation mechanisms.

e Perform oxidation reactions on the whole Sitka spruce BVOC emissions, to
identify oxidation products, determine oxidation pathways and to assess the

SOA formation potential of Sitka spruce BVOC emissions.

1.9.2 Overview of Thesis

Chapter 1 provides an overview of the research topic presented in this thesis. A
description of VOCs, regarding their sources, oxidation, SOA formation potential and
climatic impacts following the formation of SOA are presented. The importance of
knowing the composition of VOCs produced from high emitting sources is provided,
with a review of the BVOCs emitted by Sitka spruce, Ireland’s main plantation tree

species.

A description of the main instrumentation used in this work is provided in Chapter 2.
All work involved the use of a high resolution time-of-flight chemical ionisation mass
spectrometer (ToF-CIMS), with experiments carried out at two separate laboratories;
Environmental Research Institute, University College Cork (ERI, UCC) and at the Irish

Atmospheric Simulation Chamber facility University College Cork (IASC, UCC).

An overview of the BVOCs emitted by Sitka spruce is provided in Chapter 3. The
composition of the BVOC emissions was determined using a combination of on-line

ToF-CIMS analysis with off-line thermal desorption gas-chromatography mass
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spectrometry (TD-GC/MS) analysis. The response of the BVOC emission fluxes to
changes in environmental conditions were assessed and emission pathways were
identified. Standardised BVOC emission fluxes were determined and the
contributions of BVOC emissions to the carbon balance for Sitka spruce was
calculated. An extrapolation procedure was applied to estimate the total BVOC flux

from all Sitka spruce trees in Ireland.

Chapter 4 focussed on the oxidation of piperitone, the main BVOC emitted by the
Sitka spruce trees in Chapter 3. Rate coefficients for the reactions of piperitone with
OH®, O3 and NO3* were estimated using structure activity relationships. Relative rate
experiments were conducted to determine the rate coefficient for the reaction of
piperitone with OH®. A series of oxidation experiments was carried out using an
atmospheric simulation chamber to identify the main reaction products from the
reaction of piperitone with OH®. Oxidation mechanisms were proposed for the

formation of some of the main products.

The work described in Chapter 5 involved the oxidation of the BVOC emissions from
a Sitka spruce tree. The BVOC emissions were transferred into an atmospheric
simulation chamber and oxidised with OH*. Oxidation mechanisms were proposed
for some products. The formation of SOA was investigated, and SOA formation yields

were determined.

Chapter 6 provides a summary and perspectives of all work carried out, with

suggestions for future research on this topic.
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Chapter 2 Instrumentation
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2.1 ToF-CIMS

The main instrument used in this work was a ToF-CIMS (Time-of-Flight Chemical
lonisation Mass Spectrometer, Aerodyne C4Q-106). The ToF-CIMS is an on-line
instrument designed to monitor the composition and temporal evolution of
atmospheric trace gases. The instrument was developed by researchers at Tofwerk
and Aerodyne®l. The ToF-CIMS is a highly sensitive instrument, capable of detecting
VOCs at ppt concentration levels®?, with a high (1 Hz) time resolution®% °3. Chemical
ionisation is a soft ionisation technique, which imparts minimal excess energy to the
newly formed ion, resulting in little fragmentation®® and easier identification of the
analytes. Chemical ionisation is suitable for use with a variety of reagent ions®%°3 %5,
thus, enabling the detection of a wide range of atmospheric gases. The instrument
has been used in laboratory studies to investigate the atmospheric oxidation of VOCs

in simulation chambers®; and also in field studies, to measure ambient

concentrations of atmospheric VOCs of biogenic®*°” and anthropogenic®® origin.

2.1.1 Instrument Overview

A schematic of the ToF-CIMS is shown in Figure 2.1. The instrument consists of six
distinct regions. Ambient air is admitted into the instrument through the gas-phase
inlet and flows into the ion molecule reactor (IMR) where it undergoes chemical
ionisation, to produce ions which travel through a series of focussing lenses and ion
optics to the time-of-flight (ToF) region. In the ToF region the ions are separated

according to their mass-to-charge ratio.

The ToF-CIMS used in this work was fitted with a vacuum ultraviolet (VUV) ion source
(Tofwerk)®?, which consists of a krypton lamp that generates UV light at two
wavelengths, 116.49 nm and 123.58 nm. N; is flowed at a rate between 0.25 L min™!
and 0.5 L min over a heated permeation tube containing the reagent ion precursor
and into the VUV ion source, where reagent ion precursor absorbs the UV radiation,

leading to the formation of reagent ions. The flow of reagent ions subsequently

passes into the IMR region®2.

26



—
Reagent )
jon Small Big
segmented segmented
VUV quadrupole quadrupole lon optics
IMR
Sample
air
lon extractor MCP detector
Scroll Scroll Multi-stage
pump pump turbo pump

Figure 2.1 Schematic of ToF-CIMS, adapted from Sanchez et al., 2016°°.

The IMR is a small tapered stainless steel chamber in which the gas-phase analytes
undergo chemical ionisation upon interaction with the reagent ions. Ambient air is
admitted into the IMR at a flow rate of 2 L min%, through a critical orifice. Heating of
the interior surface of the IMR to 60 °C, prevents loss of VOCs to the IMR walls%,
The flows of reagent ions and sample air are orthogonal to each other and collide in
the IMR®L. Due to the large excess of reagent ions, ionisation of neutral gas-phase
molecules proceeds, with negligible loss in reagent ion concentration!®l. The
ionisation process that occurs depends on the properties of the analyte and reagent
ion®3. The pressure of the IMR also influences the ionisation process, with higher
pressures promoting cluster formation?., In this work, the IMR was maintained at a
pressure of 70 mbar or 120 mbar, depending on the choice of reagent ion. This was
achieved with the use of a scroll pump (SH112), operating at a rate of 100 L mint. A
voltage of -100 V was applied to the IMR to focus the ions through a critical orifice at

the back of the IMR and into the small segmented quadrupole (55Q)°.

The SSQ consists of a short six-piece segmented quadrupole, to which a radio
frequency field is applied. An electric field is generated, which as the ions pass
through, focusses them into a beam®!. The strength of the electric field can be
adjusted, a strong field can lead to the dissociation of weakly bound ion clustersi®?,
The pressure in the SSQ was maintained at 2 mbar for this work, with the use of a
scroll pump (TriScroll 600)1%. The voltages applied to the SSQ were setto 0V, in order

to reduce declustering, and enhance ion transmission through the instrument!,
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Following passage through the SSQ, the ions are admitted into the big segmented
quadrupole (BSQ). The BSQ is a radio frequency only quadrupole, maintained at a

pressure of 10 mbar by a turbo pump?.

After the BSQ the ion beam enters the primary beam chamber (PBC), which consists
of a series of ion optics, composed of ion lenses, flanges and deflectors!®. The
purpose of the PBC is to focus the ions into a single beam and accelerate it to the
orthogonal extractor®. The pressure in the PBC was maintained at 10 mbar, with

the use of the turbo pump?3.

In the ToF analyser the ions are held on the orthogonal extractor until a strong
electric field is applied, causing the ions to accelerate through the ToF region®. The
pressure in the ToF analyser was maintained at 10°® mbar with the turbo pump!®.
The ions initially travel through the ToF region towards the reflector, where they
experience a repulsion and are forced towards the detector. The ToF-CIMS is
equipped with two microchannel plate detectors (MCP), arranged in a chevron
configuration. The MCPs consist of an array of electron multiplier channels. When an
ion enters a channel on the front MCP, electrons are released, which enter the
second MCP, releasing further electrons. The current at the back of the second MCP

is measured and converted to an ion concentration!®.

Operation of the ToF CIMS is performed through TofDaq, the software suite for data
acquisition and control. The voltages and pressures applied to the various regions of
the instrument are adjusted through TofDaq. Conditions for each measurement
mode were optimised and reloaded as necessary. The voltages and pressures used in
operating the ToF-CIMS were loaded and applied at least 30 minutes prior to
commencing any measurements to allow the instrument time to initiate and ensure

stability of the ion signals.
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2.1.2 Reagent lons

The choice of reagent ion determines the range of compounds the ToF-CIMS is
capable of detecting'®. No single reagent ion is suited to ionising all gas-phase
molecules, and it is common practice to select a reagent ion which ionises the largest
range of target analytes. The reagent ions chosen for this work were the benzene
cation (CeéHs*) and iodide anion (I)). CesHe* was selected for its affinity to ionise
hydrocarbons and VOCs with a low oxygen content%. |- was selected for its ability to
detect VOCs with a high oxygen content'®®, such as those produced during

atmospheric oxidation experiments.

The CsHs* reagent ion was generated from the ionisation of gaseous benzene, via two
methods. A 0.25 L min? flow of N, (BOC, oxygen free) was passed over a liquid
benzene permeation tube (6-PD-1400-C45, Carl Stuart Group) placed inside %“
stainless steel tubing which was wrapped in a heat strip and maintained at 50 °C.
Alternatively, 0.02 L min™* N, was passed over a volume of liquid benzene in a gas cell
(Kin-Tek) and diluted with a 0.15 L min? flow of N,. The vapourised benzene
produced by these methods was passed into the ion source where upon absorption

of VUV radiation, C¢Hs* was formed via the ejection of an electron?’,

For the generation of I"ions, a 0.4 L min! flow of N2 was passed over a methyl iodide
(CHsl) permeation tube (PD-4600-U30, Carl Stuart Group), heated to 50 °C with a heat
strip. Alternatively, a flow of 0.45 L min't N; (Irish Oxygen, 2 Grade) was passed over
a CHsl permeation tube (PD-4600-U30, Carl Stuart Group), heated to 90 °C with a GC
oven (Agilent), and into the ToF-CIMS. Upon entering the VUV ion source an amount
of CHsl absorbs the UV radiation, leading to the ejection of photoelectrons®2. The
photoelectrons interact with CHsl molecules, leading to dissociation and the
formation of I'. During instrument operation the |- ion was the dominant peak in the
mass spectrum, significant signals were also observed for iodide clusters and

interference from H,0, O and NO31%8.
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2.1.3 Tuning

Tuning of the ToF-CIMS was performed following installation of the VUV ion source
and movement of the instrument. Tuning is an automated process carried out with
specialised software, Thuner (version 1.7.0). The purpose of tuning is to optimise the
response of the instrument to the analytes of interest. For CcHs" mode, this relates
to the detection of hydrocarbons and VOCs with a low oxygen content (O - 02)°3. For

I mode this encompasses a wide range of oxygenated compounds (O3 - 07)%0°,

The ToF-CIMS must be supplied with a stable tracer signal that it measures during
tuning. For tuning in CsHs* mode B-pinene (Ci0H1s) was used, and for I mode formic
acid (CH3COOH) was used. Home-made permeation tubes of B-pinene (purity 99%,
Sigma Aldrich) and formic acid (purity 89%, Sigma Aldrich) were made using liquid
standards. To generate a stable signal, the permeation tube was placed inside a %"
piece of stainless steel tubing and filtered air was passed over the tube at a flow rate
of 3 L mint. The ToF-CIMS sub-sampled 2 L min* from this flow, with the remainder
of the flow being vented. The reference signal was monitored for at least 12 hours to

ensure stability of the signal.

Thuner can be used to optimise for sensitivity and resolution®. The focus of the
tuning procedure depends on the appearance of the mass spectrum. Thuner
operates by performing a series of steps (a sequence) in which the voltages applied
to the SSQ and BSQ are varied within a range, and the response of the tracer
compound is measured. The voltages are optimised during each step, and utilised as

the input for the next step in the sequence®*®,

For each step in the sequence the ion definitions are assigned. The tracer ion signal,
or the isomer if the signal for the tracer ion is saturated, is set as the response ion.
Other ions are used for a mass calibration, typically the reagent ion, its clusters and
internal calibrants are used as calibrant ions. The strength of the tracer ion response
during each step, determines which parameters are optimised. Optimising the

resolution enhances the sharpness of peaks within the mass spectrum, facilitating

30



peak identification. Maximising the sensitivity increases the response of the
instrument to the concentration of the compound. Within each step the level of
importance given to tuning for optimising resolution or sensitivity is determined by
the weight attributed to each. It is not possible to achieve maximum resolution while
simultaneously attaining maximum sensitivity, and the configuration that

corresponds to the best response for both parameters is selected.
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2.2 Filter Inlet for Gas and AEROsols (FIGAERO)

Replacement of the gas-phase inlet on the ToF-CIMS with the FIGAERO (Filter Inlet
for Gas and AEROsols, Aerodyne) allows collection and analysis of compounds in the
particle-phase!. The FIGAERO works by sampling atmospheric gases while particles
are simultaneously collected onto a 25 mm PTFE filter (pore size 1 um, Zefon
International Inc, USA). Once sufficient material has been collected onto the filter,
repositioning of the linear actuator aligns the filter with the inlet of the ToF-CIMS and
the particles on the filter can be thermally desorbed and analysed in the same

manner as the gas-phase.

2.2.1 FIGAERO Overview

The FIGAERO consists of a Teflon manifold enclosed in a stainless steel casing®'?. A
schematic of the FIGAERO is shown in Figure 2.2. The FIGAERO is mounted onto the
ToF-CIMS in place of the gas-phase inlet, such that it is vertical. The FIGAERO has
three ports drilled into the Teflon manifold which facilitate continuous gas-phase and
particle-phase sampling®3, along with a Teflon linear actuator and a heating block.
The use of the linear actuator allows independent sampling of the gas-phase and

particle-phase, preventing contamination between them?4,

The FIGAERO can be operated in sampling mode or in desorption mode. When in
sampling mode (Figure 2.2, B), gas-phase VOCs pass directly into the ToF-CIMS,
through the gas-phase inlet which has a direct connection with the IMR!,
Simultaneously particles are collected onto a PTFE filter which is held in the linear
actuator. Particles are sampled onto the filter at a rate of 2.5 L min™t. The middle port

is blocked when in sampling mode.

In order to switch to desorption mode the linear actuator shifts vertically upwards.
This blocks the gas-phase sampling port at the top and positions the filter in front of
the second port (Figure 2.2, C). In order to desorb the particles, a 2 L min™* N, flow is

heated and passed over the filter, and desorbed compounds are carried into the IMR.
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Figure 2.2 Schematic of the FIGAERO (A) and its two operational modes, sampling (B) and
desorption (C), adapted from Lopez-Hilfiker et al. (2014)***.

2.2.2 Desorption Cycle

Operation of the FIGAERO is controlled with the EyeOn control box and software.
EyeOn can be used to perform a single desorption or can be programmed to run a

sequence of sampling and desorption cycles.

For all analysis in this work, a single 35-minute desorption cycle was used. The
desorption cycle consisted of three phases; a temperature ramp, a soak and a
cooling. Prior to commencing the desorption cycle, the loaded PTFE filter was aligned
with the IMR and a 2 L min? flow of N2 was passed over it. During the 15-minute
temperature ramp the temperature of N, passing over the loaded PTFE filter was
increased from ambient (typically 21 °C) at 10 °C min?, to 200 °C. This linearly
increased the temperature of the filter to ~ 180 °C, and was followed by a 20-minute

soak period at 200 °C**2, The purpose of the soak is to ensure all organic material has
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desorbed from the PTFE filter allowing it to be re-used, without contamination
concerns. Following the soak, the temperature of the PTFE filter was cooled to
facilitate further sample collection. The heating block was cooled with the use of an

in-built fan, and ambient temperature N> was passed over the filter for 5 minutes'®,
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2.3 Other Instrumentation

2.3.1 Scanning Mobility Particle Sizer

A Scanning Mobility Particle Sizer (SMPS) (TSI model 3938) was used during oxidation
experiments to monitor the formation and growth of particles. The SMPS measures
the size distribution and concentration of particles in real time, based on the
electrical mobility of a charged particle in an electric field'!®. The SMPS consists of
three parts; electrostatic classifier (TSI model 3082), differential mobility analyser

(DMA) (TSI model 3081), and condensation particle counter (CPC) (TSI model 3750).

Polydisperse aerosol is sampled at a flow rate of 1 L min™ through a 0.071 cm orifice
impactor into the electrostatic classifier of the SMPS. The purpose of the impactor is
to remove particles above a certain aerodynamic diameter from the sample flow.
This reduces interference from multiply charged particles*'’. The particles then pass
through a Krypton-85 bipolar neutraliser, which applies a known charge distribution

to the aerosol.

After charging, the particles are admitted into the DMA where they are separated
according to electrical mobility. The DMA consists of an inner and outer electrode, to
which voltages are applied to generate an electric field. The strength of the electric
field is varied by scanning the voltage!'®. At a certain electric field strength only
particles with a specific electrical mobility will pass through the exit slit of the DMA,
producing a monodisperse aerosol. Electrical mobility is proportional to charge and
particle size, so assuming the particles are uniformly charged prior to entering the

DMA, the electrical mobility can be used to determine the particle size.

Following sizing, the particles are counted with the CPC. In the CPC the particles pass
through a saturator, where the aerosol flow becomes saturated with n-butanol
vapour. The flow then passes through a condenser, in which the aerosol is cooled
and the butanol vapour condenses onto the particles, growing them to a detectable

size. The condensed particles pass in front of a laser diode to be counted!8,
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2.3.2 NOx Analyser

A NOy analyser (Enviro Technology Services, T200 NOx Analyser) was used to measure
the concentrations of NO®, NO, and NOx (sum of NO® and NO;) during oxidation
experiments at a 1 minute time resolution. The measurement is based on the
chemiluminescence of NO, produced from the reaction of NO® in the sampled air
with Os. The NO; has excess energy that is released in the form of infrared light, which
is detected and converted to a concentration. Some of the sample air is passed over
heated molybdenum, which converts NO, to NO°. The concentration of NO* in the
NO; converted sample is measured in the same manner, with the concentration
corresponding to NOy. The measurement switches between incoming sample air and
the NO; converted sample and the difference is calculated to give an NO;

concentration?®.

2.3.3 O3 Analyser

An Os analyser (Enviro Technology Services, T400 O3 Analyser) was used during
oxidation experiments to measure O3 concentrations at a 1 minute time resolution.
The instrument provides an Os concentration based on the difference in the
absorption of UV light at 254 nm between the sample and the sample air scrubbed
of Os. The amount of absorbed UV is proportional to the amount of Oz in the

sample!?°
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2.4 Atmospheric Simulation Chambers

2.4.1 Environmental Research Institute

The atmospheric simulation chamber at the Environmental Research Institute (ERI)
(Figure 2.3) is a 2.2 m3 cylinder made of 0.1 mm thick fluorinated ethylene propylene
(FEP) Teflon foil*2%, which is chemically inert and permits transmittance of UV and
visible radiation. The chamber is housed in a reflective aluminium casing to maximise
light penetration into the chamber, which is equipped with a series of UV lamps
(Philips) which lie along the floor: five TLO5 40 W lamps that emit in the UVA range
with an emission maximum at 370 nm; five TLDO8 18 W BLB lamps that emit in the
UVA range with an emission maximum at 360 nm; and six TUV T8 15 W lamps which
emit in the UVC range with an emission maximum at 253.7 nm. The chamber is
equipped with a small fan to facilitate homogenisation of the chamber contents

following injection.

Figure 2.3 Photograph of the atmospheric simulation chamber at the ERI.

The compressed air that supplies the chamber is filtered by passing it through an air
purification system (Zander KA-MT-6) to minimise contamination from VOCs and
NOy. The ends of the cylindrical chamber have several ports each, of varying sizes for

sampling instrumentation and reagent injection. A Vaisala relative humidity and
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temperature probe (dewpoint probe DMP74A, Viasala, Finland) is located inside the
chamber. The chamber could be humidified to 60% by bubbling compressed air

through Milli-Q water over night.

When not in use the chamber was continually flushed at 120 L min. When in
operation the chamber was supplied with a 5 L min? to 10 L min? flow, to
compensate the volume removed due to instrument sampling and to mitigate
chamber shrinkage. This also ensured the chamber was continually over pressurised

and prevented inward penetration of laboratory air.

Background concentrations of the measured parameters in the clean chamber are
approximately; particle number concentration < 20 cm™3, O3 = 0.5 ppb, NO* = 0 ppb,

NO; = 0.5 ppb, relative humidity = 0.17%.

2.4.2 Irish Atmospheric Simulation Chamber (IASC)

IASC is a 27 m?® cuboid (4.4 m x 3 m x 2 m) chamber made of 0.125 mm thick FEP
Teflon foil attached to an aluminium support frame (Figure 2.4). The structure of the
chamber is supported 30 cm above the ground with aluminium profiles. The two side
walls of the chamber are each equipped with two mounting plates each with various
sized ports for reagent admission into the chamber and instrumentation sampling.
The mounting plates are approximately 1 m above the base of the chamber, with
tubing extending approximately 30 cm into the chamber. The two end walls of the
chamber are equipped with ten spectroscopic cavities, also 1 m above the chamber
floor. The spectroscopic cavities are designated for the in-situ detection of various

gases including NO2, NO3* and HONO.
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Figure 2.4 Photograph of inside (left) and outside (right) of IASC.

The chamber and support frame are situated inside a housing, which is equipped with
a built-in ventilation system that allows control of the air temperature within the
range 15 °C to 25 °C. The two longer side walls of the housing are fitted with seven
panels consisting of ten lamps each, 140 lamps in total. Each panel has seven actinic
black light UVA lamps (Phillips TL 40W/10 SLV/25) and three UVB broadband lamps
(Phillips TL 40W/12 RS SLV/25) for photolysis of compounds and radical precursors.
The internal surface of the chamber housing is covered in a highly reflective foil to

maximise light transmission into the chamber.

The chamber is supplied with cleaned air generated by a compressor (Atlas CopCo,
air compressor model ZT22) equipped with a drier, two charcoal filters and two HEPA
filters to remove humidity, VOCs, NOx and particles, respectively, prior to admission
into the chamber. The chamber is operated at a slight overpressure, which is
regulated by a control system through KNX software. While flushing the differential
pressure is held at +3 Pa, and during experiments it is maintained at +10 Pa. A fan
located on the chamber floor, is briefly turned on following the addition of reactants

to achieve rapid mixing.
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The chamber is fitted with two PT-1000 thermocouples (Sontay, Flying Lead
Temperature Sensor), positioned at opposite corners inside the chamber, to check
for uniform temperature throughout the chamber. The chamber is also fitted with a
combined relative humidity, temperature and pressure transmitter (Vaisala PTU303),
a precision CO; diffusion transmitter (Vaisala GMP343) and a precision differential
pressure transmitter (Vaisala PDT102). These instruments are constantly connected
to the chamber, with the NOyx analyser, Os; analyser and SMPS also routinely

connected.
Background concentrations of the measured parameters in the clean chamber are

approximately; particle number concentration < 20 cm3, O3 = 0.5 ppb, NO* = 0.5 ppb,
NO; = 0 ppb, relative humidity = 0.1% and CO, = 400 ppm.
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3.1 Introduction

Each different plant species emits a unique mixture of BVOCs. Once emitted the
BVOCs can take part in multiple atmospheric oxidation reactions, the products of
which have impacts on the local air quality and climate. Therefore it is important to
determine the BVOC emission profile of a plant species prior to establishing large

scale plantations.

3.1.1 Biogenic Processes

Photosynthesis is the process by which the photosynthetic apparatus in the
chloroplasts of plants convert CO,, water and sunlight into carbohydrates. There is a
strong positive correlation between the assimilation of CO, and photosynthetic
photon flux density?? (PPFD), with CO; assimilation also having a positive correlation

with temperature!??

. Plants also undergo respiratory processes, where CO; is
released back into the atmosphere. In the dark, mitochondrial respiration causes a
positive CO; flux, whereas in the light photorespiration reduces net CO;

assimilation!?*

, resulting in an overall negative CO; flux. This implies that CO;
assimilation from photosynthetic activity, is greater than CO, emission from

photorespiration, and is an indication of plant growth?>,

Another indicator of plant growth and health is chlorophyll fluorescence. When
chlorophyll absorbs light three processes can occur; photosynthesis, re-emission of
the absorbed energy as heat, or re-emission of the absorbed energy as light
(fluorescence)*?®, Under conditions where photosynthesis and heat emission are
negligible, the only possible outcome is fluorescence. Photosynthetic efficiency can
be derived from chlorophyll fluorescence measurements, with maximum
photosynthetic efficiency after dark acclimation calculated as F,/Fm, which is the ratio
of chlorophyll that undergoes fluorescence to all chlorophyll. A higher F,/Fm ratio
indicates efficient operation of the photosynthetic apparatus in the plant,

particularly a high proportion of functional photosystem I, suggesting the plant is
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healthy. A lower ratio is an indication that not all chlorophyll is contributing to

photosynthetic function and the plant may be suffering stress2® 127,

Some of the assimilated CO; is converted within the plant and released as BVOCsé.
BVOCs can be emitted through either a biosynthetic or a pooled emission process.
Biosynthetic BVOC emissions, such as isoprene, are synthesised within the
chloroplasts of the plant and are emitted immediately?®. Biosynthetic synthesis
pathways only operate under illumination, and are strongly influenced by
photosynthetically active radiation (PAR)'%°. PAR specifically refers to light within the
visible region, 400 nm to 700 nm, which drives photosynthesis. PAR is commonly
measured as PPFD in umol m? s, which describes the amount of PAR falling on a
surface per unit time. In the absence of PAR, biosynthetic pathways cease to operate
and BVOC emission stops. For many plant species there is a positive relationship
between PPFD and BVOC emission flux, until a saturation point is reached’!. The
point of saturation depends on the plant species and the environmental conditions.
Biosynthetic emissions are also influenced by temperature, with many BVOCs
experiencing an increase in emission flux up to a saturation temperature. The
saturation temperature is commonly around 40 °C, and marks the temperature of
maximum enzyme activity for the plant species, above which the synthesis and

subsequent emission of BVOCs reduces?®3°.

Alternatively, BVOCs can originate from pooled emission sources. The BVOCs are
synthesised, deposited in storage pools and released later. Typically, monoterpenes
are emitted via this pathway®3°. The BVOCs emitted from pooled emission sources
have already been synthesised, thus the emission process is not dependent on PAR
and occurs under both light and dark conditions. BVOC emissions from pooled
sources have a strong relationship with temperature!3!. The BVOCs are assumed to
diffuse out of the storage pools, with the rate of diffusion related to the vapour

pressure of the particular BVOC32,

PPFD and temperature are the main drivers for BVOC emissions, although many

other environmental conditions and parameters also contribute. Meteorological
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events, such as changes in cloud cover or precipitation can affect emission fluxes.
Shading is a particularly important factor for biosynthetic BVOC emissions'33. On a
longer timescale, BVOC emissions have been shown to be seasonal, with changes in
the emission flux and compositional profile observed!34. For many plant species the
average emission flux, accounting for seasonal differences in PPFD, temperature and
biomass, is much larger in the summer than during the winter3>, This difference is
likely due to internal processes within the plant that are season dependent. For
instance, the emissions from rye and grape were found to be elevated during
blossoming®. The composition of the emitted BVOC mixture also changes with the
season. The emission of 2-methyl-3-buten-2-ol from Scots pine was observed to
decrease across the period April to October, while monoterpene emissions peaked
in June and July’®. The reason for this is unclear, but it is possibly related to a
connection between different growth stages and season'3¢. The BVOC emissions are
also related to the age of the plant. For example, the composition of the BVOC
emissions from Downy birch were found to differ with age, with older trees having a
higher sesquiterpene emission flux than younger trees?3’. A similar phenomenon has
also been observed for resin, which for Sitka spruce was found to have a higher
content of oxygenated compounds as it aged®®. The composition of Sitka spruce resin
was also found to vary slightly with height®’. Neighbouring trees in the same stand,
subject to the same conditions have been found to produce different emission
profiles®’. Location can also impact the composition of the BVOC emissions34. Sitka
spruce in the UK has a high contribution from B-phellandrene, while in the USA it has
not been detected in Sitka spruce emissions!32, Stress has a considerable impact on
BVOC emissions. The most common types of stress include herbivory attack,
wounding and pollutant exposure. Upon exposure to stress the BVOC emission
profile changes, usually with green leaf volatiles (GLVs)**° and sesquiterpenes®®
contributing significantly to the emission profile. Physical stressors, such as herbivory
or wounding, often result in damage to the bark and the exposure of resin ducts,
which releases large quantities of pooled emissions??, These factors all play a role in

the BVOC emissions from plants.
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3.1.2 BVOC Measurements

Numerous studies have been conducted both in a field environment and in a
laboratory setting to determine the composition of BVOC emissions, and probe the
factors that lead to their production. Field measurements involve sampling BVOC
emissions from plants, including trees that are in their natural environment. This
method has the benefit of the plant growing and adapting to its surroundings in a
natural manner and also permits sampling of a range of differently aged plants.
However field measurements can present challenges, particularly as external
environmental factors cannot be controlled and may lead to changes in the
composition of BVOCs released or emission flux strengths. Laboratory measurements
involve analysis of the plant in a controlled environment. The ability to control
environmental parameters permits an assessment of the influence these have on the
BVOC emissions. There is uncertainty as to how representative laboratory BVOC
studies are of the natural environment!®l. In many cases the plants are grown
outdoors for several years, and are then relocated inside the laboratory, which may
alter the emission profile. Due to size limitations within laboratories the types and
ages of plant species that can be sampled are restricted, with the majority of
laboratory studies involving young plants. The conditions employed in laboratory
studies are often not representative of the natural environment and can lead to false

assumptions about the emissions from a plant species!#!,

All BVOC studies involve the use of an enclosure, to isolate the leaves or branches of
interest of the plant from the environment. Several types of enclosure have been
developed, although all have the same basic properties. All enclosures are
constructed from an inert and transparent material**?, usually Teflon®? or glass®3.
This prevents adsorption of BVOCs to the walls and allows PAR to pass through.
Dynamic enclosures have an inlet port, supplied with either purified oxidant free

air'3® or a synthetic air mixture#2

, and an outlet port connected to the sampling
instrumentation?**. The enclosures are over pressurised to prevent an inward flux of
ambient air®. The concentrations of BVOCs are measured before the inlet port and

after the outlet port'**, or an empty enclosure is used to account for background

46



measurents!*®. Open enclosures have a door which periodically switches between
being open and closed, while BVOCs are continually sampled!*’. The size of the
enclosure depends on the amount of foliage under investigation. Leaf cuvettes are
the smallest systems, which encompass a single leaf, or portion of a conifer branch.
These systems quickly acclimatise to changes in environmental conditions and can
be oriented to maximise PAR adsorption!*®. Teflon or glass enclosures typically
encompass a whole branch or small tree#®, which can lead to shading within branch
enclosures, preventing all foliage from receiving the same PPFD!*®. Changes in
environmental conditions such as temperature, PPFD, relative humidity and CO,% 131,
can alter BVOC emissions and should be measured!®®. The placement of the
enclosures around the foliage changes the environment and can temporarily obscure

142

the emission profile while the tree or plant acclimatises'**. Enclosures are regularly

144

placed around the foliage for several hours®® or days'** prior to emission sampling to

counteract this.

Both online and offline instrumentation are used in the analysis of BVOCs. Adsorbent
cartridges®® or gas canisters!>! have been traditionally used for the collection of
BVOCs, which are subsequently analysed by chromatographic techniques. This
method is effective for determining the molecular composition of BVOC emissions,
although it has poor time resolution. Samples are often collected over a time scale of
hours'>?, with large passages of time between successive samplings!>3. This hinders
the ability to monitor short term changes in BVOC emission fluxes. The use of on-line
instrumentation, including PTR-MS and ToF-CIMS, allows continuous monitoring,
providing temporal profiles which enables the detection of changes due to
alterations in environmental conditions!**. These techniques provide highly time
resolved data, but have limited capacity to identify the specific BVOCs involved,

beyond providing a chemical formula.

The emission of BVOCs depends on multiple environmental factors, which can be
monitored or controlled during emissions sampling. Some studies, particularly those
in a laboratory setting apply a controlled CO; concentration to the plants under

investigation!¥, while other studies use ambient CO, and measure the
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concentration®32. Temperature is often measured from inside the enclosure®®3, which
is assumed to be the same as the leaf temperature. Studies employing the use of leaf
cuvettes usually report leaf temperature!*. PPFD is frequently measured from just
above the enclosure!*. Other measured parameters include relative humidity4> 152,

soil moisture®! and stomatal conductance® >°.

3.1.3 BVOC Standardisation

BVOC emission studies are conducted over a range of environmental conditions. This
leads to significant variation between BVOC emission fluxes, especially when
measurements are taken at different temperature and PPFD conditions. To facilitate
comparison between studies, BVOC emission fluxes are reported at standard
conditions of 30 °C and 1000 umol m s, For studies that do not have measurements
at these conditions a standardisation procedure is applied, and the data is
extrapolated to standard conditions. Several methods of standardisation exist, with
the basis for the preferred method depending on whether the BVOC emission

originates from a biosynthetic or pooled emission pathway.

In work carried out by Tingey et al. (1979 and 1980)*?° 156 and further studied by
Guenther et al. (1991 and 1993)*?% 130 jt was established that the emission of isoprene
was solely biosynthetic, while the emission of monoterpenes was attributed to
emission from storage pools only. Following experiments using eucalyptus, aspen,
sweet gum and velvet bean at different PPFD and temperatures, equations were
developed to describe the emission of isoprene and monoterpenes from plants. The
emission fluxes are based on the emission flux at standard conditions and can be
used to calculate the emission at any PPFD and temperature. The equation for
isoprene emission is as follows:

_ standard .
Eisoprene = Eisoprene X CL X Cr Equation 3.1
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Where: Eisoprene is isoprene emission flux at the measured temperature and PPFD in

ug ht g?; Egfandard s the isoprene emission flux in pg h™t g* at standard conditions
of 30 °C and 1000 umol m2 s%; G, and Cr are factors to account for the PPFD and

temperature dependence of the emissions respectively. C, is described by:

aXcp XL

(L= Ji+ @ x1?)

Equation 3.2

Where: a and ci1 are empirical constants with values 0.0027 and 1.066 respectively;
and L is the PPFD in pmol m? s, The temperature dependence of biosynthetic

emissions is described by Equation 3.3:

cr2 X (T =Ts)

Cn = exp( RXTXTg )
T= cr3 X (T -Tm)
1+exp( RXTxTg )

Equation 3.3

Where: cr; is an empirical constant of value 95,000 J mol™; T is the measured
temperature in K; Ts is standard temperature, 303 K; R is the universal gas constant,
8.314 ) K* mol%; cr3 is an empirical constant of value 230,000 J mol™; and Tw is the
temperature of maximum enzyme activity in K. These equations have been used in

multiple studies to standardise isoprene emissions’? 143,

The emission of monoterpenes is solely temperature dependent, and is described by

Equation 3.4:

M = Mg xexp(f x (T —Ty)) Equation 3.4

Where: M is the measured monoterpene emission flux in pg h* g?'; Ms is the
monoterpene emission flux in ug h'' g at standard temperature, B is an empirical
coefficient of value 0.09 K1, T is the measured temperature in K; and T is standard
temperature, 303 K. This equation has also been used to standardise the emission of

sesquiterpenes!?® 157 with the value of B varying between 0.9 and 0.12 K2,
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Studies by Schuh et al. (1997)3? on sunflower and beech found BVOC emissions to
originate from a combined biosynthetic and pooled emission pathway. A combined
equation was developed under the assumption that both emission pathways are
completely independent, and the total emission flux is the sum of the emission flux

from each pathway, Equation 3.5.

Ecombined = Epooled + Ebiosynthsis Equation 3.5

Where: Ecombined is the total emission flux in pg h™t g%, Epooled is the temperature only
dependent emission flux from storage pools in pg h* g1, using the monoterpene
emission equation M developed by Guenther et al. (1991); and Epiosynthesis iS the
biosynthetic emission flux, using the isoprene emission equation Eisoprene developed
by Guenther et al. (1991). The coefficients in each equation were derived using the

measurement data from sunflower and beech.

3.1.4 Aims

There were three aims for the work presented in this chapter on the BVOC emissions

from Sitka spruce, the main plantation tree species in Ireland.

The first aim was to identify the main BVOCs emitted from Sitka spruce trees in a
laboratory setting. A ToF-CIMS was used to monitor the emissions in real time and
provide emission flux data. Samples were also collected onto adsorbent tubes and

analysed offline via TD-GC/MS.

The second aim was to investigate the impacts of temperature and PPFD on the BVOC
emissions and to determine the emission pathway for each BVOC. The BVOC

emissions were then standardised for comparison with previous literature studies.

The third aim was to provide an annual emission flux for the three dominant BVOCs

emitted from Sitka spruce in Ireland.
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3.2 Experimental Methods and Analysis

3.2.1 Set-up for Emissions Sampling

The overall set-up for emissions sampling is shown schematically in Figure 3.1.

Filtered outdoor air was passed over three Sitka spruce trees housed in individual

enclosures inside a plant growth chamber. The BVOC emissions were carried into a

ToF-CIMS for online analysis and were also collected using sorbent tubes for offline

chemical analysis.

Zero Air Activated
Window Pump Charcoal HEPA Filter
Scrubber .
Filter
I — 1T 1
A A A A
Vent | I I
Multivalve
ToF-CIMS Tubing Port
Plant
Growth
CO, Meter Chamber —
Spruce 3
Empty
Enclosure
A Ball Meter
B Vaisala probe
Spruce 1 Spruce 2

I B

Miniature enclosure

Figure 3.1 Schematic of emissions sampling set-up.
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3.2.1.1 Air Supply

Filtered outdoor air was used to supply the enclosures. Outdoor air was chosen
rather than ambient laboratory air or synthetic air, to provide the trees with
conditions (humidity, CO,, etc.) as close to ambient as possible. The air was sampled
through an open window, at 32 L min? with a pump (Becker VT4.4). The air was
passed through a zero air scrubber (OPT 86C, Teledyne) and a home-made activated
charcoal filter (Hatchwells granulated charcoal) to remove atmospheric oxidants and
VOCs, as well as a HEPA filter (TSI) to remove any particles present. The cleaned air
was subsequently split into five separate flows, each regulated with a volumetric ball
meter and connected to an enclosure. The flow into each enclosure was set to a value
between 4.5 L min?t and 7 L min?, depending on the degree of sealing of the

enclosure.

On several occasions, very high concentrations of an unknown interferant was
detected in the outdoor air, which distorted the ToF-CIMS measurements. When the
presence of the interferent was suspected, the sample line was temporarily moved
indoors and allowed to sample humidified compressed air, until the interference
passed. As the sampled air was always characterised by the ToF-CIMS the temporary
switch to humidified compressed air did not impact the BVOC emission

measurements.

3.2.1.2 Trees

The emissions from three four-year old Sitka spruce trees were analysed in this study,
Figure 3.2. For identification purposes the trees were named; Spruce 1, Spruce 2 and
Spruce 3. The trees were grown from seed since spring 2017, at Fermoy Woodland
Nursery, Co. Cork. In January 2020 they were placed in cold storage for six months,
where they took on a state of dormancy. The trees were removed from cold storage
in July 2020, planted in individual 5 L pots containing a peat soil, and immediately
placed inside a plant growth chamber in a laboratory at the ERI, UCC. The trees were
removed from the plant growth chamber in November 2020 for two months and

placed in front of a south-facing window.
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Figure 3.2 The three Sitka spruce trees used in this work: Spruce 1 (left), Spruce 2 (middle)

and Spruce 3 (right).

Prior to reinstallation in the plant growth chamber in January 2021, all trees had dark
green needles, with Spruce 1 having the largest amount of foliage and Spruce 3 the
least. Spruce 1 and Spruce 3 had visible resin deposits on their tree trunks, Figure 3.3.
A month prior to emissions sampling Spruce 1 produced new shoots, the majority of
which were outside the enclosure. Emissions sampling began in November 2021,
when the trees were approximately four years old, and ranged in height from 60 cm
to 75 cm. The trees were watered twice a week with 350 mL of tap water each, and

did not receive any fertiliser treatment.
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Figure 3.3 Resin deposits on Spruce 1 (left) and Spruce 3 (right).

3.2.1.3 Enclosures

Individual cylindrical Teflon enclosures were made for each spruce tree, using clear
0.1 mm thick Teflon FEP foil**8, Figure 3.4. The enclosures were designed to
encompass all except the bottom few branches of the trees, and to minimise contact
between the contained branches and the interior wall of the enclosure’? 148, Plastic
box lids, lined with Teflon FEP foil, were used to seal the enclosures at the top. To
seal the bottom of the enclosures, the trunk of the tree was wrapped with tissue
paper and then aluminium foil, and the enclosure was secured around the aluminium
foil with cable ties. The tops of the enclosures were fitted with a 4” inlet port and a
%" outlet port. A length of %4” Teflon tubing extended 20 cm from the inlet port into
the enclosure to ensure homogenisation'*?, The enclosures were sealed around the

trees a week before emissions sampling was commenced.

A separate, Empty enclosure, was made for background measurements?®3, Figure 3.4.
The top of the enclosure consisted of a piece of FEP Teflon foil attached to a plastic
ring. The bottom of the Empty enclosure was sealed around the bottom of a

laboratory glass bottle with Teflon tape and cable ties.
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Figure 3.4 Enclosure around Spruce 3 (left), and Empty enclosure (right).

A miniature enclosure was made to facilitate temperature and relative humidity
measurements. Measurements were taken from inside the enclosure to account for
any changes in conditions due to the presence of the enclosure'*?, which was
supplied with the same filtered air. The miniature enclosure was sealed around a
temperature and relative humidity probe (dewpoint probe DMP74A, Viasala,
Finland), and one of the lower branches of Spruce 1. Temperature and relative
humidity measurements were recorded manually every 30 minutes during working

hours only.

3.2.1.4 Plant Growth Chamber

The Sitka spruce trees were housed in a plant growth chamber (Panasonic MLR-352)
throughout the emissions sampling period, Figure 3.5, which was capable of
accommodating up to four small trees. A port in the roof of the plant growth chamber
was used to supply tubing to and from the enclosures. The two interior side walls and
door of the plant growth chamber were each equipped with five photosynthetically
activating lamps. The lamps extended from the floor to the ceiling and provided a

PPFD range from 0 umol m2s™ (no lamps illuminated) to 250 umol m2s? (all lamps
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illuminated when empty). The temperature was adjustable between 5 °C and 40 °C.
The plant growth chamber settings for PPFD and temperature could be programmed

and saved as a cycle®8,

Figure 3.5 Plant growth chamber exterior (left)**°, and interior with Spruce trees inside (right).

3.2.1.5 Multivalve

The use of a flow-through multivalve (Multiposition Actuator EMTMA-CE, Vici Valco)
allowed rapid and controlled sample switching between the various enclosures,

Figure 3.6.

Inlet
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Figure 3.6 Multivalve with connections to enclosures (left), and internal operation (right).
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The multivalve consisted of a rotatable valve with six inlet ports, a sample port and
an exhaust port. At any time a single inlet port was connected to the sample port
which supplied the ToF-CIMS, while the remaining inlet ports were connected to the
exhaust port which was externally pumped to ensure that all lines were continually
flushed preventing dead volume effects. Switching the connection between the inlet
port and various sample ports was programmed and controlled with VCom software.
VCom allows the user to generate switching cycles, which controls the duration of
the connection between the inlet port and the sample port, and the order in which

inlet ports are connected.

3.2.1.6 ToF-CIMS

The ToF-CIMS was used to monitor the BVOC emissions from the Sitka spruce trees
in real time. The basic operation of the ToF-CIMS used in this work is described in
Chapter 2. Benzene was selected as the reagent ion for these measurements because
of its ability to ionise compounds with a low oxygen content and hydrocarbons such
as monoterpenes, which are typical of biogenic emissions'®. The voltages and
pressures applied to the ToF-CIMS were controlled via TOFWERK TPS Settings and
were based on the optimised configuration determined during instrument tuning on
08/07/2021. Trichlorobenzene (CsH3Cls) (Sigma Aldrich, 99%), was used as an internal

mass calibrant, by allowing it to diffuse into the inlet of the instrument.

3.2.1.7 CO,; Meter

A CO; meter (K30 ELG 10,000 ppm CO; Data Logging Sensor) was used to monitor
photosynthetic activity. The operation of the CO; meter is based on near infra-red
absorption and was controlled with GaslLab software, which recorded a

measurement every 10 s.
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3.2.2 Experimental Procedures

3.2.2.1 PPFD and Temperature

A Light meter (LI-250, LI-COR Light Meter) was used to measure PPFD in the centre
of the plant growth chamber with all three Sitka spruce trees and enclosures present.
The measurements were taken before and after the emissions sampling cycles. The

plant growth chamber door remained closed during PPFD measurements.

The average PPFD values recorded at the three light settings were 21 pmol m=2 s,
(one lamp on), 44 umol m2 s (two lamps on) and 164 pmol m?2 s (three lamps on).
These values are much lower than those reported for natural sunlight, which can
exceed 1,600 umol m2 st under clear sky conditions>% %, |n Ireland PPFD is usually
much lower than this due to the high prevalence of cloud cover. PPFD measurements
recorded in Co. Cork were found to reach maximum values of 350 umol m? st in the

winter and up to 1000 pmol m2 st in the summer?61, 162,

Temperature measurements were recorded from inside the miniature enclosure, to
account for temperature increases due to the greenhouse effect from the enclosure
surrounding the spruce trees!43. The temperatures applied to the plant growth
chamber were representative of the Irish summer, which have day and night mean

temperatures of 18 °C and 11 °C respectively.

3.2.2.2 Plant Growth Chamber Cycles

Three different plant growth cycles were used to assess the impact of temperature
and PPFD on the BVOC emissions from the Sitka spruce trees. Each cycle was 24 hours
long and was applied to the plant growth chamber for at least a week. Prior to BVOC
emissions sampling an acclimation period of two to three days was applied to allow

the trees sufficient time to adapt to the new conditions.

Daily Cycle
The Daily Cycle was the first cycle applied to the plant growth chamber. For the Daily

Cycle the trees were subject to conditions as similar as possible to Irish summer
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conditions, in which temperature and PPFD increase simultaneously to a maximum
and decrease. The purpose of the Daily Cycle was to determine the BVOC and CO;
emissions from the Sitka spruce trees, and to assess variations in BVOC emissions and
photosynthesis in response to changes in PPFD and temperature. Figure 3.7 shows

the PPFD and temperature variation during the Daily Cycle.
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Figure 3.7 Temperature and PPFD variation during the Daily Cycle.

The conditions for the Daily Cycle were a repeating 24 hour cycle of: 10 hours of
darkness at 12 °C; 3 hours at 21 pmol m?2s?* and 15 °C; 3 hours at 44 pmol m2s™* and
18 °C; 2 hours at 164 pmol m2s* and 21 °C; 3 hours at 44 umol m2s* and 18 °C; and
3 hours at 21 umol m?s™* and 15 °C. The trees were subject to these conditions for
three days prior to sampling emissions. The Daily Cycle commenced on 04/11/2021
and ran until 12/11/2021.

Temperature Cycle
The purpose of the Temperature Cycle was to determine the effect of temperature
alone on BVOC emissions and photosynthesis. During the hours of illumination a

constant PPFD of 44 umol m2s™ was applied'3?, Figure 3.8.
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Figure 3.8 Temperature and PPFD variation during the Temperature Cycle.

The conditions for the Temperature Cycle were: 4 hours of darkness at 12 °C; 3 hours
of darkness at 15 °C; 3 hours of illumination at 15 °C; 3 hours of illumination at 18 °C;
2 hours of illumination at 21 °C; 3 hours of illumination at 18°C; 3 hours of
illumination at 15 °C; and 3 hours of darkness at 15 °C. The Temperature Cycle was

operated from 15/11/2021 to 24/11/2021.

Light Cycle

The final cycle applied to the plant growth chamber was the Light Cycle. The purpose
of the Light Cycle was to identify changes in BVOC emissions and photosynthesis
resulting from variations in PPFD only. A constant temperature of 18 °C was applied

for the duration of the Light Cycle, Figure 3.9%32,
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Figure 3.9 Temperature and PPFD variation during the Light Cycle.

During the Light Cycle PPFD was varied according to: 10 hours of darkness; 3 hours
at 21 umol m?2s%; 3 hours at 44 umol m2s; 2 hours at 164 umol m2s%; 3 hours at
44 umol m2 st and 3 hours at 21 umol m? s, The trees were subject to the
conditions for the Light Cycle for two days before sampling was commenced.

Emission sampling for the Light Cycle started 26/11/2021 and stopped 03/12/2021.

3.2.2.3 Emission Sampling

On-line Sampling

The outflows from the three Spruce enclosures and the Empty enclosure were each
connected to an inlet port on the multivalve. The remaining two inlet ports were not
used and remained sealed. The multivalve was programmed to connect the sample
port with each inlet port for 7.5 minutes, in the following order: Empty enclosure,
Spruce 2, Spruce 1, Spruce 3. This 30-minute cycle was continuously repeated. The

other end of the sample port was connected to the ToF-CIMS and CO; meter.

Off-line Sampling

After completion of the three plant growth cycles, emissions were collected onto
Tenax tubes (Markes Tenax TA, C1-CAXX-5003). To account for any potential residue
remaining on the Tenax tubes from previous use, two tubes were unopened. Four

Tenax tubes were used to simultaneously collect samples from the four enclosures

61



with conditions in the plant growth chamber set to 44 umol m2s? and 18 °C and

another four were collected with conditions set to 164 umol m2s? and 24 °C.

Sampling onto the Tenax tubes did not commence until an hour after the conditions
in the plant growth chamber had been set®'. The samples were collected at a flow
rate of 200 mL min* for 2 hours*2. Following collection the Tenax tubes were sealed,
individually wrapped in aluminium foil, placed into separate zip lock bags, and stored
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in a refrigerator®> until analysis could be performed.

3.2.2.3 Measured Parameters

Chlorophyll Fluorescence

A chlorophyll fluorescence meter (Hansatech FMS2) was used to monitor the degree
of chlorophyll fluorescence in the Sitka spruce needles. Chlorophyll fluorescence
measurements were recorded twice a day, three days per sampling cycle. One
measurement was taken 30 minutes prior to illumination and a further measurement

was taken 90 minutes into the maximum PPFD and temperature setting.

Three branches on each tree were selected for measurements. Clips were placed
over the needles for dark adaptation for 30 minutes before a measurement.
Measurements were taken by fitting the head of the chlorophyll fluorescence meter
to the clip and opening the clip window. The needles were exposed to a weak
modulated red light source to determine the minimum fluorescence (Fo). A saturating
pulse of white light was then applied to determine the maximum fluorescence (Fm).
The variable fluorescence (F,) was determined as Fn - Fo, and the maximum

photosystem Il efficiency determined as F/Fm!?®.

Biomass

Following all measurements the Sitka spruce trees were cut, and all biomass
contained within the enclosures was removed. The needles and branches from each
tree were dried at 60 °C for 72 hours® using incubators (Memmert IN110 Incubator).

When drying was completed a mass balance (Explorer OHAUS, E02140) was used to
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determine the mass of the needles only, as well as the mass of the needles plus

branches for each tree. The results are presented in Table 3.1.

Table 3.1 Dried biomass measurements for each spruce tree.

Dried Needle Mass Dried Needle and Branch Mass
g g
Spruce 1 8.03 18.50
Spruce 2 9.80 19.56
Spruce 3 3.77 11.33

3.2.3 Analysis

3.2.3.1 CO,

Calibration

The CO, meter was zero calibrated by allowing it to sample N, (BOC, oxygen free),
and the reading set to 0 ppm using the GaslLab software. The CO, meter was
subsequently connected to the chamber at the ERI and CO; from a gas cylinder (BOC,
99.8%) was added to the chamber in aliquots of either 100 ppm or 200 ppm. A

calibration curve was generated and used to determine the calibration coefficient.

Data Analysis

CO, data was recorded with GasLab software. Any data points recorded while the
CO2 meter was disconnected from the sample tubing were removed. CO; data for
each measurement cycle was analysed using R Studio 4.0.2. All data was corrected
using the CO; calibration factor. The last 2 minutes of the 7.5 minute sampling period
for each of the four enclosures were used to generate 30 minute averages. The CO;

flux was calculated for each spruce tree according to Equation 3.6:

(Spruceco,— Emptyco,) X Flow X Factorco,

CO, Flux = Equation 3.6

N X Biomass

Where: CO; Flux is the flux of COz in nmol s g; Spruce co, is the CO; concentration

from the spruce enclosure in ppm; Emptyco, is the CO, concentration from the Empty
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enclosure in ppm; Flow is the flow through the Spruce enclosure in m3 h%; Na is
Avogadro’s number in mol™; Biomass is the mass of the needles in g; and Factor co,

is a constant in h ppm™ m3 s, which accounts for unit conversions.

3.2.3.2 ToF-CIMS

VOC Calibrations

To quantify BVOC emissions from the Sitka spruce trees, calibration coefficients were
applied to the ToF-CIMS measurements. Calibration coefficients were determined for
6-3-carene, B-myrcene, camphor (Sigma Aldrich, purity 90%, 75% and 98%,

respectively) and piperitone (Santa Cruz Biotechnology, purity > 94%).

Calibrations were carried out by connecting the ToF-CIMS to the atmospheric
simulation chamber at the ERI. N, was flowed through a glass impinger containing a
measured volume of the BVOC, and admitted into the chamber!®4. Upon reaching a
stable concentration measured by the ToF-CIMS, further additions of the BVOC were
performed. Calibration curves were generated from the calculated mixing ratios of
the standards and the CIMS response, and were subsequently used to determine

calibration coefficients for each BVOC.

Due to the size of the chamber, and the difficulty in injecting very small volumes of
BVOC to achieve low concentrations, the measurements from the Sitka spruce trees
were below the range of the calibration curves. As a result, it was assumed that the
ToF-CIMS had a linear response over the full range of concentrations measured
during BVOC emissions sampling and calibrations. The calibration coefficients for the
four BVOCs were applied to various ions detected with the ToF-CIMS according to

the composition and manner in which the particular BVOCs were ionised.

ToF-CIMS Data Analysis
Data collected by the ToF-CIMS were analysed with Tofware 3.2.0, operated through
IGOR Pro 7.08. Firstly, 1 Hz data were averaged to a 10 s time resolution. Following

this, a mass calibration was performed using CsHs* (m/z 78.05), C¢HsCls* (m/z 179.93),
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C12H23N202* (m/z 227.18), C12H22N204* (m/z 258.16) and CigH27N202* (m/z 303.21).
The nitrogen containing calibrants are benzene clusters of an interferant originating
from the N, supply, CsH11NO. The remaining data analysis steps included correction
of the baseline position, peak shape and peak resolution. Chemical formulae were
then assigned to peaks within the calibrated mass range. Only formulae containing
the elements C, H, O, N and Cl were assigned. If an appropriate formula could not be

determined, the peak was left unassigned, and excluded from further analysis.

After completing peak assignment, all data was exported from Tofware, and data
points recorded during periods of interference were removed. Two separate types of
interference events occurred during the Daily Cycle. On two occasions the CO, meter
became disconnected, which caused contamination of the ToF-CIMS sample line with
laboratory air. The second type of interference was due to a sudden spike in the
abundance of C1oH1s*, m/z 135, which appeared occasionally during all measurement
cycles. Due to difficulties in identifying the source, which originated from outside of

the laboratory, it was decided to remove the data during the affected time periods.

Scripts for the analysis of the ToF-CIMS data were written using R Studio 4.0.2.
Initially all signals were normalised to the reagent ion signal, CéHe*. The data from the
last 2 minutes of the measurement period for each sample (Spruce 1, Spruce 2,
Spruce 3 and Empty enclosure) were taken as the average for that 30 minute
sampling cycle. This approach was adopted to allow sufficient time for the emission

fluxes to stabilise following the switching of samples.

A Welch T-test was performed on the data from the Daily Cycle to remove
background signals. Only spruce ions with a P-value of less than 0.05 when compared
with three times the ion concentration from the Empty enclosure, at a PPFD greater
than 40 pmol m2 s, were identified as statistically significant emissions. Further
filtering was carried out to remove clusters and fragments. Only ions identified in the

Daily Cycle were analysed for the Temperature Cycle and Light Cycle.
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The ion concentrations for each spruce tree were then converted to emission fluxes

using Equation 3.7:

(Sprucegyoc— Emptygvoc) X Flow x Mwgygc X Factor

Emission Fluxgyoc = Equation 3.7

Na XBiomass

Where: Emission Fluxsvoc is the flux of that BVOC from that spruce tree in pg h* g%;
Sprucesvoc is the concentration of the ion as measured by the ToF-CIMS for the
spruce tree in ions s’t; Emptysvoc is the concentration of the ion as measured by the
ToF-CIMS from the Empty enclosure in ions s; Flow is the flow through the Sitka
spruce enclosure in m3 h'l; Mwsyoc is the molecular weight of the BVOC in g mol™;
Biomass is the mass of the dried needles and branches in g; and Factor is a constant
to account for unit conversions®inions? s m?3,

1 and a

The emission fluxes were standardised to a PPFD of 1000 pmol m? s
temperature of 30 °C according to Equations 3.1, 3.4 and 3.5 in Section 3.1.3,

developed by Guenther et al. (1993)*3° and adapted by Schuh et al. (1997)32.

3.2.3.3 TD-GC/MS

VOC Identification

The presence of specific BVOCs in the Sitka spruce emissions was confirmed using
TD-GC/MS with the use of standards. The experimental work and analysis was carried
out by lwona Skibinska at the Teagasc Food Research Centre, Moorepark, Fermoy,
Co. Cork, Ireland. The presence of isoprene, a-pinene, B-pinene, myrcene,
camphene, camphor (Sigma Aldrich, purities 99%, 98%, 99%, 75%, > 96% and 98%,
respectively) and piperitone (Santa Cruz Biotechnology, purity 94%) were verified in

this manner.

Standard solutions were prepared according to standard procedures employed at the
Teagasc Laboratory. Stock solutions were made by diluting the standards in
methanol, these were diluted to 1 ppm working solutions with deionised water. The

working solutions were then injected into Tenax tubes in 10 ul volumes.
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The Tenax tubes were dried for 2 minutes using a 1:20 split with N, before
undergoing a 5-minute thermal desorption (Unity 2 Thermal Desorption Unit, Markes
International Ltd) at 150 °C, this was followed by a secondary desorption at 280 °C
for 5 minutes. During the desorption BVOCs were collected onto a materials
emissions trap. A 2-minute fire purge was applied to the trap with a 1:50 split, the
BVOCs on the trap were then desorbed with a temperature ramp of 24 °C min with

a 1:10 split for 5 minutes'®.

Following desorption, BVOCs were admitted into a Gas Chromatograph-Mass
Spectrometer (Agilent 7890A GC and Agilent 5977B MSD) fitted with a 60 m capillary
column (Agilent Technologies Ltd, DB 624 Ul). The BVOCs were injected onto the
column using a 250 °C injector. The column temperature was initially held at 40 °C
for 5 minutes, and then increased at a rate of 5 °C min™ to 230 °C where it remained

for 35 minutes. The BVOCs were detected using a quadrupole MS detector!®.

The Tenax tubes were analysed in conjunction with a standard solution, consisting of
1-butanol, dimethyl sulfide, butyl acetate and cyclohexanone. Standard tubes were
run at the start and at the end of the sample set, and empty tubes were run between

different samples.

TD-GC/MS Data Analysis

The chromatograms generated from each tube were analysed with MassHunter
Qualitative Analysis Navigator (B.08.00, 2016). BVOC identification was verified using
retention indices and fragmentation patterns according to an in-house spectral
library and the NIST 2014 mass spectral library with the assistance of the AMDIS
software package (2.72, June 2014).
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3.3 Results and Discussion

3.3.1 Composition

In total seventy-four BVOCs were detected in the emissions from all three Sitka

spruce trees using the ToF-CIMS and TD-GC/MS, Table 3.2. While there was some

variation between the trees, there was also a degree of consistency, with each tree

emitting the same twenty-one BVOCs.

Table 3.2 BVOC emissions from all Sitka spruce trees detected with ToF-CIMS and TD-GC/MS.

Formula| Mw Name Spruce 1 Spruce 2 Spruce 3
g mol? ToF-CIMS| TD-CG/MS | ToF-CIMS | TD-GC/MS | ToF-CIMS | TD-CG/MS
CsHoN | 59.11 v
C;H40, | 60.05 Acetic acid
CsHg | 68.12 Isoprene N v
C;HsO | 70.09 Methacrolein
C3HgO, | 74.08 Propanoic acid N
CsH100 | 74.12 1-Butanol
CeHs | 80.13
CsHgO | 82.10 2-Methyl-furan N
CsHsO | 84.12 E-3-Penten-2-one
CsH100 | 86.13 | 2-Methyl-3-buten-2-ol N4
2-Pentanone v
Pentanal
C;HsO, | 88.11 Butanoic acid
CsHgN,O| 88.11 v
CsH1,0 | 88.15 | 3-Methyl-1-butanol N
C/Hg | 92.14 v
CeHsO | 94.11 Phenol
CeHsO | 96.13
CeH100 | 98.15 E-2-Hexenal
CsHgO, | 100.13 v
CsH120 | 100.16 Hexanal
2-Hexanone
C;Hi16 | 100.20 Heptane v
CsH140 | 102.18 1-Hexanol v
C;HsO | 108.14 v
CsHi, | 108.18 v
CsH100 | 110.15
CsH1oNO,| 117.15 v
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CgHsO

120.15

Acetophenone

CoH1

120.19

C7H1aN,

124.18

CgH1,0

124.18

CgH160

128.21

1-Octen-3-ol

CioH10

130.19

CgH130

130.23

2-ethyl-1-hexanol

CioHi14

134.22

o-Cymene

CoHgO

132.16

(E)-Cinnamaldehyde

CeH1403

134.18

CgHsO,

136.15

Methyl benzoate

CoH12,0

136.19

CioH16

136.24

Monoterpene
Myrcene
B-Phellandrene
6-Limonene
a-Pinene

Camphene

SN N N NS

CsH1,0,

140.18

CoH100,

150.17

CsHoN

150.22

C7H404

152.10

CgHsgOs

152.14

Methyl salicylate

Ci10H160

152.23

Piperitone

Camphor

~

Ci0H130

154.25

Eucalptol

S NN LN

Ciz2Hie

160.25

C11H140

162.23

CsH1006

166.13

Ci10H140,

166.22

C10 H 1602

168.24

C10 HZOOZ

172.26

Isopentyl isovalerate

SN AN EN SO N AN

C12H16O

176.26

C12HZOO

180.29

Ci10H1603

184.23

C13H1,0

184.24

C14H160

200.28

&

C10H1804

202.25

&

CisHaa

204.36

E-Farnesene

C10H1405

214.22

Ci7H260

246.39

CaoH24

264.40

C13H3005

266.37

N CNR NS




C18H340 | 266.46 v
C20H2402| 296.40 v

* Isomers with different temporal trends detected by ToF-CIMS as different ions. Counted as

two distinct BVOCs.

The BVOCs detected in the TD-GC/MS analysis from all three spruce trees were quite
similar. All twenty-one BVOCs detected in the emissions from Spruce 1 were also
detected in the emissions from the other trees. One additional BVOC (1-butanol) was
present in the emissions from Spruce 2, which was also detected in the emissions
from Spruce 3. The BVOC emissions from Spruce 2 were the most unique, consisting
of twelve compounds that were not detected in the emissions of either of the other
two trees. The ToF-CIMS detected sixteen BVOCs common to the emissions of both
Spruce 1 and Spruce 2. These results indicate that it is possible for similarly aged Sitka
spruce trees in the same environment to have different BVOC emission profiles, as

observed for other plant species®®.

The majority, 70%, of the BVOCs detected from all three spruce trees were
oxygenated compounds. This observation is somewhat different from reports in the
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literature, which typically identify isoprene'®®, monoterpenes!®’

and
sesquiterpenes®® as the dominant biogenic emissions. The contribution from
oxygenated BVOCs is usually quite low, and the reporting is typically restricted to
specific groups: small compounds such as acetone?® and methanol*®, GLVs'®® and the
C10H180 isomers, including linalool’® and eucalyptol’?. Few studies have reported
oxygenated BVOCs that fall outside these groups®” 44 The high proportion of
oxygenated BVOCs detected in this study is potentially due to the capabilities of the
instrumentation used. In particular, CeHs* ToF-CIMS is suited to the detection of
hydrocarbons and certain oxygenated compounds®3. In contrast, GC-MS and PTR-MS
which are traditionally used in the analysis of BVOCs, tend to focus on the detection

of hydrocarbons and small oxygenated compounds'® 82,
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3.3.1.1 Spruce 1

In total forty-nine different BVOCs were detected in the emissions from Spruce 1, as
shown in Table 3.2. TD-GC/MS analysis identified twenty-one different BVOCs, which
included eight hydrocarbons and thirteen oxygenated compounds, with nine of these
containing only one oxygen atom in their molecular formula. The carbon content of
the BVOCs ranged from Cs to Cip, with ten Cio compounds and five Cs compounds.
Three sets of isomeric structures were also identified. Two BVOCs were identified as
Ci0H160, piperitone and camphor. Five were detected as monoterpenes (CioH1s). Two
compounds were found to have the chemical formula CsH100, isoprenyl alcohol and

2-pentanone.

ToF-CIMS analysis enabled the detection of thirty-four BVOCs in the emissions from
Spruce 1. Note that the ToF-CIMS is not capable of providing structural information,
only a chemical formula is attained. Eight of the BVOCs detected by the ToF-CIMS
were hydrocarbons. Four were found to contain nitrogen in the chemical formula,
two CHN compounds and two CHON compounds. The detection of nitrogen
containing compounds in BVOC emissions in not frequently reported in the literature.
The remaining twenty-two BVOC emissions were oxygen containing. The oxygen
content of the BVOCs varied between O and Os, with twelve 01 compounds and six
02 compounds. The carbon content of the BVOCs ranged from Cs to Cyo, with ten

being Ci0 compounds.

Chemical structures for six of the BVOCs detected by the ToF-CIMS were confirmed
from the TD-GC/MS analysis. Five of the compounds identified were in the top ten
emissions; piperitone, isoprene, sum of monoterpenes, cinnamaldehyde (CoHsO),
and camphor. Due to different ionisation mechanisms in the ToF-CIMS piperitone
and camphor were detected as different ions. Isopentyl isovalerate (CioH2002) was

also identified with both analysis methods.

An oxygenated monoterpene, piperitone (Ci1oH160) was the main BVOC emitted from

Spruce 1 and was also detected in the emissions of both other trees. Piperitone has
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beenidentified as a BVOC emission in previous studies, but never as the main emitted
BVOC. Piperitone was identified as a minor emission from damaged Sitka spruce
branches, with the sum of the concentration of the isomers piperitone and camphor
found to be over an order of magnitude lower than the sum of monoterpene
concentration®. The elevated piperitone concentration in this work may be related
to differences in environmental conditions between this work and other studies, or
due to different chemotypes, as has previously been reported for Scots pine®.

170 and

Piperitone has also been detected as a BVOC emitted by Norway spruce
Ponderosa pine®’. Several studies on the needle 0il®4® and cortical resin®’ of Sitka
spruce found it to be composed mainly of myrcene (CioH1s), and the CioH160 isomers,
piperitone and camphor. In all studies, the proportion of piperitone in the leaf oil and
cortical resin was always greater than for camphor. The detection of camphor in the
BVOC emissions of Sitka spruce’® 82, is more common than for piperitone, implying
that in the emissions camphor is the dominant isomer. In this work, the ratio of
piperitone to camphor in the emissions was quite high for all trees, and was similar
to what has been reported in the literature for resin. Resin deposits were visible on
the trunks of Spruce 1 and Spruce 3 and may also have been present on Spruce 2.
The high piperitone to camphor ratio observed in this study indicates that

evaporation from the resin deposits may have contributed to the BVOC emissions

detected from the Sitka spruce trees.

The second highest emission from Spruce 1 was isoprene, which was also detected
in the emissions of Spruce 3, with minimal amounts in the emissions of Spruce 2.
Isoprene has been detected in the emissions of various spruce species, including Sitka
spruce’® 81 171 Norway spruce!> 172, and several others!3 149 |soprene has been
reported as a minor emission for other coniferous species including Scots pine’?,
although is it more commonly found in the emissions from deciduous species such as

Holm oak!”? and willow?°.

The sum of monoterpene emissions were detected as the third highest emission from
Spruce 1. In Table 3.2 the monoterpenes are ordered according to decreasing

concentration, which were inferred from TD-GC/MS chromatogram peak areas. Five
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monoterpenes were detected, myrcene, B-phellandrene, a-pinene, &-limonene and
camphene. Myrcene was identified as the dominant monoterpene from all three
Sitka spruce trees. This observation is in agreement with previous studies which
identified myrcene as the main BVOC emitted by Sitka spruce®® 138 166 The emission
of B-phellandrene as the next dominant monoterpene is consistent with previous
Sitka spruce studies®! 138, This compound has also been detected in the emissions of
other spruce species’® 138, The contributions from a-pinene 63 7°.16¢ §-limonene®3 166
and camphene® 7% 166 were quite low, all of them have been detected in the

emissions of Sitka spruce previously. Some studies have reported B-pinene’® 8% 82

as
a major emission from Sitka spruce, but it was not identified by TD-GC/MS in this

work.

The remaining emissions contributed very little to the total BVOC flux of Spruce 1.
The majority of the remaining hydrocarbon emissions have not been identified in
previous studies. o-Cymene (CigH14) has been detected in the emissions from Blue
spruce, Douglas-fir and Bristlecone pine®’. Heptane (C7H16) has been detected in the
air in a Sitka spruce forest in north England*2. The BVOC emission detected as C7Hsg in
the ToF-CIMS analysis is likely toluene, but since this was also detected in quite high
concentrations in the Empty enclosure and unopened Tenax tubes, it was deemed to
be a background artefact and was not assigned as an emission. Toluene has not been
detected in the emissions of Sitka spruce previously, although it has been reported

as an emission from birch species’4 17>,

Of the less intense oxygenated BVOC emissions, several have been reported
previously. Camphor has been detected in the emissions of Sitka spruce® and some
other spruce species®” 138, and it was found to be the dominant emission from
sage!’®. Eucalyptol (C10H180) has also been previously reported as an emission from

152 "and as a substantial emission from artemisial’®. MBO

Sitka sprucel®® , Scots pine
(2-methyl-3-buten-2-ol, CsH100) is a common emission from pine species®® 12, but
has not previously been reported for Sitka spruce. Methyl salicylate (CsHsOs) has

been detected in the emissions of Norway spruce previously!”’.
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3.3.1.2 Spruce 2

Fifty-eight BVOCs were detected in the emissions of Spruce 2, Table 3.2. TD-GC/MS
analysis identified thirty-four of these compounds which consisted of nine
hydrocarbons and twenty-five oxygenated compounds. The carbon content of the
emissions ranged from C; to Cis, with five Cg, six Cs and ten Cio compounds. Nineteen
BVOCs were identified as O1 compounds, five as Oz and one Os. Four sets of isomers
were identified, in addition to the three identified in the Spruce 1 emissions, hexanal

and 2-hexanone (C¢H120) were also present.

The ToF-CIMS detected thirty-two BVOCs in the emissions from Spruce 2. Eight
BVOCs were hydrocarbons and the remaining twenty-four were oxygenated. The
carbon content of the emissions ranged from Cg to Cy0, with twenty of the BVOCs
having ten or fewer carbon atoms. The oxygen content of the emissions varied

between O; and Os, with fifteen O1 compounds.

The chemical structures of eight of the BVOCs detected by the ToF-CIMS were
identified by TD-GC/MS analysis. Six of these were in the top ten emissions; sum of
monoterpenes, piperitone, cinnamaldehyde, E-2-hexenal (CsH100), E-farnesene
(C1sH14) and camphor. Methyl salicylate and eucalyptol were also identified by both

analysis methods.

The main BVOCs emitted by Spruce 2 were monoterpenes. The same isomers
detected in the Spruce 1 emissions were present, although the relative contributions
were slightly different. In agreement with Spruce 1 and previous studies®? 138
myrcene was the main emission, followed by B-phellandrene. 6-Limonene also made
a substantial contribution to the monoterpene emissions from Spruce 2; this is in
contrast to the monoterpene mixture emitted from Spruce 1 which had higher

amounts of a-pinene than 6&-limonene. The concentrations of a-pinene and

camphene were the lowest of all monoterpene emissions from Spruce 2.
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The second highest emission from Spruce 2 was piperitone, which was emitted in
much lower amounts than for Spruce 1. While isoprene was the second highest
emission for Spruce 1, it was not present in the ToF-CIMS analysis for Spruce 2 and
was only detected at trace levels in the TD-GC/MS analysis. A similar phenomenon
has been observed for Scots pine, in which 6-carene was a dominant emission from
one chemotype, and not emitted from the other®®. This further supports the idea that

trees of the same species can have different emission profiles.

The third highest emission from Spruce 2, CsHsO, was not detected in the emissions
of Spruce 1 or Spruce 3 and a structure was not confirmed by TD-GC/MS. In total, six
of the emissions that are unique to Spruce 2 are C¢ compounds, some of which are
known to be GLVs'®?, such as E-2-hexenal’’®. GLVs are emitted from plants in
response to stress, such as wounding®’® 189 infestation’® or drought'8!. The C¢HsO
compound may also be a GLV, emitted by Sitka spruce in response to stress. In
addition a sesquiterpene, E-farnesene, was detected in the Spruce 2 emissions.
Elevated levels of sesquiterpenes have been observed in the emissions of ozone
stressed plants'®” 182, |n other studies, the emission of farnesenes from Norway

170 and Scots pine®® were found to be elevated due to infestation. Although all

spruce
trees in this work were exposed to the same conditions, the presence of C¢ GLVs and

E-farnesene indicate that Spruce 2 may have been stressed.

3.3.1.3 Spruce 3

No BVOCs were detected in the ToF-CIMS analysis of the emissions from Spruce 3.
The BVOC emission fluxes were similar in magnitude to those from the empty

enclosure, and were deemed negligible.

Twenty-two BVOCs were detected in the TD-GC/MS analysis of the Spruce 3
emissions, Table 3.2. The emissions from Spruce 3 consisted of eight hydrocarbons
and fourteen oxygenated compounds. The carbon content of the BVOCs ranged from
Cs to Cig, with four Cs and five C1o compounds. The oxygen content of the emissions

varied between Op and O3, with ten of the compounds containing one oxygen atom.
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Three sets of isomers were detected, the same as for Spruce 1. The emissions from
Spruce 3 were quite similar to the emissions from Spruce 1, and did not contain any

of the stress related compounds associated with Spruce 2.

3.3.2 Daily Cycle

A month before sampling commenced Spruce 1 produced new shoots. The new
shoots were a bright green colour, while the needles were soft, and mainly on the
lower part of the trunk outside the enclosure. At the time of sampling the needles
had darkened to almost the same dark green colour as the older needles. Spruce 2
had less foliage than Spruce 1, and all needles were dark green. Spruce 3 had the
least amount of foliage, and some of the needles had a brownish hue. No ToF-CIMS
data is available for Spruce 3 because the concentrations of the measured BVOCs
were not statistically significant compared to the Empty enclosure. It seems likely
that Spruce 3 was suffering from some stress that lowered the emissions and resulted
in no BVOCs registering above the statistical threshold for reliable detection by the

ToF-CIMS.

3.3.2.1 BVOC Emissions

The ToF-CIMS results obtained during the Daily Cycle show that all BVOC emissions
responded to the simultaneous changes in temperature and PPFD as expected. The
BVOC emission fluxes were at their highest when temperature and PPFD peaked and
were at their lowest during the hours of darkness at the lowest temperature. All
BVOC emissions responded in the same manner to a particular change in
environmental conditions, but the magnitude of the response was dependent on the
specific BVOC and tree. Figure 3.10 shows the time series profile for the emission of
piperitone from Spruce 1 during the Daily Cycle. The time series for most other BVOCs

emitted from Spruce 1 follow a similar pattern.
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Figure 3.10 Time series of the piperitone emission flux from Spruce 1 during the Daily Cycle.

The emission of piperitone from Spruce 1 was lowest during the hours of darkness at
12 °C. Upon illumination of the plant growth chamber to 21 pmol m? s (one lamp
on) and temperature increase to 15 °C, the emission of piperitone increased
immediately and reached a new steady state. The emission increased with a further
3 °C increase in temperature and doubling of the PPFD (three lamps on). A sharp
increase in emission was observed following the transition to the most intense
conditions of 21°C and 164 pmol m2 s* (five lamps on). The emission flux took longer
to stabilise at these settings, likely due to the significant increase in PPFD. As the
conditions were cycled back to darkness the BVOC emission fluxes decreased
accordingly. For a given temperature and PPFD the emission flux attained a certain
value, irrespective of short-term history. The magnitude of the change in flux at the
different conditions depended on the specific BVOC, with some species showing a
pronounced increase in emission upon illumination, and others having a more muted
response. The relationship between BVOC emission fluxes and light and temperature
has been reported for many tree and plant species® L. In the field BVOC emissions
have been reported to be at their lowest at night, and highest during the day when

temperature and PPFD reach a maximum?®, as observed in this work.
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The time series profile shown in Figure 3.10 is representative of the emission profile
for twenty-eight of the thirty-four BVOCs detected by ToF-CIMS in the Spruce 1
emissions. While the remaining six BVOCs - isoprene, CsHsO2, C11H140, C10H10, C12H16
and Ci12H200 - all show a similar profile under illumination, they also show a different

pattern in the dark, Figure 3.11.
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Figure 3.11 Time series of the C1:H140 emission flux from Spruce 1 during the Daily Cycle.

The time series for C11H140, Figure 3.11, shows a large spike in emission immediately
after the lights in the plant growth chamber were turned off. This was observed for
all light to dark transitions. A similar phenomenon was observed for the other five
BVOCs, although the spike in emissions was not as intense. This observation suggests
that these six BVOCs are emitted via similar mechanisms. An analogous event has
been observed for the emission of isoprene from Sitka spruce previously. Following
sudden darkening the emission of isoprene underwent an immediate decrease,
followed by a re-increase 20 minutes later, and maximised after 10 minutes, to about
70% of its value prior to darkening. This was accompanied by a spike in acetaldehyde
emission®3, In this work sampling was switched between the trees every 7.5 minutes,
which prevents identification of the exact timing of the spike. The burst was only
observed during a single measurement, indicating that it was a short event and had

a time frame similar to that measured by Hayward et al. (2004)23. Acetaldehyde was
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not measured in this work, and Hayward et al. (2004)%3, did not measure the other
BVOCs detected in this work that exhibited similar trends. Similar observations have
been made for other tree species including oak and poplar!®. Post-illumination
acetaldehyde bursts are proposed to originate from a biological process in which
acetaldehyde is produced from an excess of pyruvate via a pyruvate overflow

mechanism?®3.

The emission profiles of all detected BVOCs from Spruce 1 were quite reproducible
across the duration of the Daily Cycle, with slight variations exhibited over time. For
some BVOCs such as C11H140, the magnitude of the emission flux was very similar
each day, Figure 3.11. For other BVOCs, such as piperitone, the emission flux
increased slightly as the Daily Cycle progressed, Figure 3.10, while for a minority of
the BVOCs, the emission flux decreased over the course of the Daily Cycle. The reason
for these differences in the magnitude of the fluxes across the week is not clear.
However, this kind of variation across days for tree and plant species in a laboratory

has also been observed for other species including eucalyptus*?.

The BVOC emission patterns from Spruce 2 during the Daily Cycle, shown for the sum
of monoterpenes in Figure 3.12, were not as well defined as for Spruce 1. Across a
24-hour period the BVOC emission trend was similar to that from Spruce 1, with
fluxes lowest in the dark, and peaking under the highest temperature and light
conditions. For the intermediate conditions there was little difference observed in
the emission fluxes. In addition the fluxes did not always stabilise after a change in
conditions, often showing an increasing or decreasing trend. Due to the emissions

not having a distinct pattern, the reproducibility across the week was quite poor.
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Figure 3.12 Time series of the sum of monoterpenes emission flux from Spruce 2 during the

Daily Cycle.

The emission fluxes for the sum of monoterpenes and eight other BVOCs spiked on
10/11/2021, the reason for this is unknown. The conditions were exactly the same as
the other days of the Daily cycle and this was not observed for any of the emissions
from Spruce 1. For the majority of the BVOC emissions the magnitude of the flux
increased as the Daily Cycle progressed and for a small number of BVOCs it
decreased. The variation in emission fluxes from stressed Norway spruce under

controlled environmental conditions'®*

, was similar to that observed in this study for
Spruce 2. This further indicates that Spruce 2 may have been suffering from some
unknown stress during emissions sampling. None of the Spruce 1 BVOCs that
exhibited post-illumination spikes were emitted from Spruce 2. As the phenomenon
is likely related to the biological activity of the tree, this could be a further indication

that Spruce 2 was stressed and the biological activity of the tree was not operating

at maximum capacity.

3.3.2.2 CO, Flux

The CO; data was used to analyse the extent of photosynthesis and respiration over

the course of the Daily Cycle, Figure 3.13.
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Figure 3.13 Time series of CO; flux for Spruce 1 (top), Spruce 2 (middle) and Spruce 3 (bottom)
during the Daily Cycle.

For Spruce 1 (Figure 3.13, top) the response of the CO, flux to changes in the PPFD

was not as well defined as the BVOC emission flux. In general the CO; flux followed
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the expected trend and was highest in the dark, when photosynthesis and CO; uptake
are not expected to occur, and mitochondrial respiration takes place. A negative CO;
flux was observed upon illumination, which became larger as the PPFD increased.
This is an indication of photosynthetic activity and plant growth'?>. For Spruce 1 the
flux in the dark varied between 0 nmol s g and 5 nmol s? g?, similar to that
previously observed for oak in the dark*?2. At the highest PPFD (164 pmol m2 s?) and
temperature (21 °C) the CO, flux was approximately 15 nmol s g, which is
comparable to the value of 20 nmol s g measured for Norway Spruce!’? at 23 °C
and 200 umol m2 s, For Sitka spruce in the field*®> CO, fluxes were approximately

80nmol s g?ataminimum PPFD of 700 umol m2 s,

The CO; flux for Spruce 2 (Figure 3.13, middle) was quite scattered with spikes
occurring regularly throughout the Daily Cycle. The trend was similar to that observed
for Spruce 1, although the magnitude of the CO; flux was much lower. A lower CO;
flux may imply that a tree is stressed, this may be a further indication that Spruce 2
was suffering stress. For example, when subject to heat stress the CO; flux for
Norway spruce decreased to a third of its original value over a 12 °C temperature

increasel’?,

For Spruce 3 (Figure 3.13, bottom) the data was highly scattered, and there was no
correlation between illumination and CO; flux. This suggests that Spruce 3 may not
have been undergoing photosynthesis effectively and could be linked to the reason

why no BVOCs were detected in the ToF-CIMS analysis.

3.3.2.3 Carbon Balance

Net ecosystem carbon balance is an assessment of all inward and outward fluxes of
carbon associated with an ecosystem?®, The Spruce 1 BVOC emission and CO; data
for the Daily Cycle were used to calculate the carbon balance for Sitka spruce, to
determine the contribution that BVOC emissions make to the overall carbon flux,

Table 3.3.
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Table 3.3 Contribution of CO; uptake, respiration and BVOC emissions to the carbon balance

for Spruce 1.
Carbon Balance Carbon Flux Respiration BVOC Emission
mg Cday!g? % %
Absolute Uptake -4.0716 6.99 0.21
Respiration 0.2848 - -
BVOC Emission 0.0086 - -
Net Uptake -3.7782 7.54 0.23

The absolute daily carbon uptake was calculated to be -4.07 mg C day? g2, with an
outward flux of CO, due to respiration of 0.28 mg C day™ g, and a BVOC emission
flux of 0.0086 mg C day* g. Resulting in a net carbon uptake of -3.78 mg C day* g.
The carbon loss due to BVOC emissions in terms of carbon units, was calculated to
be approximately 0.2% of carbon taken in as CO,. This is quite low and indicates that
the contribution of BVOC emissions to the carbon balance for Sitka spruce is
negligible. For comparison, the emission of monoterpenes and isoprene were found
to account for 0.93% of the net carbon flux from a Japanese larch plantation on an
annual basis'®’. In another study the annual carbon loss from a Ponderosa pine forest
due to BVOC emissions was calculated to be 0.6% on an absolute carbon scale, and
4% on a net carbon scale'®. BVOC emissions from a poplar plantation accounted for
0.63% of carbon uptake, on a net carbon scale. The value calculated in this work is
lower than that determined from these field studies. However the field studies were
conducted over timescales of at least a year and over a range of environmental
conditions, and tree ages, both of which are expected to impact carbon uptake and
BVOC emissions!® 188 The carbon balance for Sitka spruce determined here was
calculated using Spruce 1 Daily Cycle data, and does not account for annual changes
in environmental conditions or tree ages. Based on the values determined from field
measurements for other tree species, the exact contribution of BVOC emissions to
the overall carbon balance for Sitka spruce is expected to be greater under real-world

conditions.
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3.3.2.4 Chlorophyll Fluorescence

Maximum photosystem |l efficiency (F./Fm) was determined by measuring
chlorophyll fluorescence. F,/Fm reflects the ability of photosystem Il to reduce its
electron acceptors in the photosynthetic electron transport chain and it is used to
infer plant health!?®. The chlorophyll fluorescence was measured on three days

during the Daily Cycle, Table 3.4.

Table 3.4 Chlorophyll fluorescence measurements for Spruce 1, Spruce 2 and Spruce 3 during
the Daily Cycle. Each value is the average of three measurements taken from three branches

on the same tree.

Date PPFD Temperature Spruce 1 Spruce 2 Spruce 3
pmol m?2s? °C
04/11/2021 0 12 0.848 0.831 0.754
04/11/2021 164 21 0.624 0.552 0.599
08/11/2021 0 12 0.794 0.804 0.831
08/11/2021 164 21 0.766 0.718 0.794
11/11/2021 0 12 0.814 0.791 0.824
11/11/2021 164 21 0.713 0.765 0.789

Chlorophyll fluorescence was measured in the dark and at the highest temperature
and PPFD settings. Dark adaptation clips were placed on the branches for 30 minutes
prior to all measurements. The F,/Fm values in the dark were similar for all three trees
and centred around 0.81 (unitless). Values below 0.8 indicate photoinhibition, likely
due to stress. An optimum F,/Fm value of 0.83 indicates the plant is not suffering any
stress and there is no damage to components along the photosynthetic pathways?!?.
Almost all measurements were quite close to the optimum, indicating that all trees
were healthy. This is surprising for Spruce 2 and Spruce 3, as BVOC and CO;
measurements indicate that these trees may have been suffering from stress. One
possible explanation is that BVOC and CO; measurements are more sensitive to low

levels of stress compared to F,/Fm measurements.

Almost all measurements taken in the dark were greater than the measurements
taken during illumination. Lower F,/Fm ratios indicate that all chlorophyll is not taking

part in photosynthesis, which could be due to damage, and implies the plant is
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stressed!®. It is unlikely the trees were suffering from stress, as the temperatures
used in this study are representative of the natural environment, and the PPFD was
an order of magnitude lower than that measured for the ambient atmosphere. F,/Fm
has been shown to decrease with increasing PPFD2%, it is likely the slight decrease in

Fu/Fm is due to this trend, rather than in response to stress.

Due to the absence of ToF-CIMS data and the highly scattered CO;, data, the data

recorded from Spruce 3 was excluded from any further analysis.

3.3.3 Temperature Cycle

The Temperature Cycle commenced three days after the Daily Cycle finished. For the
Temperature Cycle PPFD was held constant during the hours of illumination and
temperature was varied. The purpose of this cycle was to assess the contribution that
temperature made to the emission flux, elucidating the importance of pooled BVOC
emissions. At the start of the Temperature Cycle the appearance of Spruce 1 was the

same as for the Daily Cycle, while the needles of Spruce 2 started to turn brown.

3.3.3.1 BVOC Emissions

All BVOCs responded to changes in temperature, with the lowest fluxes measured at
the lowest temperature in the dark, and the highest fluxes measured at 21 °C under

illumination.

The emission of piperitone from Spruce 1 during the Temperature Cycle (Figure 3.14,
top) is representative of almost all BVOC emissions from Spruce 1. Increasing the
temperature from 12 °C to 15 °C in the dark caused a slight increase in the emission
flux, indicating that the emissions were temperature dependent, and possibly
originated from storage pools. The time series for isoprene (Figure 3.14, bottom) is
representative of CsHgO3, CioH10, C12H16 and C12H210. In the dark these BVOCs have a
very low emission flux and do not show any variation with temperature indicating

that they are unlikely to originate from storage pools. As with the Daily Cycle there
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was a spike in emission of these BVOCs following darkening and there was also a

spike in the emission of C11H140, although its emission profile had more similarities

with that of piperitone.

0.204

0.15

Piperitone CioHis0 (ngh™ g™)
<
2
1

o

o

@
|

0.00-
0.18+

0.15

o o

o o

@ r
1 1

Isoprene CsHg (ugh™'g™")
g
1

0.034

0.00-

12°C
Dark

il

16/11
04:00

1611
16:00

]

1711
04:00

1711 181
16:00  04:00

15°C
Dark

19011 20111

18,)11 19/11 2011

16:00 04:00 16:00 04:00 16:00
Date and Time

15°C

44 pmol m? s~

211 2411 2211 2211 2311 231 24011

04:00 16:00 0400 16:00 0400 16:00 04:00
18 °C 21°C
44 pmol m? s~ 44 pmol m? 571

Figure 3.14 Time series of the emission fluxes of piperitone (top) and isoprene (bottom) from

Spruce 1 during the Temperature Cycle.

The time series for all Spruce 1 BVOCs show a significant increase in emission when

the lamps were turned on, although the temperature was maintained at 15 °C,

indicating light also plays a role in the emission of all BVOCs from Spruce 1. As the

temperature was increased during illumination the emission flux of all BVOCs also

increased, showing that the emissions were also temperature dependent. A

temperature dependence has been observed for the emission of isoprene and
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monoterpenes from Sitka spruce previously8% 83, A correlation between oxygenated
BVOCs and temperature has also been reported for sunflower!3? and aspen'®. For
the majority of the BVOCs the change in emission flux with temperature was similar
to that for piperitone, with the flux stabilising at each temperature setting. Other
BVOCs, such as isoprene, experienced a continual increase in emission flux upon
illumination even though the temperature was maintained at 15 °C for three hours
before and after illumination. This may be due to the emission of these BVOCs being
closely linked to biosynthesis and the continual increase in emission is a result of the
initiation of biosynthesis until it reaches optimum efficiency. The emission of

isoprene is assumed to occur immediately following biosynthesis*3%.

The emission flux of all BVOCs emitted from Spruce 1 flux gradually decreased over
the course of the Temperature Cycle and was much lower in magnitude than for the
Daily Cycle. If part of the emission flux originated from the resin deposits visible on

the tree, it may be an indication that these were becoming depleted.

For Spruce 2 the emission profile for the Temperature Cycle was similar to that of
Spruce 1, with the emissions peaking at the highest temperature setting and the
lowest flux recorded at the lowest temperature setting in the dark. The time series
for the sum of monoterpenes from Spruce 2 is shown in Figure 3.15, and is

representative of all BVOC emissions from Spruce 2.
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Figure 3.15 Time series of sum of monoterpenes from Spruce 2 during the Temperature Cycle.

In contrast to Spruce 1, the BVOCs emitted from Spruce 2 had a much stronger
response to changes in temperature, especially in the dark. Upon illumination there
was a minimal change in the emission flux for all BVOCs. This is quite different to
what was observed for Spruce 1, and indicates that the Spruce 2 BVOC emissions
were much more closely linked to temperature than those from Spruce 1. As
observed for the Daily Cycle the data from Spruce 2 is quite scattered, and
20/11/2021 was the only day with a clear BVOC emission profile. The BVOC emissions
showed a pronounced response to changes in temperature and reached a stable
emission flux immediately after each change. This indicates that the Spruce 2 BVOC
emissions had a strong temperature dependence, and likely originated from storage
poolst3!, The magnitude of the BVOC emission flux from Spruce 2 during the
Temperature Cycle was lower than during the Daily Cycle. This may have been a result
of Spruce 2 suffering from some stress, that caused a reduction in the emission flux.
It also indicates that the BVOC emissions from Spruce 2 were largely due to emission
from storage pools and the emission via the biosynthetic pathway was largely

reduced due to stress.
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3.3.3.2 CO; Flux

The CO; flux during the Temperature Cycle is shown in Figure 3.16 for Spruce 1 (top)

and Spruce 2 (bottom).
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Figure 3.16 Time series of the CO; flux for Spruce 1 (top) and Spruce 2 (middle) during the

Spruce 1 CO, Flux (nmolh™"g™")

Spruce 2 CO, Flux (nmolh™'g™")

Temperature Cycle.

The CO:; flux showed little variation with temperature. The temperature variation in
the dark did not have any impact on the mitochondrial respiration for either tree.
Upon illumination a significant decrease was observed, due to CO; uptake as a result
of photosynthesis. For Spruce 1, there was a slight decrease in the CO; flux with
increasing temperature, suggesting photosynthetic activity was decreasing. An

inverse relationship between photosynthesis and temperature has been observed
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for Sitka spruce previously*®!. This was not observed for Spruce 2, possibly due to the
scatter of the data and the magnitude of the flux being quite low. The magnitude of
the Spruce 1 CO; flux was 20 nmol s g1, which is larger than was measured for the
Daily Cycle, but is still in agreement with previously reported values'®. In contrast
with the BVOC emissions which gradually decreased as the Temperature Cycle

progressed, the CO; flux was quite reproducible throughout.

3.3.3.3 Chlorophyll Fluorescence
The F/Fm values obtained for Spruce 1 and Spruce 2 during the Temperature Cycle
are listed in Table 3.5. The values in the dark were centred around 0.8 and were

similar to those observed during the Daily Cycle.

Table 3.5 Chlorophyll fluorescence measurements for Spruce 1 and Spruce 2 during the
Temperature Cycle. Each value is the average of three measurements taken from three

branches on the same tree.

Date Light Intensity Temperature Spruce 1 Spruce 2
umol m?2s? °C
16/11/2021 0 12 0.815 0.810
16/11/2021 44 18 0.762 0.773
19/11/2021 0 12 0.821 0.831
19/11/2021 44 18 0.820 0.785
22/11/2021 0 12 0.815 0.760
22/11/2021 44 18 0.785 0.805

As with the Daily Cycle dark adaptation clips were placed on the branches 30 minutes
prior to all measurements. There was little variation across the measurements for
Spruce 1. The increase in temperature had no effect on F,/Fm. Temperature
extremes, either high or low, have been found to cause photoinhibitory damage and
lead to a reduction in Fy/Fn!®. The temperature range used in the study was too low
to elicit a change in chlorophyll fluorescence. One of the branches of Spruce 2 had a
lower F,/Fm measurement for half of the measurements taken. This may be another

indication that Spruce 2 was stressed.
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3.3.4 Light Cycle

The final cycle applied to the plant growth chamber was the Light Cycle. During the
Light Cycle the temperature was maintained at 18 °C, and the PPFD was varied. The
purpose of the Light Cycle was to determine the impact of PPFD on the Sitka spruce
emissions, and to evaluate the importance of the biosynthetic BVOC emission
pathway. At the start of the Light Cycle the appearance of Spruce 1 was the same as
during the Daily Cycle and Temperature Cycle, while all needles on Spruce 2 had

turned brown.

3.3.4.1 BVOC Emissions

Figure 3.17 shows the time series of piperitone emitted from Spruce 1 during the
Light Cycle. All BVOC emission fluxes from Spruce 1 increased with PPFD during the
Light Cycle. The variation in emission flux depended on the BVOC, with piperitone
showing a marked change in emission flux at each PPFD setting, Figure 3.17, while
other emissions, such as C10H1203, only showed a significant increase in emission flux
at 164 pmol m2 s. The emission of isoprene from Sitka spruce has previously been
shown to be PPFD dependent, with the emissions of monoterpenes from Sitka spruce
reported to be PPFD independent’® 3, This is in contrast to the results obtained here,
where the sum of monoterpene emissions from Spruce 1 showed a clear response to

PPFD changes. Monoterpene emissions are traditionally assumed to be temperature

156 192

dependent only*°, although monoterpene emissions from Norway spruce*”* and
oak!?? have been found to also have a PPFD dependence. As with the previous cycles,
a spike in emission following darkness was observed for isoprene, CsHsO,, C11H140,

C10H10, C12H16 and C12H210.
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Figure 3.17 Time series profile of piperitone flux from Spruce 1 during the Light Cycle.

The time series profiles for all Spruce 1 BVOCs were quite reproducible across the
duration of the Light Cycle, with the emission fluxes reaching roughly the same values
each day. This is in contrast to the previous cycles where clear increasing or
decreasing trends were observed as the cycles progressed. The magnitude of the
emission flux was much lower for the Light Cycle than for the Daily Cycle. This is likely
due to a portion of the emissions originating from storage pools that are temperature

rather than PPFD dependent.

In contrast to Spruce 1, the emissions from Spruce 2 did not show a strong PPFD
dependence. Figure 3.18 (top) shows the time series profile for the sum of
monoterpene signal during the Light Cycle, which is representative of most Spruce 2
emissions. There was no correlation between PPFD and the majority of the BVOCs
emitted from Spruce 2. It may be the case that Spruce 2 was not sensitive to PPFD.
The emission of monoterpenes'®, methanol and acetaldehyde® from Sitka spruce
were found to be PPFD independent from 0 pmol m? s'* to 1000 pmol m? st Most
BVOCs did not follow any emission pattern, with the flux in the dark exceeding that
under illumination on several occasions. It may be the case that the emission flux was
quite low and near the limit of detection of the instrument, and the recorded

measurements are more representative of noise than actual emission fluxes. It is also
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possible that the stress Spruce 2 had been suffering from was stronger during the

Light Cycle, and obscured the emission pattern.
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Figure 3.18 Time series for the sum of monoterpene fluxes (top) and sum of sesquiterpene

fluxes (bottom) from Spruce 2 during the Light Cycle.

A light dependence was observed for a few select emissions, including E-farnesene
(Figure 3.18, bottom) and camphor. E-farnesene showed the strongest PPFD
dependence. This was unexpected as sesquiterpene emissions from Norway spruce
were found to be PPFD independent®®’. The change in E-farnesene flux was not very
well correlated with the changes in PPFD, and did not stabilise at set values, but
continually increased. There was also a time lag between the changes in light

intensity and emission flux, with the maximum flux often being recorded slightly after
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the light intensity had begun to decrease, and the increase occurring about an hour
after illumination. The reason for the time delay is not clear and it was not observed
for any other BVOCs. The other light dependent Spruce 2 emissions only showed a
small response to changes in PPFD, with most only responding at the highest PPFD of

164 umol m2 s,

While the BVOC emission from Spruce 2 showed a strong temperature dependence
in the Temperature Cycle, the results obtained here for the Light Cycle, show that the
emission fluxes were barely affected by light. This is in contrast to the BVOC

emissions from Spruce 1, which showed clear light and temperature dependences.

3.3.4.2 CO, Flux

Figure 3.19 shows the CO; fluxes for Spruce 1 (top) and Spruce 2 (bottom). The
pattern of the CO; flux during the Light Cycle was the same as that observed during
the Daily Cycle, with a clear change in response to PPFD variations for both trees. The
magnitude of the CO; flux during the Light Cycle was larger than for the Daily Cycle.
This is somewhat surprising as the PPFD was the same for both cycles, therefore the

fluxes would be expected to be similar.
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Figure 3.19 Time series of CO; flux for Spruce 1 (top) and Spruce 2 (bottom) during the Light

Spruce 2 CO, Flux (nmolh™ g™

Cycle.

The Spruce 1 CO; flux was approximately five times higher than that for Spruce 2.
This is a further indication that Spruce 2 was suffering stress. Although, unlike for the
Daily Cycle the CO; flux for Spruce 2 was quite regular, and much less scattered. The
BVOC emission profiles from Spruce 2 during the Light Cycle, indicated that the stress
experienced by Spruce 2 was stronger during the Light Cycle, and was affecting the
physiology of the tree. This is not the case for the CO; measurements, which show
CO; uptake by Spruce 2, indicating that some biological processes were still
functional. It is possible that physiological processes relating to biosynthetic BVOC
emission are more sensitive to the stress experienced by Spruce 2 than

photosynthetic processes are.
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3.3.4.3 Chlorophyll Fluorescence

The chlorophyll fluorescence measurements for both trees were used to indicate that

the trees were healthy during the Light Cycle, Table 3.6.

Table 3.6 Chlorophyll fluorescence measurements for Spruce 1 and Spruce 2 during the Light

Cycle. Each value is the average of three measurements taken from three branches on the

same tree.
Date Light Intensity Temperature Spruce 1 Spruce 2
pmol m?2s? °C
28/11/2022 0 18 0.804 0.828
28/11/2022 164 18 0.653 0.742
30/11/2021 0 18 0.694 0.768
30/11/2021 164 18 0.718 0.751
02/12/2021 0 18 0.726 0.769
02/12/2021 164 18 0.750 0.724

The Fy/Fm values recorded during the Light Cycle for Spruce 1 and Spruce 2 were
slightly lower than those measured during the other cycles. The measurements
recorded after 10 hours of darkness were centred around 0.75 and were more
scattered. Three of the branches from Spruce 1 recorded values below 0.66. Most of
the other measurements for Spruce 1 were above 0.75, therefore it is unlikely that
Spruce 1 was stressed. The F,/Fm measurements for Spruce 2 during the Light Cycle
were similar to those measured for the other cycles. This indicates that although

Spruce 2 was stressed, there was no additional stress during the Light Cycle.

3.3.5 BVOC Emission Standardisation

BVOC emissions were standardised to a PPFD of 1000 pmol m2 s, and a temperature
of 30 °C, in line with recommendations®3°. All BVOC emissions were subject to three
standardisation procedures; pooled standardisation, biosynthetic standardisation

and combined standardisation. For each BVOC emitted from Spruce 1 and Spruce 2,
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the method that best reproduced the emission profile for the Daily Cycle was

selected and used to determine the standardised emission flux.

3.3.5.1 Standardisation Procedures

Pooled Model

Pooled BVOC emissions are those that are assumed to originate solely from storage
pools within plants, have no correlation with physiological processes, and have fluxes
that are dependent on temperature only. Equation 3.4 initially developed by
Guenther et al. (1993)3°, has been widely used to describe monoterpene emissions
from plants®? 16, The term B (0.09 K for monoterpenes)'3Y, is used to describe the
temperature dependence. In this work, initially the original value of B was applied to
the data, and pooled standardised emission fluxes were calculated. The equation was
then used to model the measurement data for the Daily Cycle. The model data did
not match the measured data for any BVOCs, including for the sum of monoterpenes.
In order to improve the model a unique B value was calculated for each BVOC emitted
by each Stika spruce. These unique B values were then used to calculate BVOCs, the
pool standardised emission flux for the BVOC at 30 °C. The values for BVOCs and B
for each BVOC were used to model the measured data for the Daily Cycle for both

Spruce 1 and Spruce 2, Figure 3.20 and Figure 3.21.
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Figure 3.20 Measured data (blue) and pooled model data (red) for the emission of piperitone

(left) and isoprene (right) from Spruce 1 during the Daily cycle.

For Spruce 1 the model was only capable of reproducing measurements recorded in
the dark. Data acquired under illumination were significantly underestimated by the
model for all BVOCs, particularly at the highest PPFD setting. This was unexpected,
especially for monoterpenes which are assumed to be emitted solely from storage
pools?® and thus entirely temperature dependent. Previous studies have found Sitka
spruce monoterpene emissions to be PPFD independent, with a strong temperature
dependence®®. The emission of isoprene from Stika spruce has been shown to be
temperature and PPFD dependent’?, as it is emitted via a biosynthetic pathway, and
therefore was not expected to be reproduced with the pooled model. The inability
of the model to replicate the Daily Cycle measurements indicates that for all BVOCs

emitted by Spruce 1 biosynthetic pathways play a role in the emission process.

The results from the Temperature Cycle showed that the influence of temperature
on the BVOCs emitted from Spruce 2 was much stronger than for Spruce 1. As a
result, there was closer agreement between the pooled emissions model and

measurement data for Spruce 2 than there was for Spruce 1, Figure 3.21.
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Figure 3.21 Measured data (blue) and pooled model data (red) for the emission of the sum

of monoterpenes (left) and CsH100 (right) from Spruce 2 during the Daily cycle.

The emission profiles of six Spruce 2 BVOCs including, CeH100 and CyoH24, were
completely described by the pooled emission model (Figure 3.21). For the remaining
BVOCs, the model was unable to completely reproduce the measured data,
indicating that biosynthetic pathways contributed to the emissions from Spruce 2
also. Of the sixteen BVOCs common to the emissions of Spruce 1 and Spruce 2, there
was a large discrepancy between the extent to which the pooled emission model
could reproduce the measured data, and depended on the specific BVOC. For
piperitone, 35% of the total emission flux from Spruce 1 could be reproduced using
the pooled emission model, while for Spruce 2 it accounted for 83% of the piperitone

emission flux.

Biosynthetic Model

Biosynthetic BVOC emissions are released immediately after synthesis, there are no
storage reservoirs for these BVOCs. The emission of biosynthetic BVOCs depends on
the rate of synthesis, which in turn, depends on both temperature, which is linked to
enzymatic activity, and PPFD, which is linked to photosynthesis. Equation 3.1
developed by Guenther et al. (1993)*3° to describe the biosynthetic emission of
isoprene was used to calculate biosynthetic standardised emission fluxes. In order to
test the accuracy of the standardised emission fluxes, the equation was then used to
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model the measured data for the Daily Cycle. As an initial approach the coefficients
in the original equation by Guenther et al. (1993)%° were used to calculate
biosynthetic standardised emission fluxes and to model the Daily Cycle data. Those
coefficients could not accurately reproduce the measurement data, and unique
coefficients were calculated for each BVOC emitted from Spruce 1 and Spruce 2. The
temperature-dependent term of the biosynthesis equation was simplified with the
removal of the denominator, as described previously by Schuh et al. (1997)3?,
Equation 3.5. It relies on Ty, the temperature of maximum enzyme activity, which
was unknown for the Sitka spruce used in this study, but is expected to be close to
40 °C. Due to the large temperature difference anticipated between Ty and the
temperatures employed in this study, the denominator can be approximated to one.
The unique coefficients for each BVOC were used to model Spruce 1 and Spruce 2

Daily Cycle data, Figure 3.22 and Figure 3.23, respectively.
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Figure 3.22 Measured data (blue) and biosynthetic model data (red) for the emission of

piperitone (left) and isoprene (right) from Spruce 1 during the Daily cycle.

Comparison between the measured data from the Daily Cycle with the biosynthetic
model for Spruce 1 showed better agreement than the pooled emission model. The
biosynthetic model more accurately described the BVOC emissions under
illumination, reflecting the large increase in emissions that was observed when the

trees were exposed to higher PPFD conditions. As expected, the emission of isoprene
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was accurately described by the biosynthetic model. The coefficients used in the
Spruce 1 model for isoprene (a = 0.0019, ¢, = 1.127 and cr1 = 79,194 J mol™?) were
similar to those originally derived from sweet gum, aspen, eucalyptus and velvet
bean (a = 0.0027, ¢, = 1.066, cr1 = 95,000 J mol™)'3%, The calculated values are quite
close to the original values, which indicates the emission of isoprene from Sitka
spruce is similar to that from other plant species. The biosynthetic model was able to
reproduce the Daily Cycle emission profiles of eleven BVOCs emitted by Spruce 1.
These included five of the six BVOCs that underwent post-illumination spikes. As the
post-illumination burst is related to PPFD exposure, it was expected that these BVOCs
would have a strong PPFD dependence. For the remaining BVOCs emitted by Spruce
1 the biosynthetic model was not capable of completely describing the Daily Cycle
emission profile, indicating that these BVOCs were also originating from storage

pools.

The biosynthetic emission model largely under represented all the Spruce 2 BVOC
emissions, Figure 3.23. The high correlation of the pooled emission model with
Spruce 2 indicated that the contribution from the biosynthetic emission pathway
would be low. It is possible that the stress experienced by Spruce 2 led to an
inhibition of the biosynthetic emission pathways. This may explain why isoprene,
which is produced via a biosynthetic pathway was not detected in the emissions from
Spruce 2. Six of the BVOCs emitted from Spruce 2 were completely replicated by the
pooled emission model and were not described by the biosynthetic emission model.
The sum of monoterpene signal did show a correlation with the biosynthetic
emission model, although it could not fully explain the emission flux. Previous studies
involving Sitka spruce have not reported a biosynthetic factor in monoterpene

emissions®3, but it has been observed for beech3? and holm oak!’? previously.
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Figure 3.23 Measured data (blue) and biosynthetic model data (red) for the emission of the
sum of monoterpenes (left) and CsH100 (right) from Spruce 2 during the Daily cycle.

Combined Emission Model

The emission fluxes of eleven BVOCs from Spruce 1 and six BVOCs from Spruce 2
could be reproduced using either the pooled emission model or the biosynthetic
emission model. All other BVOCs displayed contributions from both emission
pathways. A combined biosynthesis and pooled emission standardisation equation
developed by Schuh et al. (1997)'%? was used to standardise and model the
emissions. The combined emission equation sums the biosynthetic and pooled
emission equations used previously, with the assumption that the two emission
methods are completely independent. The previously calculated coefficients were
used to derive combined standardised emission fluxes and to model the data for

comparison with the Daily Cycle measurement data, Figure 3.24 and Figure 3.25.
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Figure 3.24 Measured data (blue) and combined model data (red) for the emission of

piperitone (left) and isoprene (right) from Spruce 1 during the Daily cycle.

The emission fluxes for twenty-three BVOCs emitted from Spruce 1, that were not

reproduced by the biosynthesis emission model, were replicated by the combined

emission model. The contribution each method made to the total emission was BVOC

dependent, although for all BVOCs the contribution from the biosynthetic pathway

was larger. The isoprene emission flux was overestimated by the combined emission

model, indicating it is a biosynthetic emission only. The combined emission model

was able to accurately describe the remaining twenty-six BVOC emissions from

Spruce 2, such as the sum of monoterpenes, however for pooled emissions including

CsH100, the emission flux was overestimated, Figure 3.25.
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Figure 3.25 Measured data (blue) and combined model data (red) for the emission of the sum

of monoterpenes (left) and CsH100 (right) from Spruce 2 during the Daily cycle.

In contrast to Spruce 1, the dominant emission pathway for all Spruce 2 emissions
was the pooled emission pathway, this further supports the theory that the
biosynthetic pathways were not functioning to optimum capacity for Spruce 2 due to
stress. The combined emission pathway has been used previously to describe the
emissions from sunflower and beech'32. The emissions from Norway spruce have
been shown to originate from both pooled and biosynthetic emission pathways
simultaneously!®3. The combined emission pathway has not been used to standardise
the emissions of Sitka spruce previously, for monoterpenes only the pooled emission
equation® has been used, and for isoprene the biosynthetic emission equation has

been used??.

Thirteen of the sixteen emissions common to both spruce trees were standardised
using the combined emission equation. The remaining three BVOCs: CoHgO, C10H1402
and CyoHz4, originated from different pathways from each tree. The emission of
CoHsO, identified as E-cinnamaldehyde, from Spruce 1 originated from a biosynthetic
pathway, while from Spruce 2 it appeared as a pooled emission. For C1oH140, and
C20H24 the emission from Spruce 1 was via both pathways, while for Spruce 2 the
emission was via the pooled pathway only. The latter two emissions may be
indicative of BVOCs that when emitted from a healthy tree, Spruce 1, proceed mainly
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via a biosynthetic pathway, and when a tree suffers stress, Spruce 2, the biosynthetic

pathway ceases as an emission route and the only available emission pathway is

diffusion from storage pools.

3.3.5.2 Standardisation Application

Sitka Spruce

The modelling approach which best replicated the Daily Cycle BVOC emission profile

for each Sitka spruce tree was used to provide the standardised emission flux at a

PPFD of 1000 umol m? s and temperature of 30 °C. For the majority of the BVOCs

emitted from both trees the combined emission model was used to calculate the

standardised emission flux, with the remaining BVOCs from Spruce 1 using the

biosynthetic emission model (Table 3.7) and the remaining BVOCs from Spruce 2

using the pooled emission model (Table 3.9).

Table 3.7 BVOC emission fluxes from Spruce 1 standardised to 1000 umol m™ s* and 30°C in

ug h™ g™*. BVOC emissions ordered in order of decreasing standardised emission flux.

Formula BVOC Standardisation Method | Standardised Emission Flux
pghtgt
Ci0H160 Piperitone Combined 17.290
CsHs Isoprene Biosynthesis 6.306
CioH1e Monoterpene Combined 0.925
C10H140 Combined 0.859
CsHsgO; Biosynthesis 0.467
C10H160> Combined 0.455
CsHgO | (E)-Cinnamaldehyde Biosynthesis 0.334
C13H3005 Combined 0.276
Ci2H200 Biosynthesis 0.271
Ci0H160 Camphor Combined 0.199
CsH1006 Biosynthesis 0.196
CaoH24 Combined 0.177
C10H140> Combined 0.166
CioH10 Biosynthesis 0.155
Ci10H200: | Isopentyl isovalerate Biosynthesis 0.148
CsH1, Combined 0.147
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C12H160 Combined 0.138
C7H12N; Biosynthesis 0.127
CsHsN,0 Biosynthesis 0.082
CeH1403 Combined 0.082
Ci2Hi6 Biosynthesis 0.081
C11H140 Combined 0.077
C20H240, Combined 0.074
C7/H404 Combined 0.067
C7HsO Combined 0.052
C17H260 Combined 0.046

CsHs Combined 0.040

CoH1 Combined 0.030
Ci3H120 Biosynthesis 0.025
C10H1804 Combined 0.020
C10H140s Combined 0.016
CsH1oNO, Combined 0.015
Ci15H340 Combined 0.014
CsHsN Combined 0.012

Apart from the three dominant BVOCs emitted by Spruce 1, the standardised

emission flux of all other BVOCs was below 0.9 ug h™ g1. Piperitone was the dominant

BVOC emitted by Spruce 1, with a standardised emission flux of 17.29 pug h* g2.

Piperitone has been detected in the emissions of Sitka spruce previously, although

an emission flux was not provided. The standardised emission flux of piperitone was

reported to be 0.37 ug h'* g'* from Ponderosa pine®’. Comparison of the standardised

emission flux of piperitone is difficult as most previous studies do not report

oxygenated BVOCs. Table 3.8 provides a comparison of the previously reported

isoprene and monoterpene emission fluxes from Sitka spruce.
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Table 3.8 Reported emission fluxes for isoprene and monoterpenes from Sitka spruce.

Isoprene Monoterpene Temperature PPFD Reference

pg htst pghts? °C pmolm?ts?
3.06 0.95 28 1000 Evans et al. (1982)
5.21 2.30 38 1000 Evans et al. (1985)
0.05 1.50 16 360 Street et al. (1993)
1-5 0.001 -0.025 21-36 not reported  Street et al. (1996)

14-17 - 28 230 Hayward et al. (2002)

134 2.97 30 1000 Hayward et al. (2004)
6.30 6.30 30 1000 This work

* Emission fluxes standardised, otherwise reported at measured conditions.

The standardised emission flux of isoprene from Spruce 1 was 6.3 ug h* g*. In a study
by Evans et al. (1982)78 the reported isoprene emission flux from Sitka spruce was
roughly half the standardised value determined in this work. The isoprene emission
flux from Sitka spruce in another study by Evans et al. (1985)7° was quite similar to
the standardised value in this work, although there is an 8 °C temperature difference
between the study conditions and the standardisation temperature of 30 °C. The
conditions employed in this work were similar to the conditions in a study conducted
by Street et al. (1993)*!, although the isoprene emission flux reported in that study
was much lower. In another study by Street et al. (1996)8! the range of isoprene
emission fluxes that was reported is similar to the 0.8 pg h™* g observed in this work
at 21 °C and 164 pmol m? s, however PPFD was not reported, which hinders the
comparison. The highest Sitka spruce isoprene emission fluxes were reported by
Hayward et al. (2002)'"1. This may be due to an alteration in the emission
composition as the tree aged, as suggested by Hakola et al. (2001)!3” for the
emissions from birch, or due to environmental factors®. The isoprene standardised
emission flux from nine-year old Sitka spruce determined by Hayward et al. (2004)23,
was roughly double the standardised value determined in this work. Overall, the
isoprene emission flux found in this work is in a similar range to previously reported

values.

The standardised emission flux for the sum of monoterpenes from Spruce 1 was

calculated to be 0.93 pg h' g'. The study by Evans et al. (1982)78, reported an
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emission flux for five monoterpenes very similar to the value observed in this work,
despite the composition of the monoterpene emissions being slightly different. The
other study by Evans et al. (1985)”° reported a much higher monoterpene emission
flux from Sitka spruce, this may be due to differing temperature conditions or a
different monoterpene composition. The total monoterpene emission flux reported
by Street et al. (1993)*, is similar to the standardised emission flux reported in this
work. The range reported for the monoterpene emission flux by Street et al. (1996)8!
is much lower than all other studies. The standardised total monoterpene emission
flux provided by Hayward et al. (2004)3 is over three times the standardised emission
flux determined in this work. Hayward et al. (2004)23 also reported higher isoprene
emission fluxes, which indicates their elevated emission fluxes may be related to
environmental factors. The standardised monoterpene emission flux calculated in

this work is in line with that reported in previous studies.

The standardised emission fluxes of most BVOCs emitted by Spruce 2 were lower
than those for Spruce 1, Table 3.9. This is likely due to Spruce 2 suffering from some
unknown stress which reduced the effectiveness of the biosynthetic pathway and led

to a reduction in the emission fluxes.

Table 3.9 BVOC emission fluxes from Spruce 2 standardised to 1000 umol m™ s* and 30°C in

ug h’s™. BVOC emissions ordered in order of decreasing standardised emission flux.

Formula BvVOC Standardisation Method | Standardised Emission Flux
ugh'g?
CioH1s6 Monoterpene Combined 1.226
Ci0H160 Piperitone Combined 1.029
CeHsO Pooled 0.192
CaoH24 Pooled 0.134
CsHgO | (E)-Cinnamaldehyde Combined 0.120
CeH100 E-2-Hexenal Pooled 0.104
CisHaa E-Farnesene Combined 0.097
CgH1,0 Combined 0.073
C14H160 Combined 0.071
C10H140; Pooled 0.066
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CioH160 Camphor Combined 0.061
C;HsO Combined 0.056
Ci13H3005 Combined 0.055
CsH1 Combined 0.051
CoH1,0 Combined 0.046
CoH1 Combined 0.035
CsHsOs3 Methyl salicylate Combined 0.033
C20H240, Combined 0.033
CsHs Combined 0.031
CioH1s Pooled 0.029
C10H1804 Combined 0.025
CeHs Combined 0.023
C10H150 Eucalyptol Combined 0.022
C17H260 Combined 0.018
CoH100> Combined 0.018
C12H160 Combined 0.012
C7H100 Combined 0.009
C10H1603 Combined 0.008
CsH1 Combined 0.007
CeHsO Combined 0.007
C10H140, Pooled 0.006
Ci1gH340 Combined 0.003

The standardised total monoterpene emission flux from Spruce 2 was 1.2 ug h* g,
higher than from Spruce 1. The emission of monoterpenes from several spruce
species have been observed to increase upon exposure to stress. Monoterpene
emissions from blue spruce experienced an increase under stressed conditions!®4,
although the standardised emission flux, 23.3 pug h'* g, is not comparable to that
determined in this work, the process causing increased monoterpene emissions
when subject to stress may be similar. A similar phenomenon has been observed for
Norway spruce, the monoterpene emission flux was observed to increase when the
trees were subject to elevated Oz concentrations. A standardised monoterpene
emission flux of 1.1 pg h* gt was reported when exposed to O3 concentrations above
60 ppb. This is similar to the value obtained in this work. Although the stress

experienced by Spruce 2 was unknown, the elevated monoterpene flux compared to
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Spruce 1, a healthy Sitka spruce tree, seems to be in line with findings from other

spruce species.

Annual Emission Flux
Annual emission fluxes for the three main BVOCs emitted from Spruce 1, piperitone,

isoprene and the sum of monoterpenes, were calculated using Equation 3.8.

BVOCFIUX = EBVOC X LMA X Area Equaﬁon 3.8

Here BVOCrux is the annual emission of a particular BVOC from all Sitka spruce in
Ireland, in tonne year?; Egvoc is the annual emission flux of a particular BVOC per
dried mass of Sitka spruce, in tonne year® g; LMA is foliar mass per ground area of
Sitka spruce, in g m; and Area is the total land area of Sitka spruce forests in Ireland,
in m2. Esvoc Was calculated for each BVOC using the standardised emission flux
equations combined with global solar radiation and temperature data acquired from
Met Eireann'®? 195 An estimate for LMA was derived from assessments of Sitka
spruce forests in Ireland'®® and the UK!®7-2%°, The annual BVOC emission fluxes for

piperitone, isoprene and monoterpenes are given in Table 3.10.

Table 3.10 Table of annual emission fluxes for piperitone, isoprene and monoterpenes from

Sitka spruce in Ireland.

BVOC Annual Emission Flux
Tonne year™ g Chalyear! g Cm?year?
Isoprene 13,000 34,000 3.3
Piperitone 8,200 19,000 1.9
Monoterpene 1,600 4,200 0.4
Total 22,800 57,200 5.6

The total annual emission flux for the three main BVOCs emitted from all Sitka spruce
in Ireland was calculated to be 22,972 tonne year™. This figure is proposed as a lower
estimate for the true emission flux for several reasons. Firstly, due to limited data
availability the calculation does not account for increases in foliage as the trees

grow!8, which would lead to an increased emission flux. Secondly, the calculation
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only accounts for the three main foliar BVOC emissions and does not include
emissions that may originate from the bark of the tree. As previously discussed visible
resin deposits were observed on the trees in this study and potentially contributed
to the overall emission flux. Finally, the calculation does not take all BVOCs emitted

from Sitka spruce into consideration.

The total non-methane VOC emissions produced by anthropogenic sources in Ireland
for 2020 was 112,620 tonne year?, as reported by the Environmental Protection

Agency?%?

. This figure is based on bottom up emissions inventory calculations for air
pollutants resulting from human activity, and does not account for BVOC
emissions?2, Accounting for 23.7% of the total, the Food and Beverage Industry was
the second highest contributor to this emission category, with 26,730 tonne emitted
in 2020%°%. This is comparable to the lower estimate of 22,972 tonne year™ emitted

by Sitka spruce, and shows that biogenic sources account for a significant proportion

of ambient VOCs.

An annual BVOC emission flux has not been previously calculated for a Sitka spruce
forest, although the value calculated in this work falls within the range of previously
reported values for other plantation tree species. An annual BVOC emission flux of
19,200 g C ha* year! was reported for a poplar plantation in Belgium?%, three times
lower than the 56,820 g C ha year? calculated for Sitka spruce in this work. The
emissions from the poplar plantation were dominated by isoprene, methanol and
acetic acid, all of which have a low carbon content, while in this work piperitone and
monoterpenes, both C10 BVOCs, made substantial contributions to the emission flux.
BVOCs with a higher carbon content will contribute more if the emission is reported
in terms of carbon mass, and this may partially explain why the emission flux is higher
for Sitka spruce. An annual BVOC emission flux of 9.4 g C m™ year! was calculated
for a Ponderosa pine forest in California'®®. This is higher than the 5.7 g C! m? year?
calculated in this work for Sitka spruce. Each tree and plant species emits a unique

BVOC profile, which will lead to differing values for annual emission fluxes.
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Avalue of 8,240 tonne year! was calculated as the annual emission flux of piperitone
from all Sitka spruce in Ireland, with 13,115 tonne year* determined for isoprene and
1,620 tonne year?! for the sum of monoterpenes. The annual emission flux of
isoprene is greater than the annual emission flux for piperitone, despite piperitone
being identified as the dominant emission in this work, and having a standardised
emission flux almost three times that of isoprene. This is due to the relationships
between temperature, PPFD and BVOC emission, which are different for piperitone

and isoprene, as depicted in Figure 3.26.
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Figure 3.26 Relationship between piperitone and isoprene emission fluxes and temperature
at different PPFDs. Colour and shape indicate different PPFD, empty symbols - piperitone,

filled symbols - isoprene.

BVOC emission fluxes have an exponential relationship with temperature. At a
certain temperature there is an inflection point, above which increasing the
temperature causes a significant increase in emission flux (Figure 3.26). Piperitone
(open symbols) has a strong exponential relationship with temperature, with an
inflection point around 15 °C. Below this temperature the piperitone emission flux is
quite low and displays little change with temperature. Isoprene (closed symbols) has
a much weaker relationship with temperature than piperitone, with an inflection

point at around 22.5 °C, although it is not as clearly defined as it is for piperitone.
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BVOCs emission fluxes have a logarithmic relationship with PPFD. At a given
temperature, the increase in emission flux decreases with fixed successive increases
in PPFD, until a saturation point is reached. Below 750 umol m? s the piperitone
emission flux is strongly PPFD dependent. This relationship weakens as PPFD
increases and the emission flux approaches the saturation point. The isoprene
emission flux has a stronger relationship at lower PPFD than piperitone, seen in
Figure 3.26 through the sharp increase in emission flux between 0 pumol m? s and
250 umol m? s, The saturation point for isoprene is lower than for piperitone, with

a minimal increases in the isoprene emission flux above 500 umol m? s,

The exponential temperature and logarithmic PPFD relationships operate
simultaneously. For both piperitone and isoprene, at lower temperatures the
influence of PPFD is stronger than that of temperature. Above the respective
inflection points the temperature factor plays a greater role in the emission flux. At
lower temperatures the emission flux of piperitone is less than that for isoprene. This
is because of the strong exponential relationship between the piperitone emission
flux and temperature. Isoprene has a more muted relationship with temperature and
the emission flux is not as sensitive to lower temperatures. In the lower temperature

regime the emission of isoprene is higher than piperitone, at all PPFD levels.

Typical temperatures for Ireland range between 6 °C and 17 °C. Under these
conditions the emission of isoprene is higher than piperitone. The temperature for
standardising BVOC emissions is 30 °C. At this temperature the emission of piperitone
is higher than isoprene. The conditions employed during the measurement cycles in
this work fall between these two extremes and favour the emission of piperitone.
Analysis of the temperature and PPFD dependence of the emission of both BVOCs
explains why the annual emission flux of isoprene is greater than that for piperitone.

204 ‘would be sufficient

A 2°Cincrease in surface temperatures due to climate change
to alter the piperitone - isoprene emission ratio from Sitka spruce in favour of
piperitone. Therefore under current future climate warming projections piperitone

would be the dominant BVOC emitted by Sitka spruce.
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3.4. Conclusions

The composition of the BVOCs emitted by three Sitka spruce trees was determined
using a combination of on-line, C¢He* ToF-CIMS (composition and temporal
resolution), and off-line TD-GC/MS (structure) analyses. CO> fluxes and chlorophyll
fluorescence measurements were also recorded. Three Sitka spruce trees were
housed in a plant growth chamber and subjected to three sets of environmental
conditions (Daily cycle, Temperature Cycle and Light Cycle) to assess the influence of

temperature and PPFD on the emission fluxes.

Seventy-four different BVOCs were found in the Sitka spruce emissions; twenty-one
BVOCs were common to the emissions of all three trees. Fifty-two BVOCs were
oxygenated, with O; BVOCs dominating the emissions. The carbon content of the

emissions ranged from Cs - Cy0, with C10 being the prominent carbon content.

Forty-nine BVOCs were detected in the emissions from Spruce 1. Piperitone C10H160,
an oxygenated monoterpene, was the dominant emission, with a standardised
emission flux of 17.29 pg h* g'. The second highest emission was isoprene, with a
standardised emission flux of 6.3 ug h' g. Five monoterpenes were identified;
myrcene, B-phellandrene, 6-limonene, a-pinene, and camphene. The standardised
emission flux for the sum of monoterpenes was 0.93 ug h* g. Six BVOCs emitted
from Spruce 1, including isoprene, experienced a post-illumination burst, which is
thought to be related to a pyruvate overflow mechanism. CO; uptake increased with
increasing PPFD, indicating that for Spruce 1 photosynthesis was active. BVOC

emissions from Spruce 1 accounted for approximately 0.2% of carbon uptake.

A total of fifty-eight BVOCs were emitted from Spruce 2, although they had lower
BVOC emission fluxes than Spruce 1. The main BVOCs emitted from Spruce 2 were
monoterpenes. The same five monoterpenes emitted from Spruce 1 were also
emitted from Spruce 2, with a standardised emission flux of 1.3 pg h™* g. The second
highest emission from Spruce 2 was piperitone, with a standardised emission flux of

1 pg h' gt. The emissions from Spruce 2 contained a sesquiterpene and six Ce
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oxygenated BVOCs, signifying that Spruce 2 was under some unknown stress. The
CO; fluxes from Spruce 2 were quite scattered and the magnitude was much lower

than for Spruce 1, further indicating that Spruce 2 was stressed.

The TD-GC/MS analysis of Spruce 3 found twenty-two of the BVOCs detected in the

emissions of Spruce 1. No BVOCs were detected by the ToF-CIMS from Spruce 3.

All BVOCs monitored by the ToF-CIMS were lowest during the dark and increased
upon illumination and temperature increases, with the emission fluxes highest at the
highest PPFD and temperature settings. The BVOC emissions were standardised to a
temperature of 30 °C and PPFD of 1000 umol m? s, according to the equations
derived by Guenther et al. (1993)*3, and Schuh et al. (1997)32. The standardisation
approach employed was based on the reproducibility of the emissions using the
standardisation model. The majority of the BVOC emission fluxes were standardised
using the combined emission model, indicating that the emissions from Sitka spruce

originate from both pooled and biosynthetic emission sources simultaneously.

The Spruce 1 standardised emission fluxes for piperitone, isoprene and the sum of
monoterpenes were used to calculate annual fluxes for all Sitka spruce plantations in
Ireland. The annual emission flux of piperitone was found to be 8,240 tonne year?,
13,114 tonne year?! for isoprene, and 1,618 tonne year! for the sum of
monoterpenes. The isoprene annual emission flux is higher than that for piperitone,
due to their temperature and PPFD relationships. This highlights the importance of

assessing BVOC emissions at the conditions relevant to the local climate.
The annual BVOC emission flux from Sitka spruce in Ireland was calculated to be

22,972 tonne year?. This contributes substantially to Ireland’s total VOC flux,

equalling approximately 20% of the total anthropogenic VOC emission flux.
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4.1 Introduction

Once emitted into the atmosphere, BVOCs may undergo gas-phase oxidation
reactions initiated by the atmospheric oxidants, OH*, O3 and NOs*, and in some cases
photolysis by sunlight. The specific chemical functionalities present in the BVOC
determine which types of reactions are possible?? 2%, |t is important to determine
the reaction rates and oxidation mechanisms of prominent BVOCs in order to assess
the impact they have on air quality and climate. Forests are often assumed to be

25, 206' and

pristine environments, with little influence from anthropogenic sources
therefore reaction with OH* and where possible O3 and photolysis, are expected to
be the dominant loss processes. Piperitone was identified as the main BVOC emitted
from Sitka spruce (Chapter 3). However, there have been no previous studies on the

atmospheric chemistry of piperitone. wed 20 2.45

4.1.1 Reaction Kinetics

Kinetic studies are used to determine the reactivity of a compound (analyte) with
respect to reaction with a particular oxidant. There are several predictive and
experimental approaches available for determining rate coefficients. The most
widely used prediction method is the structure activity relationship (SAR) developed
by Atkinson et al. (1987)%%7 and re-evaluated by Kwok and Atkinson et al. (1995)2%8,
For reaction with a given oxidant, the method is used to calculate the partial rate
coefficient at each reactive site, accounting for the influence of neighbouring
functionalities, and sums across all reactive sites to determine the overall rate
coefficient. The method assumes that reaction at a particular site is completely
independent from reaction at any other site, and that reactivities are additive. This
method is widely used for reaction of VOCs with OH®, and can also be used for
reaction with 03%%° and NO3°21°, Other SAR methods have also been developed based
on molecular orbital theory3”- 21! and ionisation energy3” 212, however these are not

commonly used.
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Rate coefficients can be determined via two experimental methods: absolute rate
and relative rate. For both methods the second order bimolecular rate equation is

used,
——— =k x [A] X [0] Equation 4.1

d[A] . . - .
where: — % is the rate of decay of analyte; ka is the rate coefficient for the reaction;

[A] is the concentration of analyte; and [O] is the concentration of oxidant.

The absolute rate method employs pseudo first order conditions, in which the
concentration of either the analyte or oxidant is added in excess and is assumed to
be constant, and the decay of the other is monitored with time**. For an excess of
oxidant, Equation 4.1 can be abbreviated to Equation 4.2, and is used to derive

Equation 4.3,
—— =kp' x [A] Equation 4.2
In (@) =ky' Xt Equation 4.3
t

where: t is time; [A]o is the concentration of analyte at the start of the reaction; [A]:
is the concentration of analyte at time t; and ka’ is the pseudo first order rate
coefficient, given by ka' = ka X [O]. Experiments are conducted several times with
varying concentrations of oxidant, and a plot of ka' as a function of [O], will yield a
straight line, with slope equal to ka?!3. There is a high degree of accuracy associated
with absolute rate coefficients, as they are direct measurements*’. However, the
difficulty associated with the absolute method is that accurate measurement of both

the analyte and oxidant is required**.

The relative rate method employs the use of another reactive compound, called the
reference compound that has a known rate coefficient for reaction with the oxidant.

The decay of the analyte is measured relative to that of the reference compound?*4,
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Equation 4.3 holds for both the analyte and reference compounds, and as [O] and t

will be the same, combination of the equations gives Equation 4.4,

In (%) = ];—‘; X ln (%) Equation 4.4

where: kg is the rate coefficient for the reference compound with the oxidant; [R]o
and [R]: are the concentrations of the reference compound at the start of the

reaction and at time t, respectively. The relative decay of analyte with respect to the

reference compound is determined from a plot of In (%) versus In (%), which will
t t

yield a straight line with slope equal to I;—A The relative coefficient is then scaled by
R

kr to place it on an absolute scale** 214,

Relative rate coefficients are easier to measure than absolute rate coefficients, as
they do not require precise measurement of the oxidant concentration, only
measurements proportional to the analyte and reference compound concentrations
are necessary?’®. Relative rate coefficients are not as accurate as absolute rate
coefficients, as the error associated with kg is carried into the value determined for
ka. Care must be taken when selecting a reference compound, as it ideally should
have similar reactivity to the reference compound*, and there should not be
interference between the measurements of the analyte and reference
compounds?!*, Experiments should be conducted with several reference compounds

to ensure accuracy.??®

For determination of both absolute and relative rate coefficients, care should be
taken to ensure that the decay of the analyte is only due to reaction with the oxidant,
and not due to photolysis, reaction with other oxidants present in the system?!4 215
or “chamber losses” caused by sampling, dilution or deposition to the chamber walls.
Photolysis and chamber losses are first order processes which can be accounted for
by monitoring the decay of the compound in the absence of other loss processes?!>.
Modification of Equation 4.2 to Equation 4.5 allows calculation of the rate coefficient

for a first order loss process,
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kioss = Equation 4.5
where: kioss is the rate coefficient (in s) for a first order loss process, such as
photolysis or chamber losses. Decays due to chamber losses and photolysis can be

corrected for using Equation 4.6,

[A]gorrected = [g]pncorrected L (TA]( X t X kioss) Equation 4.6

where: [A]¢oTected s the concentration of the analyte corrected for chamber losses
at time t; and [A]uncorrected js the instrument measured reagent concentration at

time t.

4.1.2 Oxidation Mechanisms

The oxidation of atmospheric BVOCs is typically initiated by reaction with OH®, O3,
and NOs°*. For BVOCs containing a light absorbing functionality or chromophore, such
as a carbonyl group, photolysis (photodissociation) by sunlight is also possible.

Aldehydes and ketones are known to undergo photolysis via three pathways?1¢217,

R,C(O)R, L» Rlé(O) + F.Kz Reaction 4.1
h . . ,

R,C(O)R, —V> R; + CH(O)R, Reaction 4.2
h ,

R,C(O)R, —v> R,R, + CO Reaction 4.3

For aldehydes R; is a hydrogen atom. The relative importance of each photolysis
pathway depends on the structure of the compound and the wavelength range of
the incident light?!”-218, Some compounds containing unsaturated carbonyls may also

undergo photoisomerisation, rather than photodissociation?! 22,
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The reaction of BVOCs with OH* proceeds via two mechanisms; hydrogen abstraction
(H-abstraction) from either C-H or O-H bonds, and OH* addition to an unsaturated
functionality?!4. Both pathways lead to the formation of a highly reactive radical,
which will continue to react leading to the formation of other radicals until a stable
molecule is produced. H-abstraction preferentially occurs from the most substituted

carbon, which will yield a more substituted alkyl radical?!4, Figure 4.1.

Y

R R RRZJ \R 'RRZJ \ O\'

Figure 4.1 Example of H-abstraction mechanism for the reaction of OH® with an organic

compound. R can be alkyl or hydrogen.

The resulting alkyl radical rapidly adds O», to produce a peroxy radical (ROO*)?% 214,

Several routes are available to the peroxy radical, depending on the environment,

Figure 4.2.

NO _ \

o —
3 5 \0' R Ry
hehitt \ / o

R3J. \RS \OH

Rl R4 Rl R4
RO > [— > <
e R, o + R, o\
Rs R, Rs OH

Figure 4.2 Main reaction pathways for peroxy radicals (RO;") in the atmosphere.
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Reaction with NO*, will lead to the formation of NO; and an alkoxy radical (RO°),
which can undergo dissociation or isomerisation?? 3%, However, reaction with NO* is
not likely for BVOCs in pristine forest environments where NOy levels are typically
low?>. Reaction with HO>® is expected to be a major pathway for peroxy radicals in
these conditions, with a stable hydroperoxide and O produced?** 221, Several other
products are also possible from this reaction??!, although the hydroperoxide is
expected to be the dominant product. Peroxy radicals can also undergo hydrogen
shifts, with 1,5-shifts and 1,6-shifts being the most likely??2, as they involve stable six
membered and seven membered transition states, respectively. These hydrogen
shift reactions produce another alkyl radical, which will add O; and react in a similar
manner??3. Peroxy radicals can also react with other peroxy radicals, with the main
reaction products being a carbonyl and an alcohol, provided Rs is a hydrogen atom.

Other products are also possible?% 224,

OH® addition only occurs for unsaturated and aromatic hydrocarbons. Upon OH*®
addition the unsaturated bond is broken and a new bond between the carbon atom
and the OH® is formed, producing a radical centre at the other carbon in the C=C

bond, giving a B-hydroxyalkyl radical?? 214, Figure 4.3.

OQO
R, Ry R, Ry R, POH R,
pr— —_— ﬁ—<\>—> 0]
R, U R, R, R, R, R, \o'
Figure 4.3 Schematic of mechanism for OH* addition to an alkene. R can be alkyl or hydrogen.

OH* addition to a C=C bond in an alkene predominantly occurs at the less substituted
carbon atom. Sterically this site is more accessible and it will produce a more stable
alkyl radical at the other more substituted carbon atom?22, O, rapidly adds to the
alkyl radical, producing a B-hydroxyperoxy radical®* 224, The fate of B-hydroxyperoxy
radicals is the same as for the peroxy radicals produced from the H-abstraction

mechanism described above?°® 222, Figure 4.2.
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Reaction with O3 and NOs*® are other loss processes for BVOCs. Ozonolysis only occurs
if an alkene or alkyne bond is present, and will add across the unsaturated
functionality to produce a primary ozonide, which undergoes rapid decomposition
leading to the formation of a Criegee biradical?> 22°, Reaction with NO3® proceeds in

a similar manner to that for OH*2%.

4.1.3 Aims

The overall aim of this chapter was to determine the atmospheric fate of piperitone,
the main BVOC emitted from Sitka spruce. This was achieved by focussing on two

objectives.

The first objective was to determine the rate coefficients for the reaction of
piperitone with the main atmospheric oxidants using a SAR approach, and then to
determine the rate coefficient for reaction with OH* experimentally. This allowed

atmospheric lifetimes for reaction with various oxidants to be determined.

The second objective was to identify the main oxidation products from the reaction

of piperitone with OH*® and to propose mechanisms for their formation.
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4.2 Prediction of Rate Coefficients using SAR

4.2.1 OH’ Rate Coefficient

A rough estimate of the rate coefficient for the reaction of the OH* with piperitone
was made by assessing the reactivity of similarly structured compounds. Table 4.1
provides the rate coefficients for the reaction of OH* (kon) for some alkenes (blue)
and their a-ketone conjugated analogues (orange) with similar structures to
piperitone. Among the alkenes, the value of kon increases with increasing
substitution around the C=C bond, with cyclic compounds having the highest rate
coefficients. The a-ketone conjugated analogues of these alkenes might be expected
to have lower kon values, due to the electron withdrawing effect of the carbonyl
group. While this appears to be true for methylvinyl ketone (MVK) and seudenone,
the other ketones show similar reactivity to their analogous alkenes. This
phenomenon has been observed for other linear alkenes and their a-ketone
conjugated analogues, and it has been speculated that the formation of a hydrogen
bond between the OH* and the carbonyl facilitates OH* addition to the C=C bond,
counteracting the electron withdrawing effect of the carbonyl group?%®.
Nevertheless, based on the reactivity patterns shown in Table 4.1 kon(piperitone) is

expected to fall between those of 1-p-menthene??” and seudenone®.

Table 4.1. Experimentally determined values of kou for a series of alkenes and their a-ketone

conjugated analogues at 298 (+ 3) K, in units of cm® molecule™ s™.

Alkene | But-1-ene??® Pent-1-ene?2®  |2-methylpent-2-ene?2?| 1-methylcyclohexene??? |1-p-menthene2?’
Formula C4H3 C5H10 C5H12 C7H12 CIOHIS
kow 3.1 x 101t 3.1 x 1011 8.9 x 1011 9.4 x 101 1.2 x 1010
Structure K
Ketone MVK222 Pent-1-en-3-onez3%  Mesityl oxide23! Seudenone** Piperitone
Formula C4H50 C5H80 CsHloO C7H100 C10H150
kou 2 X 101t 3x 101t 1.02 x 1010 3.1x 101
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A value of kon(piperitone) can be estimated by using the SAR method that was
originally developed by Atkinson et al. (1987)?°7 and was subsequently updated by
Kwok and Atkinson et al. (1995)%%. The method assumes that for a given reaction,
the rate coefficient is equal to the sum of rate coefficients for all individual reactions
that can occur. Reactions with OH® include addition to unsaturated functionalities
and H-abstraction from the primary, secondary and tertiary carbons and O-H bonds.
The partial rate coefficient for the reaction at a particular site (ksite) depends on the
type of site and the other functionalities in close proximity to it, for which a factor
(F[X] or C[X]) is applied to ksite. Figure 4.4 shows the structure of piperitone, with each

of the possible reaction sites labelled.

a b
c
0 d
e
f
h
g

Figure 4.4 Structure of piperitone, with OH® reaction sites labelled.

For piperitone the possible reactions with OH® are: H-abstraction from primary
carbons (a, b, g); H-abstraction from secondary carbons (e, f); H-abstraction from
tertiary carbons (c, d); and OH* addition to the alkene group (h). The values for kiite
and the factors used in calculating the overall value for kou(piperitone) were derived

from experimentally determined rate coefficients, and are valid at 298 K, Table 4.2.
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Table 4.2 Values for ks, F[X] and C[X] used in the calculation of kon(piperitone) at 298 K.

Adapted from Kwok and Atkinson et al. (1995)?%.

Symbol Description Ksite Factor | Position
cm?® molecule™ s
Korimary H-abstraction from primary carbon 0.136 x 1012 c,d
Ksecondary H-abstraction from secondary carbon| 0.934 x 102 e f
Ktertiary H-abstraction from tertiary carbon 1.940 x 1012 a,b,g
F[-CHs] CHs substituent 1.00
F[-CH;-] CH; substituent 1.23
F [>CH-] CH substituent 1.23
F[>C=C<] alkene substituent 1.00
F[>C=0] carbonyl substituent 0.75
F[-C(O)-CHs] carbonyl B to site of H-abstraction 3.90
Fs part of a six membered ring 1.00
Ke=c OH* addition to alkene 86.90 x 102 h
C[-C(0)-CH:s] carbonyl a to alkene 0.90
kou(piperitone) = Kprimary X F[>CH-] (a)
+ Kprimary X F[>CH-] (b)
+ Ktertiary X F[-C(O)-CH<] X F[-CH3] X F[-CH3] (c)
+ Ktertiary X F[>CO] X F[>CH-] X F[-CH2-] X F¢ (d)
+ Ksecondary X F[-C(O)-CH3] X F[-CH»-] X Fg (e)
+ Ksecondary X F[-CH2-] X F[>C=C<] X Fg (f)
+ Kprimary X F[>C=C<] (g)
+ ke=c X F[-C(0)-CH3] (h)
Equation 4.7%%

kon(piperitone) = 0.136 X10? (cm?® molecules?) x 1.23

+0.136 X 102 (cm® molecule?s?) x 1.23

+1.94 X 10"? (cm>® molecules?) x 3.9 x 1 X 1

+1.94 X 10"? (cm® molecule? s1) x 0.75 X 1.23 X 1.23 X 1

+0.934 x 102 (cm® molecule?s?) x 3.9 x 1.23 x 1

+0.934 x 10 (cm® molecules?) x 1.23 x 1 x 1

+0.136 x 102 (cm® molecule?s?) x 1

+86.9 X 10'? (cm® molecule s?) x 0.9

(a)
(b)
()
(d)
(e)
(f)
(g)
(h)

Calculation 4.1
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kon(piperitone) = 9.41 x 10! cm® molecule? s

Avalue 0of 9.41 x 10! cm® molecule s was calculated for kon(piperitone) using the
SAR method, Calculation 4.1. H-abstraction was assumed to occur for all C-H bonds,

except for the C-H bond that is part of the alkene functionality. H-abstraction is

232 207,208

known to be extremely unlikely from this site=>4, and there is no ksite available
It should be noted that this method does not provide an exact substituent factor for
the cyclic a-keto-alkene system present in piperitone, and in the calculations the
substituent factor F[-C(0)-CHs] was used instead?”-2%8, While it is not known how
accurately this factor represents this part of the chemical system in piperitone,
excluding the term from the calculations causes kon(piperitone) to increase by 10%.

Being part of a six membered ring has a negligible impact on alkene reactivity?®, and

it is assumed here that this is also true for cyclic a-keto-alkenes?33,

Calculation of the rate coefficient using the SAR method also allows identification of
the dominant reaction sites in piperitone. From the calculations presented above, it
is estimated that almost 85% of piperitone reactivity proceeds via OH* addition to
the alkene. This estimate is consistent with observations for other alkene-containing

207 such as isoprene?*. H-abstraction from site c and site e account for

compounds
over 7% and 4% of piperitone reactivity, respectively. Both sites are 3 to the carbonyl,
which facilitates H-abstraction?24 233,234 Reactivity at all other sites is predicted to be

negligible.

4.2.2 O3 Rate Coefficient

A rough estimate of the rate coefficient for the reaction of Oz with piperitone can be
made by assessing the reactivity of similarly structured compounds. Table 4.3 lists
ko, for some compounds with similar structures to piperitone. Note that these are
not the same compounds listed above for the OH® reactions, as there is no

experimental data available for 1-p-menthene, the alkene analogue of piperitone.
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Table 4.3 Experimentally determined values of ko, for a series of alkenes and their a-ketone

conjugated analogues at 298 (+ 3) K, in units of cm® molecule™ s™.

Alkene | but-1-ene* pent-1-ene** | 2-methylpent-2-ene**| cyclohexene??® | 1-methylcyclohexene?3s
Formula C4Hg C5H10 C5H12 C6H12 C7H12
k03 1x 1017 1.1 x 107 4.5 x 1016 8.1 x 10%7 1.5 x 1016
Structure v "
N N
AN K =
Ketone MVK4* | pent-1-en-3-one* mesityl oxide** cyclohex-2-enone236 seudenone
Formula C4H50 CngO CsHmO CngO C7H100
ko, | 5.2x 1018 6 x 1018 8.1 x 1018 1.2 x 1018

The ko, values listed in Table 4.3 exhibit similar trends to their OH® counterparts. ko,
increases with increasing substitution around the alkene. This has been observed for
other compounds?®’, and is likely due to the increased stability of the ozonide
produced. For all compounds in Table 4.3, ko, is lower for the oxygenate than the
hydrocarbon analogue, indicating that the presence of a ketone in the a position to
an alkene reduces ko,. This is due to the electron withdrawing effect of the carbonyl,
which lowers the electrophilicity of the C=C bond, hindering reaction with 03?%’. As
with the alkene analogues, an increase in substitution around the oa-keto-alkene
increases ko,. The impact of the carbonyl on ko, is much greater than the impact of
substitution, therefore ko,(piperitone) is expected to be close to that of mesityl

oxide.

The value of ko,(piperitone) can be estimated using the SAR approach developed by
Jenkin et al. (2020)%%8, which is similar to the SAR for predicting OH* rate
coefficients®’. The only available reaction pathway for Os is via addition to an
unsaturated functionality and the rate coefficient depends on the type of
unsaturation (ksite) and the substituents surrounding it (F[X])?°°. Figure 4.5 shows the

structure of piperitone, with the reaction site and influential substituent labelled.
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Figure 4.5 Structure of piperitone, with labels for site of Oz attack, o, and the substituent

affecting reactivity, B.

The values for ksite and Fqo[X] used to calculate kos(piperitone) were derived from

experimentally determined rate coefficients, and are valid at 298 K, Table 4.4238,

Table 4.4 Values for ksie and Fo[X] used in the calculation of ko,(piperitone) at 298 K. Adapted

from Jenkin et al. (2020)%3¢.

Symbol Description Ksite Factor | Position

cm® molecule s

kcnr=cr, O; addition to alkene 4.7 X 107 a
F4[-C(O)-] carbonyl a to alkene in a ring 0.02
Fs part of a six membered ring 0.52
kos(piperitone) = kcrr=cr, X Fa[-C(O)-] X Fs Equation 4.87
() (B)
ko,(piperitone) = 4.7 x 10™° (cm® molecule™ s™*) X 0.02 x 0.52 Calculation 4.2

(a) (B)

ko,(piperitone) = 4.89 x 10" cm® molecule™ s
Avalue of 4.89 x 108 cm? molecule™ s was calculated for ko,(piperitone) using the

SAR Equation 4.8. There is some uncertainty associated with the coefficients used in

this calculation. Due to limited kinetic data for a-keto-alkenes and other alkene

130



oxygenate conjugates systems, the SAR does not have coefficients for these

functionalities and it was recommended a generic coefficient of 0.02 be applied?38.

As explained above, ko,(piperitone) is expected to be similar to that for mesityl oxide.
The value of kos(piperitone) calculated using this SAR method is approximately 1.5
times that of mesityl oxide. While ko,(piperitone) is within the expected range,

experimental determination is required.

4.2.3 NOs3* Rate Coefficient

Reaction with NOs® is an important loss process for VOCs in the dark, when NOy and
O3 are present and react to generate NOs°®. As the emission of piperitone from Sitka
spruce was observed under darkness (Chapter 3), night-time reaction with NO3* may
occur in polluted areas. Reaction with NOs* proceeds via similar mechanisms to that

of OH*; H-abstraction from C-H bonds, and addition to unsaturated functionalities.

knos for some compounds with similar structures to piperitone are given in Table 4.5.

As was observed for OH* and O3, the rate coefficient for reaction with NOs* increases
with increasing substitution around the alkene. A reduction in kno, is observed for
the oa-keto analogues of the alkenes. However, there are no reported rate
coefficients for cyclic alkenes similar to piperitone. Considering all of the available

data, knos(piperitone) is predicted to be similar to that of mesityl oxide.
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Table 4.5 Experimentally determined values of kno, for a series of alkenes and their a-ketone

conjugated analogues at 298 (+ 3) K, in units of cm® molecule™ s™.

Alkene But-1-ene** Pent-1-ene** Hex-2-ene* 2-methylpent-2-ene
Formula C4H8 C5H10 C5H12 C6H12
kno, 1x 101 6.8 X 10-14 4% 1013
0 0 \Q O 0%
Structure
= K . A
Ketone MVK44 Pent-1-en-3-one** Hex-4-en-3-one Mesityl oxide**
Formula C4HeO CsHsO CsH100 CeH100
knoy <6 X% 1016 9.9 X 1017 1.4 x 1013

The SAR approach developed by Kerdouci et al. (2010 and 2014)%'% 23° was used to
calculate knos(piperitone). It uses a similar method to that developed for OH®2% and

03238 to determine the reactivity of specific sites in the VOC towards NOs. Figure 4.6

shows the structure of piperitone, with each of the possible reaction sites labelled.

a b
c
0 d
e
f
h
g

Figure 4.6 Structure of piperitone, with NOs® reaction sites labelled.

The values for ksite, F[X] and G[X] used to calculate kno,(piperitone) were derived from

experimentally determined rate coefficients, and are valid at 298 K?°, Table 4.6.
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Table 4.6 Values for ksie, F[X] and G[X] used in the calculation of kno,(piperitone) at 298 K.

Adapted from Kerdouci et al. (2014)*°.

Symbol Description Ksite Factor [Position
cm?® molecule™ s
Korimary H-abstraction from primary carbon 0.1 x 10" c, d
Ksecondary H-abstraction from secondary carbon 2.56 x 10V e f
Ktertiary H-abstraction from tertiary carbon 10.5 x 10V a,bg
F[-CHs] CHs substituent 1
F[-CH;-] CH; substituent 1.02
F [>CH-] CH substituent 1.61
F[>C=C<] alkene substituent 1
F[>C=0] carbonyl substituent 0.64
Ke=c OH addition to alkene (1 H) 8.35 X 10 h
G[-CHs] CHjs substituent on alkene 1
G[-CH;-] CH; substituent on alkene 1.15
G[-C(O)-R] carbonyl a to alkene 0.02
Gs part of a six membered ring 0.93
knos(piperitone) = Kprimary X F[>CH-] (a)
+ Kprimary X F [>CH-] (b)
+ Ktertiary X F [>CH-] X F [-CH3] X F [-CH3] (c)
+ Ktertiary X F [>CO] X F [>CH-] X F [-CH,-] (d)
+ Ksecondary X F [>CH-] X F [-CH2-] X F [-CH,-] (e)
+ Ksecondary X F [-CH-] X F [>C=C<] (f)
+ Kprimary X F[>C=C<] (g)
+ kc=c X G[-C(0)-R] X G[-CH>-] X G[-CH3] X Gs (h)
Equation 4.9%1°
knos(piperitone) = 0.1 x 10" (cm® molecule™ s) x 1 (a)
+0.1 X 10" (cm® molecule?s?) x 1 (b)
+10.5 X 10" (cm*® molecules?) x 1.61 X 1 x 1 (c)
+10.5 X 10" (cm® molecule? s1) x 0.64 x 1.61 X 1.02 X 1 (d)
+2.56 X 10" (cm® molecule s) x 1.61 x 1.02 X 1 (e)
+2.56 X 10" (cm® molecules?) x 1.02 x 1 x 1 (f)
+0.1 X 10" (cm® molecule?s?) x 1 x 1 (g)
+8.35 X 102 (cm® molecule? s1) x 0.02 x 1.15 X 1 X 0.93 (h)
Calculation 4.3
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kno(piperitone) = 1.79 x 10" cm?® molecule™ s

A value of 1.79 X 103 cm?® molecule™ s was calculated for kno(piperitone) using

the SAR, Calculation 4.3. The dominant reaction site is the alkene functionality, which

accounts for 99% of the total reactivity.

As explained above, knos(piperitone) is expected to be similar to that for mesityl

oxide. The value calculated using the SAR method is in fact very close to that for

mesityl oxide, suggesting that knos(piperitone) is likely in this range. However,

experimental measurements are still required to accurately determine

knos(piperitone).
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4.3 Experimental Methods and Analysis

4.3.1 Kinetic Studies

4.3.1.1 Procedure

Experiments to determine kou(piperitone) were carried out in the IASC facility
described in detail in Chapter 2. The chamber was flushed at 1000 L min! for a
minimum of 2 hours prior to each experiment, until the concentrations of VOCs and
particles had returned to background levels. During an experiment the differential
pressure inside the chamber was maintained at 10 Pa above the external pressure,
and the temperature was set to 298 K. The temperature inside the chamber
increased by approximately 0.5 K following 1 hour of illumination. All lamps (98 UVA

and 42 UVB) were used for irradiating the chamber contents.

The decay of reactants was monitored with the ToF-CIMS (Chapter 2) utilising CeHs*
as the reagent ion, generated from the liquid system. The voltages and pressures
applied to the ToF-CIMS were controlled via TOFWERK and were chosen based on
tuning performed on 20/02/2023. The ToF-CIMS was connected to the chamber via
a 1.5 m length of PFA %" outer diameter tubing. Prior to the experiments, tests were

carried out to identify the primary ion and fragment ions for each compound.

Other instruments connected to the chamber during the kinetics experiments
include an SMPS, NOx monitor, Oz monitor, CO, monitor and relative humidity and

temperature probe.

Photolysis Experiments

The background levels of gases and particles in the chamber were measured for a
minimum of 10 minutes. Following background measurement, piperitone (10 uL) and
cyclohexane (5 ml) were added to the chamber individually by injecting liquid into a
small glass vessel, and passing dry compressed air over it. The glassware was gently
heated to assist evaporation. Cyclohexane was added in excess to act as an OH*®

scavenger®, ensuring that any chemical loss of piperitone was solely due to
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photolysis. Following addition of the reagents, the fan was turned on for a maximum
of 5 minutes to ensure homogenisation throughout the chamber®. In order to
account for chamber losses, reagent concentrations were measured in the dark over
30 minutes, before turning on all of the lamps for 1 hour. Photolysis experiments
were repeated three times. A blank photolysis experiment was also carried out, using
the same procedure except piperitone and cyclohexane were not added to the

chamber.

OH* Relative Rate Experiments

The background levels of gases and particles in the chamber were measured for a
minimum of 10 minutes, followed by addition of each VOC (1 - 3 ulL) and hydrogen
peroxide (500 uL). Experiments were performed with piperitone and each reference
compound (isoprene, 1-methyl cyclohexane (1-MCH) and 1,3,5-trimethylbenzene,
(1,3,5-TMB)) individually, and then as combinations. Isoprene and 1-MCH were not
run as a combination as their ToF-CIMS signals were found to interfere with each
other. Following complete reagent addition, the fan was turned on for a maximum
of 5 minutes to ensure complete mixing38, after which the reagent concentrations
were measured in the dark for 30 minutes to evaluate chamber losses. All of the
lamps were then turned on and reagent decay was monitored for 30 minutes. Eleven
piperitone relative rate experiments were conducted, five with 1,3,5-TMB as the
reference compound, three with isoprene and three with 1-MCH. A blank OH®
experiment was also performed, using the same procedure except only hydrogen

peroxide was added to the chamber.

4.3.1.2 Data Analysis

Data collected by the ToF-CIMS was analysed with Tofware 3.2.0, operated through
IGOR Pro 7.08. Firstly 1 Hz data were averaged to 30 s time resolution. A mass
calibration was then performed using the ion signals for CeHs* (m/z 78.04), CeHsO*
(m/z 94.04), CcH12NO* (m/z 114.09), and Ci2H12* (m/z 156.09). CsHsO was produced
from the liquid benzene system, CsH11NO was a contaminant present in the N, used

to supply the ToF-CIMS and Ci2Hi; was a benzene dimer. The other data analysis
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steps included correction of the baseline position, peak shape and peak resolution.
Chemical formulae were then assigned to peaks within the calibrated mass range.
Only formulae containing the elements C, H, O and N were assigned. If an appropriate

formula could not be elucidated, the peak was left unassigned.

Further analysis involved only the primary ToF-CIMS signals for piperitone and the
reference compounds, and was performed using Microsoft Excel. The data was

normalised to the CsHe* reagent ion signal.

The decay of the compounds during the 30 minutes of darkness in each experiment
were used to determine a unique chamber losses rate coefficient for each reagent
using Equation 4.5, where Kioss is kchamberlosses. The time series profiles for each reagent
were then corrected for these chamber losses according to Equation 4.6. The error
associated with Kchamber l0sses Was calculated as twice the standard deviation of the

data.

Determination of Photolysis Rate Coefficient

The loss of piperitone due to photolysis was calculated according to Equation 4.5,
using chamber loss corrected data during illumination, where Kioss is Jpiperitone, the rate
coefficient (s?) for the photolysis of piperitone using all lamps in the chamber. An
overall value for Jpiperitone Was determined as the average of the values calculated
from the three photolysis experiments. The error associated with Jpiperitone Was
calculated as a combination of twice the standard deviation of the data and chamber

loss error in a weighted root mean square (RMS) approach.

Determination of OH® Rate Coefficient

The chamber loss corrected piperitone data was further corrected for photolysis
using Equation 4.6, to ensure the decay in the piperitone signal during illumination
was only due to reaction with OH®. The reference compounds 1,3,5-TMB, isoprene
and 1-MCH do not undergo photolysis and their data was only corrected for chamber
losses. Following all corrections, a unique kon(piperitone) value was determined for

each experiment using Equation 4.4. An average of all eleven rate coefficients was
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taken to be the reported value. The error associated with kou(piperitone) was
calculated as a combination of errors in a weighted RMS approach scaled by

kon(piperitone), with errors for the reference compounds taken from literature.

4.3.2 Product Studies

4.3.2.1 Procedure

Experiments to identify the products of the OH® initiated oxidation of piperitone
were carried out in the IASC facility described in Chapter 2. The chamber was
operated in the same manner as for the kinetics experiments. Following flushing at
1000 L min for 2 hours, the background levels of gases and particles in the chamber
were measured for a minimum of 15 minutes. Piperitone (1.5 pL) and hydrogen
peroxide (1 ml) were added to the chamber. Due to the sticky nature of piperitone
and the long injection time the full volume was not added to the chamber. After
reagent addition, the fan in the chamber was turned on for a maximum of 5 minutes
to facilitate rapid homogenisation. Following a 30 minute stabilisation period, all

lamps were turned on to initiate hydrogen peroxide photolysis to produce OH".

The decay of piperitone and formation of oxidised products and SOA were monitored
for 3 hours. Experiments were performed with the ToF-CIMS operated in two
separate modes. CsHs" was used as the ToF-CIMS reagent ion for monitoring the
decay of piperitone and formation of oxidation products with a low oxygen content.
The ToF-CIMS was operated in the same manner as for the piperitone kinetics
experiments. In addition, trichlorobenzene was used as an internal mass calibrant,

by allowing it to diffuse into the inlet of the instrument.

The experiments were repeated with I" as the ToF-CIMS reagent ion, generated via
the GC oven heating method. Using I allowed for the detection of highly oxygenated
gas-phase oxidation products. The voltages and pressures applied to the ToF-CIMS
were controlled via TOFWERK and were chosen based on tuning performed on

17/07/2022. Perfluoroheptanoic acid (C;HF130;) and perfluorooctanoic acid
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(CsHF1502) were used as internal mass calibrants. An amount of each solid was placed
in a glass vessel and allowed to diffuse into the inlet of the instrument with the

sample flow.

In total, six piperitone OH"® initiated oxidation experiments were performed, three
with the ToF-CIMS in CgHe™ mode, and three with ToF-CIMS in I mode. Four blank
experiments were also carried out, two with the ToF-CIMS in each mode. The

procedure was the same except only hydrogen peroxide was added to the chamber.

An SMPS (Chapter 2) was used to monitor the formation and growth of particles
during the reactions. The SMPS was operated with a sheath flow of 10 L min* and a
sample flow of 1 L min’. The voltage was scanned twice per sample over 50 s with a
10 s purge between scans, measuring particles in the range 7.7 nm to 283.9 nm. The
two scans were averaged to give a single sample measurement every 2.5 minutes.
The SMPS was connected to the chamber with a 1.5 m length of stainless steel tubing

(%" outer diameter).

Other instruments connected to the chamber during the piperitone oxidation
experiments included a NOx monitor, O3 monitor, CO; sensor and relative humidity

and temperature probe.

4.3.2.3 Data Analysis

TOF-CIMS Data Analysis

ToF-CIMS data was analysed with Tofware 3.2.0, operated through IGOR Pro 7.08.
Initially 1 Hz data was averaged to 10 s time resolution. Following this, a mass
calibration was performed. For the experiments performed with the ToF-CIMS in
CeHe* mode; the ion signals for CeHe* (m/z 78.04), CsH12NO* (m/z 114.04), CeHsCls*
(m/z 179.93) and CisHis* (m/z 234.14) were used. CsHsCls was the trichlorobenzene
internal mass calibrant, and C1gH1s was a benzene trimer. For experiments performed
with the ToF-CIMS in I mode the ion signals for NO3s™ (m/z 61.99) I', (m/z 126.91), |2
(m/z 253.81), 13" (m/z 38.071), 1.C;HF1302" (m/z 491.88) and |.C;HF130, (m/z 541.88)
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were used. The other data analysis steps included correction of the baseline position,
peak shape and peak resolution. Following these steps, chemical formulae were
assigned to peaks within the calibrated mass range. Only formulae containing the
elements C, H, O and N (and Cl in CéHs* mode, and | and F in I mode) were assigned.

If an appropriate formula could not be assigned, the peak was left unassigned.

After completing peak assignment, the remaining data analysis was performed using
R Studio 4.0.2. Initially all signals were normalised to the reagent ion signal, CsHs" or
I. The data were then filtered to isolate only signals corresponding to products.
Filtering involved the removal of unassigned and calibrant signals. A Welch T-test was
performed comparing the concentrations during the stable period and after
illumination. The stable period was scaled by 1.5, and only signals with a P-value
below 0.00005 were retained. A further Welch T-test was carried out to compare the
concentrations during illumination between piperitone oxidation experiments and
blank experiments. Signals with a P-value less than 0.00005 when compared with two
times the ion concentration of the blank experiments were retained. To remove
signals with a high degree of scatter, the deviation of each data point from a
smoothed trace was calculated. lons with a mean deviation greater than 6% were
filtered out and the remaining ions were identified as statistically significant

oxidation products.

The estimated steady state OH® concentration during the experiments was calculated
from the decay of piperitone under illumination after correction for chamber losses.
A plot was generated using Equation 4.3, with the ratio of the slope to kon(piperitone)

(Section 4.4.1.2) determining the steady state OH® concentration in molecule cm3,

SMPS Data Analysis

The SMPS number concentration data were corrected for multiple charge losses and
diffusion losses which occur within the SMPS, following this, the data was then
corrected for chamber losses using Equation 4.6, with size bin specific loss
coefficients. The size bin specific coefficients were determined from chamber losses

experiments performed in the chamber usingammonium sulfate seed, assuming that
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chemical composition has a negligible impact on particle deposition. After correction
for chamber losses, the particle number was used to calculate particle mass using a

density®® of 1.3 g cm™3,

4.3.3 Materials

The materials used in these experiments were: piperitone, 1-MCH (Santa Cruz
Biotechnology, purities 94%, 98% respectively), cyclohexane, 1,3,5-TMB, isoprene,
trichlorobenzene, perfluoroheptanoic acid, perfluorooctanoic acid (Sigma Aldrich,
purities 99.5, 98%, 99%, 99%, 97%, and 98%, respectively), and hydrogen peroxide

(Sigma Aldrich, 50% aqueous solution).

141



4.4 Results and Discussion

4.4.1 Piperitone Kinetics

4.4.1.1 Photolysis Rate Coefficient

Piperitone photolysis was investigated using all available lamps (UVA and UVB). A
typical time series of piperitone obtained during a photolysis experiment is shown in

Figure 4.7.

0.5 4
Background
Piperitone Injection
Chamber Losses
0.4 4
Lamps On
Flush
Piperitone

03 1 Piperitone (corrected)

0.2 1

0.1 4

Piperitone ToF-CIMS Normalised lon Signal

0.0 0 T T T T T T
00:00:00 00:20:00 00:40:00 01:00:00 01:20:00 01:40:00 02:00:00 02:20:00

Time Elapsed (hh:mm:ss)

Figure 4.7 Time series of piperitone during a photolysis experiment.

A background of the chamber was measured (grey shading), following this piperitone
and an excess of cyclohexane were added to the chamber (green shading), and the
fan was temporarily turned on ensure homogenisation. The decay of piperitone due
to chamber losses was then measured (blue shading). The orange data points show
the piperitone signal as measured by the ToF-CIMS, and the blue data points show
the piperitone signal corrected for chamber losses. The slight decay in piperitone

signal (blue data points) during illumination (yellow shading) is due to photolysis only.

The data, corrected for chamber losses, obtained during illumination was used to

determine the piperitone photolysis rate coefficient (Jpiperitone) during each of the

three experiments, Figure 4.8 and Table 4.7.
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Figure 4.8 Plot showing data used to calculate the piperitone photolysis rate coefficient from

all experiments. Data have been corrected for chamber losses.

There was good agreement between the three photolysis experiments, Figure 4.8

[Piperitone]o

and Table 4.7. For each experiment a plot of ln( ) against time followed

[Piperitone];
a straight line, with near zero intercept, in agreement with Equation 4.5. The trend
line and equation in Figure 4.8 are the average of all experiments. The average value
for the piperitone photolysis coefficient was Jpiperitone = 5.8 (+ 0.21) x 10 s, almost

an order of magnitude slower than the chamber losses coefficient.

Table 4.7. Table of piperitone photolysis coefficients.

Experiment Chamber Losses” Photolysis Rate Coefficient®
st st
Piperitone Photolysis 1 4.61 (+0.79) x 10° 5.74 (+0.21) x 10°®
Piperitone Photolysis 2 4.35(+0.92) x 10° 5.64 (+0.20) x 10°®
Piperitone Photolysis 3 4.26 (+0.56) x 10 6.01(+0.22) x 10°®
Average 4.41 (+0.76) X 10° 5.80 (+0.21) x 10°®

A Error calculated as twice the standard deviation of the data.
8 Error calculated as a combination of twice the standard deviation of the data and chamber

loss error in weighted RMS approach.
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4.4.1.2 OH’° Rate Coefficient

A series of relative rate experiments were conducted to determine kon(piperitone).
Three reference compounds were selected; 1,3,5-TMB, isoprene and 1-MCH. These
compounds were selected as they have kon similar to that determined for piperitone
using the SAR method, and do not undergo photolysis with UVA and UVB lamps. The
recommended kon values for the reference compounds at 298 K in molecule cm3 st
are: 5.86 (+ 0.88) x 10! for 1,3,5-TMB**; 1.00 (+ 0.15) x 107 for isoprene**; and
9.40 (+ 2.82) x 10! for 1-MCH?*. Relative rate experiments were conducted with
reference compounds individually, and then as combinations. Combinations were
run as 1,3,5-TMB with either isoprene or 1-MCH. Due to interference of the ToF-CIMS
signals isoprene and 1-MCH were not run together as a combination. Figure 4.9
shows the time series of piperitone (circles) and 1-MCH (triangles) during a relative

rate experiment, and is typical of all relative rate experiments.
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Figure 4.9 Time series of piperitone (circles) and 1-MCH (triangles) during a relative rate
experiment. ToF-CIMS measured data points (blue) and corrected data points (orange).

Corrections made: 1-MCH chamber losses; piperitone chamber losses and photolysis.

A background of the chamber was measured (grey shading). Piperitone, 1-MCH and
H,0; (not shown) were added to the chamber (orange data points, green shading)
and the fan was temporarily turned on to ensure homogenisation. The decays of

piperitone and 1-MCH due to chamber losses were then measured (blue shading).
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The data during this period were used to calculate a unique chamber losses
coefficient, using Equation 4.5, for each compound in each experiment. Equation 4.6
was used to correct the data for chamber losses. The lamps were turned on for
approximately 30 minutes to continuously generate OH® and the decay in piperitone
and 1-MCH were observed (yellow shading). For piperitone, the photolysis rate

coefficient was used to correct the data recorded during illumination.

The chamber losses corrected decays of piperitone and reference compound during
the first 20 minutes of illumination were used with Equation 4.4 to calculate
kon(piperitone) during each experiment. The time period of 20 minutes was chosen

to prevent interference of the ToF-CIMS signals from oxidation products.

Figure 4.10 is a relative rate plot of ln(m) as a function of

[piperitone];

([reference]o

) for all relative rate experiments.
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Figure 4.10 Relative rate plot for the reaction of piperitone with OH®, using 1,3,5-TMB

(orange), isoprene (blue) and 1-MCH (yellow) as reference compounds.
For each reference compound a straight line plot is obtained, with near zero

intercepts, as expected from Equation 4.4. The linear equations shown are averages

of all experiments with that particular reference compound, with slope
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k iperitone . . .
kou(plperitone) The data from each relative rate experiment were used to derive a
kou(reference)

unique value for kon(piperitone), Table 4.8.
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Table 4.8 Results for kinetics experiments on the reaction of piperitone with OH®, using reference compounds 1,3,5-TMB, isoprene and 1-MCH, at 298 K.

Experiment

Reference Chamber Losses?

s1

Piperitone Chamber Losses?

s1

Piperitone Photolysis Coefficient

s1

k B
reference

cm3 molecule! st

kpiperitone/kreferenceA

kpiperitonec

cm3 molecule! s!

1,3,5-TMB 1
1,3,5-TMB 2
1,3,5-TMB 3
1,3,5-TMB 4
1,3,5-TMB 5

Isoprene 1
Isoprene 2

Isoprene 3

1-MCH 1
1-MCH 2
1-MCH 3

Average

1.95 (+ 0.38) x 10°
3.44 (£ 0.69) x 105
2.22 (£0.61) x 105
3.40 (+0.65) x 105
2.59 (+0.80) X 105

2.22(+0.73) X 105
3.19 (+0.61) X 105
3.37 (£0.77) X105

1.81 (+ 0.47) X 10°
3.05 (£ 0.61) X 105
1.46 (+ 0.57) X 10

6.55 (+0.69) X 105
6.67 (+ 1.06) X 10
6.53 (+ 1.03) X 10
7.00 (£ 1.06) X 105
6.00 (£ 1.26) X 105

4.43 (+1.23) X 105
7.00 (£ 1.06) X 105
6.00 (£ 1.26) X 105

6.43 (£ 1.03) X 105
6.67 (+ 1.06) X 105
6.53 (+ 1.03) X 105

5.80 (+0.21) X 10
5.80 (+ 0.21) X 10
5.80 (£0.21) X 106
5.80 (+0.21) X 106
5.80 (£0.21) X 106

5.80 (+0.21) X 106
5.80 (+0.21) X 106
5.80 (+0.21) X 106

5.80 (+0.21) X 106
5.80 (+0.21) X 106
5.80 (+0.21) X 106

5.86 +(0.88) X 1011
5.86 +(0.88) X 1011
5.86 +(0.88) X 1011
5.86 +(0.88) X 1011
5.86 +(0.88) X 1011

1.00 £ (0.15) X 100
1.00 £ (0.15) X 100
1.00 £ (0.15) X 100

9.84 +(2.82) X 1011
9.84 +(2.82) X 1011
9.84 +(2.82) X 1011

1.59 +(0.02)
1.53 +(0.02)
1.68 +(0.02)
1.68 +(0.02)
1.26 +(0.01)

1.07 £ (0.02)
1.11 £ (0.01)
1.11 £ (0.01)

1.04 £ (0.02)
1.03 £ (0.01)
1.05 £ (0.01)

9.30 (+ 1.05) X 1011
8.69 (+1.03) X 1011
9.83 (+1.15) x 1011
9.82 (+1.13) x 1011
9.14 (+ 1.14) X 10-1

1.07 (+0.13) X 1010
1.11 (+ 0.13) x 1010
1.11 (+ 0.13) x 1010

9.76 (+2.10) X 1011
9.65 (+ 2.06) X 1011
9.87 (+2.14) X 1011

9.93 (+ 1.43) X101

A Errors calculated as twice the standard deviation of the least squares fit of the data.

8 Recommended reference rate coefficients and errors are taken from the literature®*.

¢ Errors were calculated using previously stated errors in a weighted RMS approach, scaled by kou(piperitone).
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All coefficients involved in calculating kou(piperitone) are provided in Table 4.8.
Chamber losses were individually calculated for each compound in each experiment.
Piperitone chamber losses were much higher than the chamber losses for any of the
reference compounds, and is likely due to piperitone undergoing higher wall
deposition as a result of it having lower volatility. The piperitone photolysis rate
coefficient was taken from the results obtained in Section 4.4.1.1. There is good
agreement between the eleven determinations of kon(piperitone), with all values

within the error limits of the average, 9.93 (+ 1.43) X 10"** molecule cm3 s,

Comparison

kon(piperitone) values determined from the SAR (9.41 X 10'*! molecule cm3s?) and
the relative rate method agree to within 6%. This high level of agreement validates
the accuracy of the SAR approach for piperitone. Since this is the first determination
of kon(piperitone), it is interesting to compare the reactivity of piperitone with some

common BVOCs, Table 4.9.

Table 4.9 Recommended OH" rate coefficients at 298 K for a series of BVOCs**.

Compound Formula kon #C=C #C=0
molecule cm? s
Fenchone C1oH160 0.4 x 10 1
Camphor CioH160 0.4 x 10 1
Seudenone C7H100 3.0x 10" 1 1
a-Pinene CioH16 53x10" 1
5-Carene CioH16 8.5 x 10! 1
Piperitone* CioH160 9.9 x 10 1 1
Isoprene CsHs 10.0 x 101 2
Limonene CioH1s 16.5 x 10! 2
B-Phellandrene CioH16 16.6 x 10" 2

* kon(piperitone) determined in this work.

Fenchone and camphor both contain ketone functionalities like piperitone, although
they do not have any C=C bonds. The much higher kon for piperitone relative to that
of fenchone and camphor, further signifies dominant contribution of the C=C bond

to the total piperitone reactivity. Seudenone has a cyclic a-keto-alkene system,
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similar to piperitone, although its kon is over three times lower than that for
piperitone. The reason for this is unclear, although it could be related to the absence

of substituent groups around the cyclic a-keto-alkene system in seudenone.

The mono-alkene monoterpenes a-pinene and &-carene, have similar structures to
piperitone, with a single C=C bond internal to a Ce ring. Interestingly, piperitone is
the most reactive of these three compounds**, while the kon for isoprene, a linear
unsubstituted di-alkene?%°, is very similar to that of piperitone. The di-alkene
monoterpenes, limonene and B-phellandrene, each of which possess an internal C=C
bond in a Ce ring, have larger kow values than piperitone**. The higher reactivity is due

to the secondary alkene in these compounds.

In summary, koun(piperitone) is much larger than those of compounds containing only
a ketone functionality, and falls between those of similarly structured mono-alkene
and di-alkene monoterpenes, and is quite similar to that of isoprene**. The presence
of the ketone functionality in piperitone causes an enhancement in the rate
coefficient relative to mono-alkene monoterpenes, giving it similar reactivity to an

unsubstituted di-alkene?%.

4.4.1.3 Piperitone Lifetime

The lifetime of a compound in the atmosphere due to reaction with an oxidant can

be determined using Equation 4.10.

1
k * [oxidant]

Equation 4.10

Toxidant =

Where: Toxidant is the lifetime of the compound due to reaction with a particular
oxidant, in s; k is the rate coefficient for the reaction between the compound and the
particular oxidant, in cm3 molecule s; and [oxidant] is the oxidant concentration,

in molecules cm™.
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The following oxidant concentrations were used to calculate the piperitone
atmospheric lifetime: 1.6 X 10® molecules cm™ as an average OH* concentration over
12 hours; 7 X 10*! molecules cm™ as an average O3 concentration over 24 hours; and
5 X 10® molecules cm™ as an average NOs* concentration over 12 hours?’. Table 4.10
gives the lifetimes of piperitone due to reaction with OH®, Oz and NOs°®, calculated
using Equation 4.10. For reaction with OH* the experimentally determined value for
kon(piperitone) was used, while for O3 and NOs* the k(piperitone) values predicted

by the SAR approach were used.

Table 4.10 Calculated atmospheric lifetimes for piperitone due to reaction with OH*, Os and

NOs".

Oxidant k(piperitone) [Oxidant] Lifetime
cm?® molecule™ s molecules cm™ hours
OH°* 9.93 x 10" 1.6 x 10° 1.7
O; 4.89 x 1018 7.0 x 101 81.1
NOs* 1.79 x 103 5.0 x 10% 3.1

The lifetime of piperitone due to reaction with OH* is quite short, less than 2 hours.
Reaction with Os is also quite fast, with a lifetime of just over than 81 hours, although
there is some uncertainty regarding the SAR method for predicting kos(piperitone).
During the day, reaction with OH® is expected to be the dominant removal process
for piperitone in the atmosphere. Piperitone photolysis is also a potential loss
process during the day, however it is expected to be minor considering the low value
for Jpiperitone measured in the chamber. The lifetime of piperitone due to reaction with
NOs* is about 3 hours. As Sitka spruce monocultures are mainly found in pristine or
very low NOy environments, reaction with NOs°® is expected to be minimal. The short
atmospheric lifetime of piperitone with respect to reaction with OH® indicates that
piperitone will be rapidly oxidised in the atmosphere, and impact on the oxidising

capacity and composition of the atmosphere fairly close to its emission sources.
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4.4.2 Piperitone Oxidation Products

Three OH® initiated piperitone oxidation experiments were performed with CsHs" as
the ToF-CIMS reagent ion. The steady state OH® concentration in the chamber was
approximately 6 x 10% molecules cm™ in each experiment, determined from the
decay of piperitone. For experiments conducted with the ToF-CIMS in I" mode,
piperitone could not be detected and therefore the steady state OH*® concentration
could not be estimated. However as the initial reaction conditions were the same, it
is assumed that the steady state OH® concentration was similar to that for the
experiments conducted with the ToF-CIMS in CeHs* mode. Since piperitone photolysis
accounted forless than 1% of the total piperitone reactivity, it is assumed the primary

oxidation products observed are solely due to the reaction of piperitone with OH".

For the experiments conducted with the ToF-CIMS in CéHs" mode, five oxidation
products were identified; CgH1402, CoH1403, CsHgO3, CoaH1603 and CoH1404. Since the
time series were near identical in all three experiments, one single experiment was
selected to represent all the experiments analysed with the ToF-CIMS in CsHg* mode.
The same procedure was applied to the experiments performed with the ToF-CIMS
in I mode, which identified twenty-eight oxidation products. The results from both
ion detection modes were combined, to give a total of thirty-three piperitone

oxidation products, Table 4.11 and Figure 4.11.
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Table 4.11 Oxidation products identified from the reaction of OH® with piperitone. The

products are grouped by both oxygen number (rows) and carbon number (columns).

Cs Ce G Cs GCo Cio Cia
07) CsH1102 | CoH1402
O]} CsHg0s CoH1603 | CioH1603 | Ci4H2405
(o CoH160s
04 CsHgOs | CeHgOs4 | CyHsOs | CgH1204 | CoH1404 | Ci0H1404
O, CeH1004 | CyH1004 CoH1404 | C10H1604
04 C7H1204 CoH1604 | Ci0Hi1804
Os C7H1404
Os C7H120s5 | CgH120s | CoH140s | CioH140s
Os CoH160s | Ci0H160s
Os C10H180s
Os CoH1406 | C10H1406
Os C10H1606
Os C10H1806
(o ]) C10H1607

Products with chemical formulae CsH1603 and CsH1404 are listed twice in Table 4.11,

and represented twice in Figure 4.11, as they were detected with the ToF-CIMS in

both modes. Discrepancies between the time series of the ions associated with the

products in both ToF-CIMS modes confirmed they were not the same product, but

isomers formed at different rates.

Number of Species
o
1

Composition
CH,0,
C,H,04
C,H,0,
C,H,05
C.H,0¢
CH,07

9

10

Carbon Number

T
11

Figure 4.11 Composition of all piperitone oxidation products by number of species per carbon

number. Colour corresponds to oxygen number.
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The carbon content of the oxidation products ranged from Cs to Ci4. The dominant
products were Cio compounds, accounting for 33% of all products. Compounds

retaining the original carbon skeleton have also been found to dominate the products

241 242

observed for the OH* initiated oxidation of limonene*** and a-pinene*** under low
NOy conditions. The smallest products detected were Cs compounds. It is highly likely
that smaller compounds, such as formaldehyde (Ci) and acetone (Cs) were also
formed, as has been observed for the OH® initiated oxidation of several
monoterpenes?*3, The detection of these compounds is at the limit of the ToF-CIMS
used in this work, which was operated to focus between m/z 50 and 500, and may

explain their absence.

C14H2403 was the only product with a carbon number above ten, suggesting radical
combination reactions were not prevalent. This is in contrast to the product
distribution observed for many other BVOCs, where dimers and oligomers are
commonly identified as oxidation products?*. It is possible that dimers and oligomers
were formed during piperitone oxidation, but were not detected or underwent
fragmentation during the ToF-CMS ionisation process. Another possibility is that due
to the low concentrations of piperitone used in the experiment, the probability of
combination reactions occurring was low, and as dimer products are expected to
have a low vapour pressure and exist mainly in the particle-phase, the gas-phase

concentrations were below the limit of detection of the ToF-CIMS.

The lowest oxygen content of the oxidation products detected was O;, while the
most abundant oxygen number was Os, accounting for fourteen products. A single
compound, CioH1607, was the highest oxygen containing product detected. It is
possible further oxidised products were formed, however due to the reduction in
volatility with increasing extent of oxidation, these compounds would likely rapidly
partition into the particle-phase, and therefore are not expected to be detected in
the gas-phase?**. Also, the detection capabilities of I ToF-CIMS reduces as the oxygen

content exceeds 071%.
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The evolution of oxidation products can be investigated using a Kroll diagram, which
depicts the carbon number of a compound as a function of the mean oxidation state

of carbon in the molecule, Equation 4.11.

% Equation 4.11

- (0]

05. =2(%)-
Where for compounds containing only C, H and O: 0S, is the mean oxidation state
of carbon in the molecule; % is the oxygen to carbon ratio in the molecule; and % is

the hydrogen to carbon ratio in the molecule?*. Figure 4.12 shows the Kroll diagrams

of the piperitone oxidation products during each hour of the experiment.
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Figure 4.12 Kroll diagrams for the products of the OH" initiated oxidation of piperitone. Each
plot is the mean signal over an hour of the experiment. Colour refers to oxygen number, and

size is proportional to ToF-CIMS signal normalised to one.
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Not all products are visible on the plots, as compounds with the same carbon number
and OS, appear at the same position on the Kroll diagram?*°. For most piperitone
oxidation products, those with a lower carbon number have a higher 0S.. During the
first hour the composition of the products was mainly Cip and Co compounds with an
0S, below -0.5. As the reaction progressed to the last hour, the importance of these
compounds diminished, and compounds with a carbon content below Cs, and ﬁc
above -0.5 became dominant. This is in line with expectations, as a compound is
further oxidised, the position of its products on a Kroll diagram will approach that of

CO> (carbon number 1, 0S. +4)2%.

Figure 4.13 shows Van Krevelen diagrams for each hour of the experiment. The
location of a compound on a Van Krevelen diagram depends on its O:C and H:C ratios.
The primary piperitone oxidation products (CxH,03 and CxH,O4 compounds) have a
lower oxygen content and higher H:C ratio relative to the later oxidation products.
Similar to the Kroll diagrams, comparison of the three Van Krevelan diagrams shows
the importance of the various oxidation products at different stages of the reaction,
and can be used to determine reaction progression. An increase in symbol size
between successive diagrams indicates the compound was still being produced,
while a decrease corresponds to the compound undergoing oxidation, leading to the

formation of secondary products.
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4.4.3 Piperitone Oxidation Mechanisms

Figure 4.14 shows the order in which oxidation products attained their maximum
intensity during the experiment. The first products to appear and maximise were Cio
compounds, CigH1603 (01:00:00), followed by CigH1404 (01:07:00) and CioH1504
(01:12:00). The remaining Ci0 compounds peaked later and had a higher oxygen
content, indicating they could be secondary products, generated through the

oxidation of these primary products.

The Co products peaked later than the initial Cio products, indicating they are
secondary or possibly tertiary products. The Cs to Cs products peaked close to the
end of the experiment, it is likely these compounds have many formation pathways,

generated through the fragmentation of multiple oxidation products.
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Figure 4.14 Reaction progression plot for the products of the OH® initiated oxidation of
piperitone. The position of a compound on the x-axis indicates the time after illumination at
which the product reached its maximum intensity and the y-axis is carbon number. Colour

refers to oxygen content.

Possible oxidation mechanisms for the formation of the observed products have
been derived from the expected oxidation processes following initial OH® attack at

the main reactive sites on piperitone identified by the SAR (Section 4.2.1). Based on
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this approach plausible oxidation product structures are proposed, although
structural confirmation is not possible. The analysis showed that several of the main
oxidation products could have been explained through the same initial reaction
pathways. These products were allocated to a group according to the identified

formation pathways; Ci10H160x, C10H140x, C10H180x, CoH160x, CaH140x and others.

4.4.3.1 C10H150x Products
The CioH160x mechanistic pathway accounts for the formation of five oxidation
products: CioH1603, Ci0H160s5, CioH1607, CioH160s, and CioH1604. The time series

profiles for each of these compounds is shown in Figure 4.15.
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C1oH160 ® CioH1605 C1oH160s ® CyoH1607 Ci10H1606 ® CioHig0s

Figure 4.15 Time series of Ci0H160x products, resulting from the OH" initiated oxidation of
piperitone. Due to large differences in signal intensity between different products, each signal

is normalised to one. Data not corrected for chamber losses.

Ci0H1603 was the first piperitone oxidation product to form. It was produced
immediately after illumination (Figure 4.15), and also exhibited a rapid decay due to
oxidation. C10H160s5 and CioH1607 were produced next, with near similar formation
rates. The appearance of CioH1606 and CioH1604 occurred much later, suggesting
these were secondary products. Figure 4.16 shows the proposed mechanism for the

formation of the C10H160x products from the oxidation of piperitone.
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Figure 4.16 Proposed mechanism for the formation of C10H160x products resulting from the OH" initiated oxidation of piperitone.



Plausible mechanisms for the formation of all Ci0H160x products can be proposed
following initial addition of OH® to the alkene functionality in piperitone, which is
identified as the dominant reaction pathway by SAR (Section 4.2.1). This reactive site
in piperitone is similar to that in the a,B-unsaturated ketone shown in Figure 4.17,
where OH* addition is expected to mostly occur on the carbon adjacent to the ketone
(a position). The oxygen of the ketone can form a hydrogen bond with the hydrogen
of the OH*®, which coordinates the oxygen towards the a carbon3® 224 233,246 Thjs will
produce a tertiary alkyl radical3® that is more stable than the secondary alkyl radical
that would be formed if OH*® addition occurred at the other carbon (B position). Also

in the case of piperitone, addition to the B carbon is likely sterically hindered32.

Figure 4.17 Structure of an a,B-unsaturated ketone.

The mechanism for piperitone oxidation shows OH*® addition to the a carbon only,
however addition to the B carbon would yield the same products. Following OH®
addition to piperitone, O; rapidly adds to the alkyl radical, (Figure 4.16, black arrow)
leading to the formation of an initial hydroxyl peroxy radical. Two major routes are
available for the hydroxyl peroxy radical within the C1oH160x mechanism: hydrogen
atom transfer between the adjacent hydroxyl and peroxy groups called hydrogen
scrambling (H-scrambling)?*’ (Figure 4.16, blue arrow), and hydrogen atom transfer

across the ring (1,5-hydrogen shift) (Figure 4.16 orange arrow).

C10H1603

The most likely pathway (Figure 4.16, blue arrow) for the initial hydroxy peroxy
radical is H-scrambling between the adjacent hydroxyl and peroxy groups to produce
an alkoxy radical at the a carbon and a hydroperoxyl (-OOH) group at the B carbon.

Decomposition of this alkoxy radical leads to ring opening, and the formation of an
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aldehyde at the a carbon and an alkyl radical at the B carbon with the hydroperoxyl

group. Rapid elimination of OH® occurs to produce a ketone, giving a stable oxidation

product C10H1603. H-scrambling in a hydroxyl peroxy radical and subsequent carbonyl

formation via OH® elimination has been observed in the formation of MACR and MVK

from isoprene under low NOy conditions2%® 222, as well as for limonene

241

Due to the rapid decay of C10H1603, kinetic SAR analysis was performed to identify

the most reactive sites towards OH®. The approach was the same as that employed

in the SAR determination of kon(piperitone). The coefficients in Table 4.2 were used

with F[=0] = 8.7 also?%8,

Figure 4.18 Structure of C10H1605, with OH"® reaction sites labelled.

kon(C10H1603) = Kprimary X F[>CH-]
+ Korimary X F[>CH-]
+ Ktertiary X F[-C(O)-CH<] X F[-CH3] X F[-CH3]
+ Ktertiary X F[>CO] X F[>CH-] X F[-CH,-]
+ Ksecondary X F[-C(O)-CHs3] X F[-C(O)-CHjs]
+ Ksecondary X F[-CH2-] X F[>CO]
+ Kprimary X F[>C=C<]
+ Ksecondary X F[=0] X F[>CO]

(a)
(b)
()
(d)
(e)
(f)
(g)
(h)
Equation 4.12%%
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kon(C10H1603) = 0.136 X 102 (cm® molecule? s?) x 1.23 (a)

+0.136 X 102 (cm® molecule?s?) x 1.23 (b)
+1.94 X 10" (cm® molecule?s?) x 3.9 x 1 x 1 (c)
+1.94 X 10™"? (cm® molecule™ s*) X 0.75 X 1.23 x 1.23 (d)
+0.934 X 102 (cm® molecule®s?) x 3.9 x 3.9 (e)
+0.934 X 10*? (cm® molecule s) x 1.23 x 0.75 (f)
+0.136 X 102 (cm® molecule™ s) x 0.75 (g)
+1.94 x 10? (cm® molecule? s?) x 8.7 X 0.75 (h)

Calculation 4.4

kon(C10H1603) = 3.79 X 10"t cm® molecule s?

From the SAR calculation, site e, B to two ketones, is the most reactive site accounting
for 37.5% of reactivity, followed by site h, aldehydic hydrogen abstraction (33.4%),

and site c hydrogen abstraction from the isopropyl group (9.6%).

C10H1605

There are two possible C1oH160s isomers that can be formed from the oxidation of
piperitone through three pathways. One isomer can be produced either as a primary
piperitone oxidation product, or as a secondary piperitone product from the
oxidation of CioHi603. The other CigH160s5 isomer can only be produced as a
secondary piperitone product from the oxidation of CioH160s. It is likely all

mechanisms occur.

The alternate fate of the initial hydroxyl peroxy radical is an autoxidation process,
initiated by a 1,5-hydrogen shift from the B carbon (Figure 4.4, site e) to the peroxy
radical®*® (Figure 4.16, orange arrow). The 1,5-hydrogen shift proposed in Figure 4.16
seems the most plausible, as it involves a favourable six membered transition state.
Due to steric strain a hydrogen shift from another site is unlikely?**. Following the
1,5-hydrogen shift, a peroxy group and an alkyl radical are produced. The alkyl radical
rapidly adds O3, to form a peroxy radical. H-scrambling occurs between the peroxy
radical and other oxygenated functionalities®> 241249 which eventually leads to the
formation of an alkoxy radical and two -OOH groups. The alkoxy radical undergoes
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decomposition leading to ring opening and the formation of two carbonyls and an

OH*®2%6.222 in the same manner as was described for the formation of C10H160s.

C10H160s5 can also be formed through reaction of OH® with CioH1603 (Figure 4.16,
orange arrows) via H-abstraction from either the di-B-ketone carbon or from the
aldehyde (Figure 4.18, site e and site h, respectively). The addition of O, to the
resulting alkyl radical leads to the formation of a peroxy radical, which can react with

HO;* leading to the formation of a stable C10H160s oxidation product and 0,%2.

C10H160s5 can also be produced through peroxy radical reactions involving Ci10H1706°
peroxy radicals from the CioHi1sOx mechanism (Section 4.4.3.3). The reaction can

produce a ketone, C1oH1605 or an alcohol, C1gH150s.

Thus, CioH160s is likely formed as a primary product from the direct oxidation of
piperitone and also as a secondary product from the oxidation of CigH1603. The
formation of C10H160s as a primary product would be expected to dominate at the
start of the reaction, when the piperitone concentration was greatest. As the
reaction progressed the formation pathway for C1gH160s is expected to shift towards
the secondary product mechanism, as the concentration of piperitone decreased and
the concentration of C10H1603 increased. As shown in Figure 4.15, the time series for
C10H160s increases rapidly, and exhibits a slower decay than CioH1603, which is
indicative of a competition between its continued formation as a secondary product

and loss by reaction with OH".

C10H1607

Four separate CioH1607 isomers can be formed from the oxidation of piperitone. One
isomer can be produced as a primary piperitone oxidation product only. Another
isomer has two formation routes, it can be produced as a primary piperitone
oxidation product or as a secondary piperitone product from the oxidation of
Ci0H1603. The remaining two isomers can be produced as secondary piperitone
products through the oxidation of C10H1603, or tertiary piperitone products through

the oxidation of C1gH160s.
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The formation of CioH1607 directly from piperitone (Figure 4.16, purple arrows)
proceeds via an autoxidation mechanism involving two 1,5-hydrogen shifts and O,
additions to give a peroxy radical. This is followed by H-scrambling between the
peroxy and hydroxy groups until an alkoxy radical is produced. Alkoxy radical
decomposition leads to ring opening producing a di-carbonyl and OH*2%% 222 3s
observed in the mechanisms for C1oH1603 and CioH160s. Alternatively H-scrambling
can result in a peroxy radical on the B-ketone carbon, which can react with another
peroxy radical in a radical termination reaction producing a ketone on the B-ketone

carbon??, giving C10H1607.

The initial steps in the mechanism for the formation of CigH1607 as a secondary
piperitone product from the oxidation of CioH1603 are the same as the initial steps
for the formation of C10H160s, until the peroxy radical is formed. The peroxy radical
undergoes a hydrogen shift producing an alkyl radical (Figure 4.16, purple arrows).
For the aldehydic peroxy radical two 1,6-hydrogen shifts are possible; either from the
di-B-ketone carbon, or from the tertiary isopropyl carbon. For the peroxy radical at
the di-B-ketone carbon a 1,6-hydrogen shift from the aldehyde, or 1,5-hydrogen shift
from the tertiary isopropyl carbon can occur. The resulting alkyl radical adds O; giving

a peroxy radical which reacts with HO;" to give a stable C10H1607 product and O,.

C10H1607 can produced as a tertiary piperitone product through the oxidation of
either of the Ci0H1605 isomers. H-abstraction by OH* leads to the formation of an
alkyl radical and H,0. For the aldehydic CioH1605 isomer H-abstraction most likely
occurs from the aldehyde. For the peroxy acid CioH1605 isomer H-abstraction can
occur from either the tertiary isopropyl carbon or the di-B-ketone carbon. The
resulting alkyl radical adds O, giving a peroxy radical which reacts with HO;"® to give

a stable Ci1oH1607 product and Os.

The rate of formation of CigH1607 is the same as for CioH160s (Figure 4.15) which
indicates both are initially formed via the direct and rapid piperitone autoxidation

mechanism, involving hydrogen shifts. The decay of CioHis07 is much more
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prolonged than for C10H1603 or C10H160s. This is likely due to C10H1607 being produced
as secondary and tertiary oxidation products, which as they require successive OH*

reactions are expected to occur later in the overall oxidation process.

C10H1606

Ci10H1606 reaches a maximum much later than the other initial C10H160x products,
Figure 4.15. The proposed mechanism shows that CioH1606 can be formed as a
secondary or tertiary piperitone product from the oxidation of CigH1603 or C1oH160s
(Figure 4.16), which explains its late appearance in the oxidation process. In total six

C10H1606 isomers can be formed from the oxidation of piperitone.

The formation mechanism for CioH160s proceeds via the secondary or tertiary
C10H1607 formation mechanism until the final peroxy radical is formed (Figure 4.16,
yellow arrows). The interaction of a peroxy radical with another peroxy radical is a
termination reaction that will lead to the formation of a carbonyl or an alcohol??. Six
possible alcohols can be formed from the six potential peroxy radicals to give
C10H160s, as well as two C1oH1406 ketones (Section 4.4.3.2). The likelihood of peroxy
termination reactions occurring at the start of the experiment is quite low, as there
would not be a sufficient peroxy radical concentration for the reaction to compete
effectively with HO;* reactions®’. The appearance of CioH160s later in the reaction

(Figure 4.15) supports this formation mechanism.

C10H1604

C10H1604 is the last member of the C10H160x group to reach its peak (Figure 4.15), and
its rate of formation is much slower than for the other C1oH160x oxidation products.
Two CioH1604 isomers can be produced as secondary piperitone products from the
oxidation of CioH1603. As with C10H1606, C10H1604 can not be formed directly from

piperitone.

Ci10H1604 is formed through the same initial mechanism as the CioH160s5 products
from the oxidation of C1oH1603 until the final peroxy radical is produced (Figure 4.16,

burgundy arrows). Reaction of the peroxy radical with another peroxy radical will
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produce CioH1604 alcohols, or CioH1404 ketones (Section 4.4.3.2). As with Ci1oH160s,
the likelihood of peroxy termination reactions occurring at the start of the
experiment is quite low. In order for CioH1404 to be produced peroxy radical
termination reactions must outcompete hydrogen shifts?> and HO>® reactions®,
which is unlikely at the start of the experiment when peroxy radical concentrations

are low. This may explain the later appearance of CigH1404 in the reaction.

4.4.3.2 C10H140x Products

Figure 4.19 shows the time series profiles for the three oxidation products, Ci1oH140a4,
C10H140s5 and CioH1406 in the CioH140x group. CioH1402 was the second primary
piperitone oxidation product to be formed, after C10H160s. It was the first oxidation
product in the Ci0H140x group to maximise. CioH1405 was the second CioH140x
product to be formed and can only be produced as a secondary piperitone product
through the oxidation of C1oH1404. C10H1406 was the final C10H140x product to appear,
and can be formed as either a primary piperitone oxidation product, or as a
secondary piperitone product from the oxidation of CigH1404. Figure 4.20 shows the

proposed formation mechanisms for the products in the C1gH140x group.
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Figure 4.19 Time series of Ci10H140x products, resulting from the OH" initiated oxidation of
piperitone. Due to large differences in signal intensity between different products, each signal

is normalised to one. Data not corrected for chamber losses.
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Figure 4.20 Proposed mechanism for the formation of C10H140x products resulting from the OH" initiated oxidation of piperitone.
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Analysis of the possible reaction pathways indicates that the formation of the
C10H140x products can only occur following H-abstraction from piperitone. The SAR
method predicted that H-abstraction accounts for 15% of piperitone reactivity
(Section 4.2.1), with the most likely site for attack being the tertiary isopropyl carbon
(Figure 4.4, site c), followed by the B-ketone carbon (Figure 4.4, site e), accounting
for 7% and 4% of total piperitone reactivity, respectively. H-abstraction by OH® has
been observed to occur to a significant extent during the OH® initiated oxidation of

several monoterpenes?®?, including a-pinene?*! and limonene?4!,

C10H1404

Two C10H1404 isomers can be produced from the oxidation of piperitone, through two
pathways (Figure 4.20, navy blue arrows). One of the pathways proceeds via an
autoxidation mechanism, while the other pathway involves a peroxy radical ring

closure step.

The most likely site for H-abstraction from piperitone is from the isopropyl carbon
(Figure 4.4, site c). This site is B to a ketone, which can coordinate OH®, and because
it is bonded to three alkyl groups it will produce a stable alkyl radical3® 224 233, 246,
Addition of O; leads to the formation of a peroxy radical. A 1,5-hydrogen shift occurs
between the peroxy radical and B-ketone carbon (Figure 4.4, site e), giving an alkyl
radical at the B-ketone carbon and a peroxy group at the isopropyl carbon. The
addition of O; produces a peroxy radical. H-scrambling between the peroxy

functionalities is likely, giving two peroxy radical isomers.

The same peroxy radical isomers can be produced through the same mechanistic
steps following H-abstraction from the B-ketone carbon on piperitone. Both of the
peroxy radical isomers can react to produce CioH1404. The isomer with the peroxy
radical at the B-ketone carbon has the possibility to undergo an a-OOH hydrogen
shift, producing “COOH at the B-ketone carbon?*!. The isomer with the peroxy radical
at the tertiary isopropyl carbon can undergo a 1,5-hydrogen shift with the hydrogen

remaining on the B-ketone carbon?®2, In both cases the same *COOH intermediate is
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formed, which could undergo rapid OH® elimination to produce a ketone*? 241,

C10H1404.

The formation pathway for the other C1gH1404 isomer proceeds via OH* H-abstraction
from the B-ketone carbon on piperitone (Figure 4.4, site e). This produces an alkyl
radical that will add O, to produce a peroxy radical. The peroxy radical has the
possibility to undergo ring closure by adding across the C=C bond, which has been
observed in the OH" initiated oxidation of several monoterpenes?*!2>3, The electron
withdrawing nature of the carbonyl likely enhances 1,6-ring closure?>*, and will
produce a tertiary alkyl radical that is more stable than the secondary radical that
would be formed from 1,5-ring closure?>*. The alkyl radical rapidly adds O, producing
a peroxy radical. A 1,5-hydrogen shift from the B-ketone carbon to the peroxy radical
leads to the formation of a peroxy group and an alkyl radical®®* at the B-ketone
carbon. This causes rapid peroxy ring opening, producing a ketone at the B-ketone
carbon, and an alkoxy radical®*%2>* o to the peroxy group. The alkoxy radical can then
undergo decomposition in the same manner as was proposed for the CioH160«

products, producing an OH* and two carbonyls2%6:222.241 gijying C1oH1404.

C10H1404 can also be produced through the Ci0H160x mechanism, via peroxy radical
reactions involving C10H150s5°, resulting in the formation of a C1oH1404 ketone and a

C10H1604 alcohol.

C10H1405

C10H1405 can be produced as a secondary piperitone product through the oxidation
of the ring-opened Ci10H1404 isomer. H-abstraction by OH*® from the isopropyl carbon
(Figure 4.20, brown arrows) produces an alkyl radical which adds O; to give a peroxy
radical. A peroxy termination reaction results in the formation of an alcohol,

C10H140s.

C10H1406
C10H1406 can be formed from the oxidation of piperitone through three pathways

(Figure 4.20, orange arrows). Direct formation from piperitone proceeds via the same
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steps as the ring retaining C10H1404 product described above, until the two peroxy
radical isomers are formed. The isomer with the peroxy radical at the B-ketone
carbon can undergo 1,6-ring closure, with the C=C bond, producing a six membered
peroxy ring and a tertiary radical, which adds O, to give a tertiary peroxy radical. It is
possible for 1,5-ring closure to occur, but is less likely as previously explained?>*. The
tertiary peroxy radical can abstract the remaining hydrogen from the B-ketone
carbon, leading to peroxy ring decomposition, and the formation of a ketone, and an
alkoxy radical. The alkoxy radical will then undergo ring opening and OH®

elimination?%¢ 222241 to produce C10H140s.

C10H1406 can also be produced as a secondary product via the oxidation of either of
the C1oH1404 isomers. For the ring retaining CioH1404 isomer, OH® can add across the
C=C bond, followed by O, addition, leading to the formation of an alcohol and peroxy
radical. H-scrambling can occur until an alkoxy radical is formed which undergoes ring
opening eliminating OH®, giving CioH1406. Reaction of the ring opened CioH1404
isomer with OH® most likely occurs via H-abstraction from the tertiary isopropyl
carbon, which is B to two ketones. An alkyl radical is produced which adds O3 to form
a peroxy radical, which upon reaction with HO,* produces O, and the stable C10H1406

oxidation product.

C10H1406 can also be produced through the OH® addition (Ci0H160x) mechanism
(Section 4.4.3.1), via peroxy radical reactions involving Ci0H1507°, resulting in the

formation a ketone, C10H1406 or an alcohol, C10H160s.

4.4.3.3 C10H1504 Products

There are three oxidation products in the CigH1sOx group; CioH1304, Ci0H180s and
C10H180s. C10H1804 was the third primary piperitone oxidation product to form, and
the first product in the C10H1380x group to appear, followed by C10H1806 and C10H150s.

Figure 4.21 shows the time series of the oxidation products in the C10H130x group.
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The compounds in the CioHi1sOx group have two more hydrogen atoms than
piperitone, which indicates a degree of unsaturation was lost during the oxidation
process. Figure 4.22 shows the proposed formation mechanisms for the products in
the C10H180« group. All thee products can be formed directly from the oxidation of
piperitone, while C10H1806 and C10H180s5 can also be formed as secondary products

through the oxidation of C1oH150a.
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The proposed mechanisms for the formation of all CigH1sOx products proceed
following initial OH® addition to the alkene in piperitone (Figure 4.22, black arrow).
As with the C1oH160x products, OH® preferentially adds to the a carbon, producing an
alkyl radical at the B carbon3®22424¢_QOnly addition to the a carbon is shown, although
addition to the B carbon would yield different isomeric products. Addition of O3 to

the alkyl radical leads to the formation of a peroxy radical.

C10H1804

Reaction of the peroxy radical with HO;"® (Figure 4.22, turquoise arrow) will form O;
and a hydroperoxide?? with the formula C10H1304. The formation of this product is in
competition with the formation of Ci10H160s3, the first piperitone oxidation product,
as they both pass through the same peroxy radical intermediate. The later
appearance of CioH1s804 relative to CioH1603 is likely due to the limited amount of
HO,* present at the start of the reaction and the faster rate of unimolecular
decomposition relative to bimolecular reaction with HO;"®. As the reaction progressed
anincrease in HO;* concentration would have shifted the equilibrium in favour of the

formation of CioH1304, explaining why it peaks later into the reaction, Figure 4.14.

C10H1806

Two isomers of Ci10H1306 can be formed from the oxidation of piperitone through
three pathways (Figure 4.22, grey arrows). The formation of CioH130¢ as a primary
piperitone product can occur via an autoxidation process involving a 1,5-hydrogen
shift from the B-ketone carbon, followed by O, addition. H-scrambling between the
oxygenated functionalities in the peroxy radical?*° yields two peroxy radical isomers
which can subsequently react with HO;® leading to the formation of a hydroperoxide

with the formula C10H1806 and O,.
Ci0H1806 can also be produced as a secondary piperitone product through the

oxidation of C10H1304 (Figure 4.22, grey arrows). H-abstraction by OH* can occur from

either the isopropyl carbon or the B-ketone carbon to give an alkyl radical, which
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adds O; to give a peroxy radical which reacts in the same manner as the peroxy

radical described in the C1oH1306 formation mechanism above.

C10H1805

Four C10H180s isomers can be produced via the oxidation of piperitone through three
pathways (Figure 4.22, orange arrows). The formation of C1oH130s as either a primary
or secondary piperitone product proceeds through the same steps as for the
formation of CigHi1g0Os, until the peroxy radical isomers are formed. A radical
termination reaction between of any of the peroxy radical isomers with another
peroxy radical (Figure 4.22, orange arrows) will produce an alcohol with formula
Ci0H1s80s, or for one of the peroxy radical isomers a ketone with formula CioH160s
(Section 4.4.3.1) could be produced. The later appearance of CioH130s5 relative to
Ci0H1806 is possibly due to the competition between the peroxy termination
reactions and reaction with HO,®, as was explained for the later appearance of

C10H1606 and Ci1oH1604 relative to the other CioH160x products (Section 4.4.3.1).

4.4.3.4 CoH4160, Products

The oxidation products in the CoH160x group include; CoH1603, CoH1604, and CoH160s.
The Co oxidation products peak much later in the reaction than initial C10 products,
suggesting that they are not primary piperitone oxidation products, Figure 4.23. The
CoH160x products appear in the order CoH1603 followed by CoH1604 and CoH160s,
Figure 4.23. It is proposed that the CsH160x products are formed following photolysis

of C1oH1603, with some possible mechanisms shown in Figure 4.24.
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The CgH160x oxidation products are believed to be formed through photolysis of the
keto-aldehyde CioH1603 primary oxidation product. Carbonyls are known to undergo

photolysis?’

, with aldehydes exhibiting a higher propensity to photolyse than
ketones?®. Similar to glyoxal and methyl glyoxal, the C10H1603 piperitone oxidation
product contains an a,B-dicarbonyl group. The C-C bond between these two
carbonyls is the weakest bond in the molecule, and it is the most likely to dissociate
upon photolysis?>>2°%, There are several wavelength dependent photolysis pathways
available?> 257, For glyoxal the dominant process is dissociation of the a,B-dicarbonyl

bond leading to the formation of two formyl radicals (HCO*)?*’

. For methyl glyoxal
the main photolysis products are a formyl radical and an acetyl radical®>*> °8, The
Ci0H1603 piperitone oxidation product is therefore expected to undergo photolysis in
a similar manner with direct cleavage of the keto-aldehyde bond producing a formyl
radical and the remaining Cs alkyl radical (Figure 4.24, black arrow). Rapid addition of

O, to the Cg alkyl radical leads the formation of a Cs peroxy radical.

CoH1603

CoH1603 was the first product CoH160x group to peak. This product can be formed by
reaction of the Co peroxy radical with another peroxy radical, to make a carboxylic
acid, CoH1603 (Figure 4.24, orange arrow). In contrast to the C10HyO, mechanisms
described above, reaction with another peroxy radical appears to be the main
reaction pathway for the Co peroxy radical. This is likely due to the increase in peroxy
radical concentration as the reaction progresses. The Co products appear later in the
reaction, along the same timescale as CioH160s, C10H1604, C10H1405 and C10H1505 all

of which are produced from peroxy radical termination reactions.

CoH1604

Three CoH1604 isomers can be produced from photolysis and subsequent oxidation
of CioH1603, through three pathways (Figure 4.24, purple arrows). CoH1604 can be
formed as a primary CioH1603 photolysis product via reaction of the initial Co peroxy

radical with HO;"® to yield O, and a peroxy acid with formula CoH160a4.
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Two CoH1604 isomers can also be formed via the oxidation of CoH1603 (Figure 4.24,
purple arrows). The most likely sites for H-abstraction on CoH1603 are the di-B-ketone
carbon followed by the isopropyl functionality. Following H-abstraction an alkyl
radical is formed which adds O, to give a peroxy radical. Reaction of the peroxy
radical with another peroxy radical gives an alcohol CsH1604 or in one case a ketone

CoH1404 (Section 4.4.3.5) can be produced.

CoH160s

Five CoH160s isomers can be formed as primary, secondary or tertiary CoHi1603
photolysis products (Figure 4.24, light blue arrows). The formation of CoH1605 as a
primary product requires the Cq peroxy radical to undergo a 1,5-hydrogen shift from
either the di-B-ketone carbon or isopropyl carbon (Figure 4.24, light blue arrows)
producing an alkyl radical which contains a peroxy acid functionality. Addition of O3
leads to the formation of a peroxy radical, which can undergo H-scrambling, and a
peroxy radical termination reaction of any of the peroxy radicals yields and alcohol
CoH160s, or in one case a ketone CoH140s (Section 4.4.3.5) can be formed. While this
pathway accounts for the formation of four of the CoH1605 isomers it is the least likely
as the 1,5-hydrogen shift is in competition with reaction with HO,® and peroxy radical
termination reactions, both of which are expected to be more prevalent later in the
reaction. CoH1605 can also be produced through the same oxidation steps outlined

above following H-abstraction from either CoH1603 or CoH160a.

The results suggest that the main fate of Co peroxy radicals is reaction with another
peroxy radical. This is in contrast to the Cig peroxy radicals for which hydrogen shift,
or reaction with HO;* were the dominant processes. The CoH160x products are
formed much later in the reaction than the Cio products; CsH1603, the first Co product
peaks an hour after C1oH1603, the first Cio product (Figure 4.14). At this stage into the
reaction it is expected there would be a higher concentration of peroxy radicals,
which makes peroxy radical termination reactions more likely, and reduces the

possibility of H-abstraction or reaction with HO;".
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4.4.3.5 CoH1404 Products

The oxidation products in the CoH140x group include; CoH1404, CoH1406 and CoH140s.
These products are thought to be produced via the photolysis of C10H1404, similar to
the CoH160x products from CioH1603. Figure 4.25 shows the time series of the
oxidation products in the CoH14Ox group, and Figure 4.26 shows their proposed

formation mechanisms.
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Figure 4.25 Time series of CoH140x products, resulting from the OH" initiated oxidation of
piperitone. Due to large differences in signal intensity between different products, each signal

is normalised to one. Data not corrected for chamber losses.
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The CoH140x products appear quite late into the reaction (Figure 4.14) and their
proposed mechanism proceeds via photolysis of the keto-aldehyde?>> 2°¢ bond in
C10H1404, which produces an alkyl radical (Figure 4.25, black arrow). Addition of O3
produces a peroxy radical, which can then participate in a peroxy radical termination
reaction (Figure 4.25, orange arrow), react with HO® (Figure 4.25, beige arrow) or

undergo a 1,5-hydrogen shift (Figure 4.25, turquoise arrow).

CoH1404

CoH1404 is the first product in the CoH140x group to appear. The formation of CoH1404
(Figure 4.25, orange arrows) is via a peroxy radical termination reaction, which is
expected to be more competitive than the other available pathways, due to an

increase in peroxy radical concentration as the reaction progresses.

CoH1406

CoH140¢ is the second product in the CoH140x group to appear. The mechanism shows
the formation pathways for two CgH1406 isomers through three pathways. CoH1406
can be formed through an autoxidation mechanism following the photolysis of
C10H1404 (Figure 4.26, turquoise arrows), although this pathway involves a hydrogen
shift which makes this formation route unlikely. The later appearance of the CoH140x
products in the reaction suggests that the fate of the peroxy radicals in this
mechanism is reaction with HO,* or RO * rather than hydrogen shift. CoH1406 can also

be formed from the oxidation of either CoH1404 or CoH140s.

CoH1405

The last product in the CoH140x group to appear is CoH140s. Figure 4.26 (beige arrows)
shows the mechanisms for the formation of two CgH140s isomers, formed either
directly from the photolysis of CoH1406 or following the oxidation of CoH1404. The
reason for the later appearance of CoH1405 is unclear, especially as this product can

also be formed through peroxy radical reactions from the CsH160x mechanism.
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4.4.3.6 Other Products

The majority of the remaining sixteen piperitone oxidation products have a carbon
content less than Cio. With the exception of CgH140; and C;HgOa, these products
steadily increase over the course of the reaction, implying they are produced through
multiple fragmentation reactions of piperitone and its reactive oxidation products.
CsH1402 and C;HgOs can be produced through the same reaction mechanism,
involving H-abstraction by OH® from the tertiary carbon a to the keto-aldehyde
functionality on C10H1603. Following the addition of O, reaction with a peroxy radical
produces an alkoxy radical. Decomposition producing a carbonyl will cause
fragmentation, resulting in the formation of CsH140, and a glyoxoyl radical, or C;HsO4
and an alkyl radical. The single Ci4 oxidation product is likely formed through the

dimerisation of two peroxy radicals.

4.4.4 Particle Formation

The SMPS was connected to the chamber during the OH® initiated piperitone
oxidation experiments to monitor the formation and growth of particles. Particle
number and mass concentrations varied between the six experiments: particle
number ranged from 3,800 cm™3 to 5,500 cm3, and particle mass number ranged from
3.6 ug m3 to 5.3 pg m3. This variation is likely due to uncertainties regarding the
complete transfer of piperitone into the chamber. This was deemed to have little
consequence as the time series profiles were near identical across all experiments.
The data shown in Figure 4.27 is from one experiment, which is at the maximum of
the particle number and mass ranges, and is representative of all experiments. The

data has been corrected for chamber losses.
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Figure 4.27 Number and mass concentration time series profiles during an OH" initiated

piperitone oxidation experiment. Data corrected for chamber losses.

For all experiments particle formation commenced approximately 30 minutes after
the start of the reaction (Figure 4.27). The particle number concentration increased
rapidly, due to partitioning of low volatility piperitone oxidation products from the
gas-phase to the particle-phase, leading to new particle formation?®°. This continued
for around 50 minutes, reaching a maximum number concentration of 5,500 cm3. At
this point there appeared to be a sufficient number of particles for condensation
onto pre-existing particles?®® to outcompete new particle formation. This in
combination with coagulation led to a decrease in particle number concentration for

the remainder of the reaction.

The mass concentration exhibited a slower increase than the number concentration
(Figure 4.27). For the initial 40 minutes there was a near linear increase in particle
mass, after which the rate of increase slowed. This is likely due to the nature of the
condensing species. In order for new particle formation to occur, the volatility of the
condensing compound needs to be quite low®® 2°°, Once a sufficient particle
concentration is present, condensation onto a pre-existing surface becomes
competitive®®®. The volatility required for condensation onto a pre-existing surface,
is higher than that for new particle formation to occur?®®. This results in less volatile

compounds starting to condense onto the particles. These compounds are less
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oxidised and therefore have a lower mass than the initial new particle forming
compounds. The lower increase in mass from condensation, relative to new particle
formation is what causes the slower overall increase in particle mass concentration.
The continued increase in mass following the decrease in number concentration is
due to particle coagulation and condensation of any newly formed low volatility
products. Particle mass concentration reached a maximum of 5 pg m3 approximately

100 minutes after reaction initiation, and remained stable thereafter.

Figure 4.28 shows the particle growth during the experiment. During the first few
minutes of particle formation, several hundred particles were formed with a
diameter of approximately 40 nm to 50 nm. As the reaction progressed condensation
onto smaller particles and coagulation led to particle growth. The median particle

diameter grew to a maximum of approximately 100 nm, after 90 minutes of growth.
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Figure 4.28 Banana plot showing particle growth during an OH" initiated piperitone oxidation

experiment. Black line represents median diameter. Data corrected for chamber losses.

Compositional analysis of the particle-phase was not possible to due difficulties in

operating the FIGAERO.
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4.5 Conclusions

A series of simulation chamber experiments have been conducted to evaluate the
kinetics, products and mechanisms for the OH* initiated oxidation of piperitone. A
mean value of kou(piperitone) =9.93 (+ 1.24) X 10! cm? molecule st was obtained
using the relative rate method with three reference compounds, 1,3,5-TMB, isoprene
and 1-MCH. Since this is the first determination of the rate coefficient, comparison
with literature is not possible, however, there is very close agreement (within 6%)
with the value calculated using the SAR approach?%”-2%, SAR methods were also used

1

to determine the values kos(piperitone)?®® = 1.4 X 10"® cm?® molecule™® s and

knos(piperitone)210, 239 = 1.79 X 10"* cm?® molecule? s?. Using standard average

concentrations for each of the three oxidants, the piperitone tropospheric lifetimes
for reaction with OH®, O3 and NOs3*® were estimated to be 1.7 hours, 81.1 hours and
3.1 hours, respectively. This suggests that OH® and NOs® could contribute to the
chemical removal of piperitone from the troposphere, however experimental
determination of kos(piperitone) and kno,(piperitone) are necessary to confirm this.
Furthermore, while reaction with NOs3* could be important in polluted air masses

containing NOy, it is unlikely to occur to a large extent in remote forest

environments2°,

Experiments performed in the chamber indicated that piperitone was slowly
photolysed with a value of J(piperitone) = 5.8 (+ 0.21) X 10 s"obtained using all the
UVA and UVB lamps. It is not possible to accurately extrapolate these results to
determine accurately the value of J(piperitone) under real atmospheric conditions
and further work e.g. to measure the gas-phase UV absorption spectrum and perform
chamber experiments using real sunlight?®, could be useful in assessing the

importance of this degradation pathway.

Thirty-three oxidation products were identified in a series of chamber experiments
to identify the main oxidation products from the reaction of piperitone with OH" in
the absence of NOx. The carbon number of the products ranged from Cs to Ci4, with

the majority being Co and C10 compounds. The oxygen content of the products varied
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between 0O; and 07, with Os4 products dominating. Oxidation mechanisms were
derived for seventeen products which were allocated to groups such that all products

in a group shared the same initial formation steps.

The SAR method identified OH® addition to the alkene functionality on piperitone as
being the dominant initiating step in the oxidation process, with H-abstraction from

the isopropyl carbon and B-ketone carbon as minor pathways.

The first oxidation product produced from the OH® reaction with piperitone was
Ci0H1603. The proposed formation mechanism is OH® addition to the alkene
functionality on piperitone, followed by O, addition, and decomposition. The four
other products, C10H160s, C10H1607, C10H1606 and C10H1604 that make up the C1pH160x
group, are also formed via the same initial reaction pathway, followed by hydrogen

shifts and termination reactions with HO2* and RO;".

The second product to be identified from the OH® initiated oxidation of piperitone
was Ci10H1404. The proposed mechanisms for the formation of this product involved
H-abstraction from the isopropyl carbon or B-ketone carbon, followed by a range of
possible oxidation, isomerisation and radical termination reactions. The other
products in the C10H140x group, C10H1406 and C10H140s are also formed from the same

initial pathways.

The final primary piperitone oxidation product to appear during the reaction was
C10H1804. This was the first product in the C10H130x group to appear, followed by
C10H1606 and CioH130s. The formation mechanism for the products in the C1oH150x
group is also OH® addition to the C=C bond, but involves reaction with HO,". All

C10H180x products retain the Cg ring.

Two groups of Cy oxidation products were identified, CoH160x and CgH140x. These

products cannot be formed directly from the oxidation of piperitone, and it is

proposed that they are produced through the photolysis of Ci1oH1603 and CioH1404
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primary piperitone oxidation products, both of which possess an a,B-keto-aldehyde

functionality, that is highly susceptible to photolysis.

SOA formation was observed in all of the experiments on the OH* initiated oxidation
of piperitone. Particle formation commenced approximately 30 minutes after
reaction initiation. The particle number increased quickly, reaching a maximum of
between 3,800 cm3 and 5,000 cm after 50 minutes. Particle mass increased at a
slower rate, reaching a maximum, of between 3.6 pug m= and 5 pg m=3, 100 minutes
after the onset of oxidation. Initially high concentrations of small particles, with
diameters less than 50 nm were formed, which grew to have a final diameter of
around 100 nm. Future work for the particle-phase includes repetition of the
experiments with the use of the FIGAERO, to enable characterisation of the

compounds in the particle-phase.
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5.1 Introduction

Globally it is estimated that a total of 0.5 x 10* g C year!to 1 X 10 g Cyear® are
emitted into the atmosphere as BVOCs?® 261 262 These estimates are likely lower
limits as they only account for the emissions of traditional BVOCs including isoprene,
monoterpenes, sesquiterpenes and well-characterised oxygenated BVOCs such as
GLVs (Green Leaf Volatiles). Once emitted into the atmosphere BVOCs can undergo
gas-phase reactions producing a range of oxidation products, some of which can lead
to the formation of SOA, and can influence local climate?®3. The composition of the
SOA and thus the climate impacts are determined by the nature of the emitted
BVOCs!’®. Multiple experimental approaches have been employed to assess BVOC

atmospheric reactivity and to determine their SOA formation potential.

5.1.1 BVOC Oxidation Experiments

The simplest type of BVOC oxidation experiments involve the oxidation of a single
model compound with a single oxidant using atmospheric simulation chambers or
flow tube reactors. These types of experiments have been conducted for the majority

264 sesquiterpenes?®, as well

of the main BVOCs including isoprene®®, monoterpenes
as some BVOC oxidation products?4> 26, Single component experiments are useful
for determining the specific products generated from the oxidation of a single BVOC,
as well as the potential for SOA formation and associated impacts on climate. While
single component BVOC oxidation experiments are the simplest to perform, the
results may lead to inaccurate conclusions regarding natural atmospheric
processing®® 184 as the atmosphere is a complex mixture of BVOCs and oxidants, with

different reactivities and physiochemical properties leading to the production of

various oxidation products which are likely to interact.

Multicomponent oxidation experiments are better able to replicate ambient
atmospheric oxidation. The most common type involves the use of multiple
oxidants?”:268 particularly OH® and Os. Experiments have also been carried out using
multiple BVOC reactants?®”> 269, Studies assessing multicomponent oxidation

reactions find that the oxidation product distribution can vary significantly from that
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of the single component system, and lead to an enhancement or reduction in SOA
formation?%% 270, For example, the SOA produced from the oxidation of a-pinene by
OH* is greatly suppressed in the presence of isoprene. This is due to several factors:
the competition between a-pinene and isoprene for reaction with OH®, which leads
to a reduction in the extent of a-pinene oxidation; and a-pinene peroxy radicals
undergoing termination reactions with isoprene peroxy radicals, producing C11 to Cis
oligomers and hindering the formation of less volatile Ci6 to C2o a-pinene dimers?®’.
The findings from multicomponent reactions are likely to have greater similarities
with ambient oxidation than their single component counterparts. Despite this, the
simultaneous oxidation of two or three BVOCs is unlikely to accurately replicate
atmospheric processing of naturally emitted BVOCs, as many plants emit numerous

BVOCs in significant concentrations!>% 271,

Several BVOC oxidation experiments have been carried out using the emissions from
real trees. In most cases this involves transferral of the BVOC emissions into an
atmospheric simulation chamber'#> 272 over several hours, or collection of BVOCs
onto adsorbent tubes, which are then desorbed into a reactor!®*. Real BVOC
emissions oxidation experiments are difficult to perform as several factors must be
considered. The plant under investigation must be kept under controlled
temperature and PPFD conditions for the duration of the experiments, to limit
changes in the BVOC emission profile® 26, The foliage used to supply the BVOC
emissions for the oxidation experiments must be isolated and supplied with pure
airl® 273 Where possible the BVOC emission profile should be monitored regularly
to identify any changes in the composition or fluxes’® 4>, Consideration should also
be given to the number and type of plants under investigation. Experiments involving

the use of multiple plant species!8!

should aim to use plants that are found in the
same environments. Different plant combinations have been observed to result in
significantly different oxidation product distributions, leading to changes in the

overall SOA produced®.

Experiments designed to investigate the atmospheric oxidation of BVOC emissions

from plants should aim to replicate the naturally-occurring processes as closely
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possible, however this is not always the case. There is concern regarding the
placement of enclosures around plants altering the natural emission profile!*8, and
whether laboratory plants behave the same as plants in their natural environment®°.
Despite this, experiments conducted on real BVOC emissions are more
representative of ambient oxidation than either single component or

multicomponent oxidation experiments.

Comparison between the gas-phase products and SOA generated from the oxidation
of model compounds and real plant emissions is essential for understanding how well
the oxidation of model compounds represents ambient oxidation of real plant
emissions. This is of particular importance for modelling studies, as it provides
guidance regarding the number of VOCs that should be taken into consideration to

accurately account for VOC oxidation and SOA formation in the atmosphere.

5.1.2 SOA Volatility

Volatility is a key parameter in determining whether an oxidised compound will
remain in the gas-phase or partition into the particle-phase, leading to the formation
of SOA. Thermal desorption techniques are used to determine the saturation vapour
pressure of a compound?’4, Saturation vapour pressure is often used to indicate the
volatility at which a compound partitions to the particle-phase however,
measurement is challenging, with significant differences between values obtained

using different methods!3.

In SOA studies involving the use of a FIGAERO coupled to a ToF-CIMS, it is possible to
determine the volatility of the compounds in the particle-phase. During a desorption
cycle, heated N is passed over the filter to thermally desorb the particles!!!. The
temperature range over which a compound desorbs from the filter is related to its
chemical and physical properties!!l. The temperature of maximum desorption (Tmax)
is the temperature at which the desorption signal is maximised, and can be used to

275

infer the volatility®® 113, chemical or physical state?’> and the enthalpy of
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sublimination** of the compound. Determining the volatility of compounds in the

particle-phase is of particular interest as it can be used to indicate the point at which

274

gas-to-particle partitioning occurs®’®, and allows compounds to be grouped

according to volatility class®® 276,

The saturation vapour concentration, C° in ug m3, is the saturation concentration of
a vapour over a pure liquid, and C* is the saturation vapour concentration over a
mixture?’’, and is temperature dependent. Volatility can be described by grouping
C* into so-called volatility bins, which correspond to C* values over a single order of
magnitude. The sequential arrangement of volatility bins generates a volatility basis
set (VBS)?”’. The assighment of a compound to a volatility bin facilitates in the

determination of its atmospheric fate.

5.1.3 Aims

The aims of the work in this chapter were to investigate the atmospheric reactivity

of Sitka spruce BVOC emissions with OH".

The first aim was to determine the bulk properties of all oxidation products in both
the gas-phase and particle-phase, and to estimate the volatility of the particle-phase

products.

The second aim was to identify the main gas-phase and particle-phase oxidation
products from the reaction of Sitka spruce BVOC emissions with OH* and to compare
them with literature and the results reported in Chapter 4, to identify their precursor

BVOCs.

The third aim was to assess the particle formation and growth from the oxidation of

Sitka spruce emissions and to determine the SOA vyield.
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5.2 Experimental Methods and Analysis

5.2.1 Materials and Instrumentation

Experiments on the OH® initiated oxidation of Sitka spruce emissions were performed
using the atmospheric simulation chamber at the ERI (Chapter 2). During an oxidation
experiment the chamber was operated in batch mode?®, with a continuous inflow of

10 L min! to compensate for instrument sampling.

The BVOC emissions from Spruce 1 (Chapter 3) were used for all emissions oxidation
experiments. H,0; (Sigma Aldrich, 50% aqueous solution) was used to generate OH*

under low NOy conditions.

Spruce 1 was housed in a plant growth chamber (Chapter 3) for the duration of the
oxidation experiments, with the top portion of the tree surrounded by an enclosure
made of FEP Teflon foil (Chapter 3). Spruce 2 and Spruce 3 were also in the plant
growth chamber, but their emissions were not used in the oxidation experiments.
The Empty enclosure was also present, and was used for blank experiments. The
plant growth chamber settings were a repeating 24-hour cycle of 14 hours at PPFD

44 pmol m? s! and temperature 24 °C, and 10 hours of darkness at 18 °C.

The enclosures were supplied with dry compressed air which was humidified by
bubbling through Milli-Q water. Prior to an experiment the outflow from an
enclosure was connected to the chamber via a 6 m length of %2” outer diameter PFA

Teflon tubing.

During the experiments the ToF-CIMS (Chapter 2) was used to monitor the evolution
of VOCs in the gas-phase and particle-phase. Experiments were performed using the
ToF-CIMS with Ce¢He" as the reagent ion, produced from a benzene permeation tube,
to monitor the decay of the Spruce 1 emissions. The voltages and pressures applied
to the ToF-CIMS were selected based on optimal tuning performed on 11/07/2021.
The ToF-CIMS inflow was sub sampled and passed through a glass tube containing

the internal mass calibrant trichlorobenzene (Sigma Aldrich, purity 99%), before
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joining the remainder of the inflow at the ToF-CIMS inlet. The trichlorobenzene was

replaced with a fresh sample weekly.

The experiments were repeated with the ToF-CIMS using |- as the reagent ion, to
monitor the formation of gas-phase oxidised products and to determine the
composition of the particle-phase. The voltages and pressures were selected as per
tuning conducted on 08/12/2020. For experiments conducted with the ToF-CIMS in
I"mode, the gas-phase inlet of the ToF-CIMS was replaced with the FIGAERO, allowing

for simultaneous gas-phase and particle-phase sampling.

An SMPS (Chapter 2) was connected to the chamber during the experiments to
characterise the SOA produced. The SMPS was operated with a 10 L min* sheath flow
and a sample flow of 1 L min’. The voltage was scanned twice per sample over 50 s
with a 10 s purge, measuring particles with geometric diameters between 7.5 nm and
273.8 nm. The two scans were averaged to give a single sample measurement every
2.5 minutes. The SMPS was connected to the chamber with a 1 m length of %” outer

diameter stainless steel tubing.

5.2.2 Experimental Procedure

The Spruce 1 enclosure and Empty enclosure were supplied with humidified
compressed air at a flow rate of 10 L mint. Depending on the degree of sealing of the
enclosure, the outflow varied between 6 L min! and 7 L min™t. The BVOC emissions
from Spruce 1 were transferred into the chamber over approximately 16 hours,

which included the 14 hours with the plant growth chamber under illumination.

For experiments with the ToF-CIMS in I" mode the FIGAERO inlet was used. Prior to
commencing an experiment, a filter background measurement was performed to
identify any compounds inherent to the filter. The filter was subject to the 35-minute

desorption cycle (Chapter 2). The FIGAERO was not used for experiments with the
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ToF-CIMS in CeHs" mode, as the CsHs" reagent ion is not suitable for detecting highly

oxidised compounds which are expected to be in the particle-phase.

Prior to commencing an experiment, the inflow to the chamber from either the
Spruce 1 enclosure or the Empty enclosure was supplemented with humidified
compressed air, increasing the total inflow to 10 L min2. Initially the ToF-CIMS was
used to measure a background of the chamber for 30 minutes. Following background
measurement, dry compressed air was passed over H,0, (10 ul) in a glass vessel, to
carry it into the chamber. After oxidant addition the fan was turned on for a
maximum of 30 s to ensure homogenisation throughout the chamber3® 246, All lamps
were turned on 30 minutes after homogenisation to initiate oxidation via the
formation of OH* produced from H,0; photolysis. The oxidation of the Spruce 1 BVOC
emissions was allowed to proceed for 4 hours before flushing. All instrumentation

was connected to the chamber for the duration of the experiment.

For experiments conducted with the FIGAERO inlet on the ToF-CIMS, particles were
collected onto a 25 mm PTFE filter!'® 276 (pore size 1 um, Zefon International Inc,
USA). Particle collection commenced after the particle mass, as measured by the
SMPS, had maximised. Particles were collected at a flow rate of 2.5 L min until
approximately 0.5 pg (determined from SMPS measurements) had been collected

onto the filter!’®,

The 35-minute desorption cycle was applied to the filter to enable analysis of the
particle-phase. After each sample desorption the filter was cleaned by repeating the

35-minute desorption cycle, allowing the filter to be reused.

Two Sitka spruce emission photolysis experiments and a single blank photolysis
experiment were performed with the ToF-CIMS in each mode. Blank experiments
were performed to ensure the identified oxidation products were not artefacts. For
blank experiments the outflow from the Empty enclosure was used to supply the
chamber. The experimental procedure was the same as for the spruce emissions

oxidation experiments.
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Photolysis experiments were also conducted with the Sitka spruce emissions, to
ensure products identified from OH® oxidation were not due to photolysis. The
procedure for photolysis experiments was the same as described above without the
addition of H,0, to the chamber. For each ToF-CIMS mode three Sitka spruce

emissions experiments and two blank experiments were performed.

5.2.3 Data Analysis

5.2.3.1 ToF-CIMS

Calibrations
To quantify the concentrations of BVOC reactants in the chamber the same
calibration coefficients determined for ©6-3-carene, B-myrcene, camphor and

piperitone, as described in Chapter 3 were used.

Experiments involving 4-methyl catechol and H,0, were conducted to determine the
steady state OH*® concentration in the chamber. The decay of 4-methyl catechol was
monitored with the ToF-CIMS in I" mode, and was assumed to follow a pseudo first
order decay, due to reaction with OH® only. A straight line plot of

184 [OH"]

4—methyl catechol
1 ([ 24 lo equal to

) as a function of time, with slope
[4—methyl catechol];

4—methyl catechol

was attained. The steady state OH® concentration in the chamber was determined
using kon(4-methyl catechol)* = 1.56 X 101° cm3 molecule™ s. The procedure was
repeated for various H;0; concentrations and a linear calibration plot was generated.
All experiments were conducted with 10 pL H;0,, which corresponded to an OH®

concentration of 1.25 X 10’ molecules cm™.

ToF-CIMS Data Analysis
ToF-CIMS gas-phase and particle-phase data were analysed with Tofware 3.2.0,
operated through IGOR Pro 7.08. Initially 1 Hz data was averaged to 10 s time

resolution. Following this, a mass calibration was performed. For experiments with
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the ToF-CIMS in CsHe* mode CsHe* (m/z 78.05), CsH3Cls* (m/z 179.93), C12H23N20,*
(m/z227.18), C12H21N20,* (m/z 241.15) and CigH2,N,0,* (m/z 303.21) were used. The
C12 and Cigions are benzene clusters with CsH11NO, the contaminant in the N2 supply.
For experiments with the ToF-CIMS in I" mode NOs (m/z 61.99), I.H,O" (m/z 144.92),
1,0 (m/z 269.80), 150" (m/z 398.71) and I4HNO™ (m/z 538.62) were used. The
remaining data analysis steps included correction of the baseline position, peak
shape and peak resolution. Following calibration, chemical formulae were assigned
to peaks within the calibrated mass range. Only formulae containing the elements C,
H, O and N (and Cl for experiments with the ToF-CIMS in CsH¢* mode, and | for
experiments with the ToF-CIMS in I mode) were assigned. If an appropriate formula

could not be assigned, the peak was left unassigned.

After completing peak assignment, the remainder of the analysis was performed
using R Studio 4.0.2. Initially all signals were normalised to the reagent ion signal
(CeHs* or I). The data were then filtered to isolate only signals corresponding to
significant reactants and products. Initially, filtering involved the removal of
unassigned and calibrant signals, and for experiments with the ToF-CIMS in I mode,

signals not clustered with |- were removed.

During the experiments conducted with the ToF-CIMS in Ce¢He™ mode, an external
interference was observed to significantly increase the intensity of CioHis* at varying
stages during the experiments. It also impacted the time series profiles of multiple
other ions. The source of CioH1s* was not identified. To maintain uniformity across all
experiments with the ToF-CIMS in CsHe* mode, only data recorded until 75 minutes

after illumination was used in the analysis.

Spruce reactants were identified from experiments conducted with the ToF-CIMS in
CeHs* mode. A Welch T-test was performed comparing the concentrations prior to
and following illumination. The period during illumination was scaled by 1.5, and only
signals with a P-value below 0.05 were retained. A further Welch T-test was carried
out to compare the ion signal intensities prior to illumination between the spruce

emissions oxidation experiments and the blank experiments. Signals with a P-value
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less than 0.05 when compared with 1.5 times the ion concentration of the blank
experiments were retained as statistically significant reactants. The agreement
between the identified reactants in the Spruce 1 emissions was verified by

comparison with the results presented in Chapter 3.

Gas-phase oxidation products were identified from experiments conducted with the
ToF-CIMS operated in both modes. A Welch T-test was performed comparing the ion
signal intensities prior to and following illumination. The period prior to illumination
was scaled by 1.5, and only signals with a P-value below 0.05 were retained. Another
Welch T-test was carried out to compare the intensity of the ion signals during
illumination between the spruce emissions oxidation experiments and the blank
experiments. Signals with a P-value less than 0.05 when compared with 1.5 times the
ion concentration of the blank experiments were retained as statistically significant

gas-phase oxidation products.

The filtering process for the particle-phase involved the use of a Welch T-test to
identify ions with a P-value below 0.05, when compared with 1.2 times the filter
background, recorded prior to the experiment. The ion signal concentrations were
then normalised to the mass collected on the filter. A further Welch T-test was
conducted using the mass normalised ion signals from the spruce oxidation
experiments compared with 1.2 times the mass normalised ion concentrations from
the blank experiments. Signals with a P-value below 0.05 were removed. Further

filtering was conducted to remove noisy and highly scattered signals.

Volatility Determination

The volatility of the products in the particle-phase was determined from volatility
calibrations, performed by a colleague (Niall O’Sullivan) using a series of polyethylene
glycols (PEGs); tetraethylene glycol, pentaethylene glycol, hexaethylene glycol and

octaethylene glycol (Sigma Aldrich, purity >99%, 89%, 97%, and >95%, respectively).

A clean filter was placed into the FIGAERO and filter background was recorded using

the 35-minute desorption cycle. A 2 uL aliquot of one of the PEGs was then spotted
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onto the filter with a syringe!'*276, and a 35-minute desorption cycle was performed.

This procedure was repeated for all PEGs a minimum of five times.

A value for Tmax was determined for each PEG calibration, and an average Tmax for
each PEG calibrant was calculated. A calibration plot of literature vapour pressure, at
298 K, as a function of Tmax displayed a logarithmic relationship. The equation
describing the relationship between literature vapour pressure and Tmax Was used to
determine the vapour pressures of the Spruce 1 oxidation products using their

measured Tmax values.

Vapour pressures were then converted to saturation vapour concentrations (C*),

using Equation 5.1.

VP x Mw x 10°
RXT

C*= Equation 5.1

Where: C* is the saturation vapour concentration of the product, in ug m=; VP is the
vapour pressure of the product at 298 K inJ m~, determined from the PEG calibration
plot using Tmax; MW is the molecular weight of the product in g mol?, Ris the universal
gas constant, 8.314 J K mol}; and Tis the temperature in K that the literature vapour

pressures for the PEGs were measured at.

5.2.3.2 SMPS

A correction was applied to the SMPS number concentration data to account for
chamber losses (wall, dilution and sampling), using size bin specific loss coefficients.
The size bin specific coefficients were determined from chamber losses experiments
performed using ammonium sulfate seed, assuming that chemical composition has a
negligible impact on particle deposition. A density?? of 1.3 g cm™ was used to

calculate the particle mass from the chamber losses corrected particle number.
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5.2.3.3 Calculations
OH* Exposure
The effective OH* exposure experienced by the emissions was determined from the

OH* concentration and the duration of the experiment, Equation 5.2184 205,

(Iyton)

[0H]q

Exposuregys = Equation 5.2

Where: Exposureone is the equivalent time in hours that the BVOC emissions would
be exposed to OH* for under ambient atmospheric conditions; fOt[OH’] is the total

OH® concentration integrated over the duration of the experiment; and [OH*], is the

ambient atmospheric OH® concentration, 1.6 X 10® molecule cm3 was used?’.

SOA Yield
The total reactant BVOC concentration in the chamber was determined and used to

calculate the SOA yield, according to Equation 5.3,

Am

YieldSOA = _ABVOC

Equation 5.3
Where: Yieldsoa is the yield of SOA mass from the oxidation of Spruce 1 BVOC
emissions; Am is the change in SOA mass during the experiment; and ABVOC is the
change in mass concentration of reactant BVOCs emitted from Spruce 1 during the

experiment.
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5.3 Results and Discussion

5.3.1 Experimental Conditions

A series of OH® oxidation experiments under low NOx conditions was conducted using
the BVOC emissions from Spruce 1 during June and July 2021, several months prior
to emissions characterisation (Chapter 3). All experiments were conducted under
similar initial reaction conditions and the time series profiles obtained in each ToF-
CIMS ionisation mode were found to be nearly identical. As a result, the experiment
with the clearest signals was selected for the detailed analysis described below. The
steady state OH® concentration in the chamber during the experiments was 1.25 x
107 molecule cm™. Over the 4 hours of the oxidation experiment, this corresponded
to an effective OH* exposure of 30 hours. Comparison of the results from the OH®
oxidation experiments with the photolysis experiments found that the influence of

photolysis on the OH* oxidation experiments was negligible.

Although forty-nine BVOCs were detected in the emissions from Spruce 1, only eight
of these transferred into the chamber at concentrations high enough for the CsH¢*
ToF-CIMS to detect, and underwent a significant decay upon reaction with OH*, and
were therefore classified as reactants. This is somewhat expected as many of the
BVOCs emitted by Spruce 1 had quite low emission fluxes and would not have been
expected to be detected. Also, thirty-three of the BVOCs emitted from Spruce 1 were
oxygenated compounds and their ToF-CIMS signals may have experienced
interference from oxidation products, causing the signals to increase which
prevented their identification as “reactants”. The initial concentrations obtained for
the eight BVOCs identified as reactants are provided in Table 5.1. The BVOC reactants
were not detected by the ToF-CIMS when |- was used as the reagent ion, and for
these experiments it is assumed that the BVOC reactant concentrations were in the

same range as those presented in Table 5.1.
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Table 5.1 Summary of initial reactant BVOC conditions prior to oxidation, for experiments

with the ToF-CIMS in CsHs® mode.

15/07/2021 17/07/2021 19/07/2021
BVOC ppb ppb ppb
Piperitone 1.77 0.90 1.85
Sum of Monoterpenes 2.34 1.55 2.20
Isoprene 0.64 0.42 0.44
CsHs 0.08 0.06 0.08
CsHs0; 0.23 0.11 0.17
CoH1z 0.07 0.05 0.07
Ci10H160; 0.05 0.03 0.04
Ci10H1504 0.03 0.02 0.03
Total BVOCs 5.23 3.14 4.88

The total concentrations of the eight BVOC in the chamber were between 3.1 ppb
and 5.3 ppb. This is similar to the BVOC concentrations present in an aerosol growth
chamber prior to the low NOx OH® initiated oxidation of Holm oak'® and Loblolly

pine’® emissions, at approximately 5 ppb and 2.5 ppb respectively.

Together, piperitone, isoprene and sum of monoterpenes accounted for over 90% of
the total BVOC concentration in the chamber for all experiments. These were
identified as the three main BVOCs emitted by Spruce 1 (Chapter 3). Although the
sum of monoterpenes was identified as the third highest emission from Spruce 1
(Chapter 3), its concentration present in the chamber at the start of the oxidation
experiments was higher than those for both piperitone and isoprene. This is likely
due to the Spruce 1 emitting a slightly different emission profile than was determined
for the emission characterisation measurements. Also, since piperitone has a low
vapour pressure (0.053 hPa at 20 °C, Sigma Aldrich), it may have experienced
deposition onto the walls of the tubing prior to reaching the chamber. The
monoterpenes were not characterised, but they were assumed to have the same
composition (myrcene, B-phellandrene, a-pinene, 6-limonene and camphene) and to
have been present in the same proportions as was presented for the Spruce 1
emissions in Chapter 3. The concentrations of the other five Spruce 1 BVOCs in the

chamber at the start of the emissions oxidation experiments were low, as was
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observed for their emission fluxes in Chapter 3, but were consistently detected in the

same proportions.

5.3.2 Bulk analysis

5.3.2.1 Composition

The results from all gas-phase and particle-phase analysis were combined and used
to describe the bulk properties of the oxidation products. Figure 5.1 shows all
reactants and products detected in the OH® oxidation of Spruce 1 emissions. The
mass spectrum is composed of data from experiments performed on two separate
days 15/07/2021 (Ce¢He* ToF-CIMS) and 09/06/2021 (I" ToF-CIMS). The y-axis
represents the average ion signal intensity over the duration of the experiment for
gas-phase reactants and products, or the average signal intensity over the duration

of the desorption cycle for particle-phase products.

0.0015 Reactant (Benzene mode)
Gaseous Product (Benzene mode and lodide mode)
Particulate Product (lodide mode)

0.0012+

0.0009+
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ToF-CIMS Normalised lon Signal

Molecular Weight (g mol™")

Figure 5.1 Composite mass spectrum of all reactants and products detected in the gas-phase
and particle-phase during the OH® oxidation of Spruce 1 emissions. Signal intensity refers to
the average ion signal over the duration of the experiment for gas-phase products, and

average ion signal over duration of the desorption cycle for particle-phase products.

Eight BVOC reactants (orange) were detected with the ToF-CIMS in C¢He* mode as

well as four oxidation products (blue). The reactants were dominated by the sum of
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monoterpenes (m/z 136), piperitone (m/z 153), and isoprene (m/z 68). The
composition of the BVOC reactants ranged from Cs to Cip and were either
hydrocarbons or had a low oxygen content. Although the reactants could not be
detected during the experiments conducted with the ToF-CIMS operated in I mode,
given the high level of reproducibility reported in Table 5.1, it is reasonable to assume

that their composition would be similar to that obtained in CsHs* mode.

The remaining twenty-one gas-phase products (blue) and all ninety-nine products in
the particle-phase (green) were detected with the ToF-CIMS in I mode. Figure 5.2
provides a breakdown of the composition of all gas-phase and particle-phase

products, by carbon number and oxygen content.

10 Gas Phase

Number of Compounds
bilidnkd

o
104 Particle Phase L

T T T T T T T
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Carbon Number

Family Composition
CHO CyH,0; CyH,0;4 CyH,Os CyH,07 CyH,0g
g CHON C,H,0; CyH,04 C,H,0¢ CH,0s C,H,01p

Figure 5.2 Composition breakdown of all Spruce 1 OH* oxidation products detected in the
gas-phase and particle-phase. Each box represents a single product, with gas-phase products
above the centre line and particle-phase products below. The colour refers to the oxygen

content and striped boxes indicate the presence of nitrogen in the chemical formula.

In total twenty-five gas-phase products were identified, with CsH1003 being the
dominant product, followed by C11H2:NO4 and CsH1,04. The majority of the gas-phase
products have molecular weights below 200 g mol? (Figure 5.1). There is good

agreement between the mass range of the Spruce 1 oxidation products and the OH*

205



and O3 oxidation products of silver birch. The silver birch oxidation products were
found between 100 g mol™* and 170 g mol™?, and were mainly attributed to the
oxidation of monoterpenes?’®. The mass range for the particle-phase is similar to that
determined from ambient SOA samples collected at a forest in Hyytidla, which was
mainly composed of Scots pine and Norway spruce, both species predominantly emit

monoterpenes including a-pinene, §-carene and limonene’!73,

The composition of the gas-phase products ranged between C4 and Cis, with Cs
compounds accounting for 40%. The three gas-phase products with carbon content
above Cio were likely formed through oligomerisation reactions. The oxygen content
of the gas-phase products varied between O; and Os, with Os compounds
dominating. Seven of the gas-phase products were found to contain nitrogen in the
chemical formula. Although NOx was not added to the chamber, a background
concentration of around 0.2 ppb was present at the start of the reaction, likely due
to release of NOx from the Teflon surface of the chamber. The presence of 0.1 ppb
NOy in SAPHIR at low NOy conditions has also been attributed to off gassing, and was

shown to lead to the formation of CHON products?4% 279,

The ninety-nine products detected in the particle-phase are shown in green on the
mass spectrum, Figure 5.1, and below the central line in Figure 5.2. The dominant
particle-phase compound was C4H40s. The products in the particle-phase have higher

molecular weights than the gas-phase products and are generally above 200 g mol™.

The composition of the particle-phase ranged from Cs to Czs, with over half of the
products between Ci3 and Co. AlImost 90% of particle-phase products had a carbon
content greater than Cio. The oxidation of piperitone and monoterpenes is expected
to produce high numbers of compounds with carbon content Cio and lower?4% 243,
the scarcity of these products in the particle-phase indicates that the expected
oxidation products were likely reactive intermediates that took part in combination
reactions. This is supported by the high number of C13 to Cyo particle-phase products

and indicates that the particle-phase was mainly composed of oligomeric
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compounds. The oxygen content of the particle-phase ranged from O1 to O, with

over half of the products between Og and O1,.

Partitioning between the gas-phase and particle-phase mainly occurred for
compounds with oxygen contents greater than 04 and Os. The majority of gas-phase
products had an oxygen content of O4 or less, while almost 70% of particle-phase
products had an oxygen content of Os or greater. Partitioning was also dependent on
the carbon content. For particle-phase products less than Cig, the oxygen content

was at least Oe, with those above Cip having higher variability in the oxygen content.

5.3.2.2 Product Properties

Figure 5.3 is the mass defect plot for all Spruce 1 oxidation products. The x-axis is
molecular weight, and the y-axis is mass defect, which is the difference between the
exact mass of a compound and its nominal mass. Each element has a set mass defect,
with carbon +0.011, hydrogen +0.008 and oxygen -0.001, giving a unique mass defect
for each molecular formula. Therefore mass defect plots can be used to investigate

chemical composition.
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Figure 5.3 Mass defect plot of all Spruce 1 OH® oxidation products detected in the gas-phase
and particle-phase. Circle represents gaseous product and triangle represents particulate
product. Colour indicates oxygen content of the product, and size refers to the nitrogen

content. The red line is a rough partition between the gas-phase and particle-phase.

All the Spruce 1 oxidation products occupy a certain area of the mass defect plot,
along the positive diagonal, with an increase in molecular weight corresponding to
an increase in mass defect. The mass defect plot can be split into two distinct
sections, separated by the red line. The gas-phase products are mainly found below
the red line, with lower molecular weights and mass defects below 0.25. Almost all
particle-phase products are located above the red line, at higher molecular weights,
and mass defects ranging from 0.15 to 0.6. The particle-phase products have higher
mass defects than the gas-phase products, which indicates that they have a greater

carbon content, suggesting the particle-phase is mainly composed of oligomers.

Oxygen has a negative mass defect, therefore for a given molecular weight a lower
mass defect indicates that a compound has a higher oxygen content at the expense
of having a lower carbon content. This is seen in Figure 5.3, where oxidation products
along the top edge of the positive diagonal have larger mass defects and oxygen

contents of O1 to O3, (reds) while products along the bottom edge of the positive
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diagonal have lower mass defects and the oxygen content is typically Os and above

(green, blue and purple).

Van Krevelen diagrams map the position of a compound according to its O:C and H:C,
which indicates the extent to which it is oxidised. The Van Krevelen diagram of all
Spruce 1 oxidation products is shown in Figure 5.4. Unlike the mass defect plot, the
data is spread over the majority of the plot area, with no clear distinction between
gas-phase and particle-phase products. As a compound is oxidised, in the absence of
fragmentation, O:C increases and H:C decreases, yielding a negative trend with
increasing 0:C%2°, This was not observed for the Spruce 1 oxidation products, possibly
due to presence of multiple BVOC reactants with varying oxygen content present at
the start of the reaction. Each precursor BVOC would occupy a different position on
the Van Krevelen diagram. The simultaneous oxidation of all Spruce 1 BVOCs and the
interaction of the oxidation products may explain the deviation of the data from the

expected plot shape.
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Figure 5.4 Van Krevelen diagram of all Spruce 1 OH* oxidation products detected in both the
gas-phase and particle-phase. Circle represents gaseous product and triangle represents
particulate product. Colour indicates oxygen content of the product, and size refers to the

nitrogen content.
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A Kroll diagram is another visualisation tool for aiding interpretation of the product
distribution. Kroll diagrams are used to mark the position of compounds according to
their carbon content (x-axis) and OS¢ (y-axis), which was calculated according to
Equation 4.11. The presence of nitrogen in the chemical formulae was not accounted
for in the OS¢ calculation. Inclusion requires knowledge of the oxidation state of the
nitrogen, and was deemed unnecessary due to the minimal change it would have on

0 SC245-

Vertical transition along the OS¢ axis indicates the extent of oxidation, with a higher
0Sc signifying a more oxidised compound, and a lower 0S¢ signifying a less oxidised
compound. Lateral movement along the x-axis towards increasing carbon number
corresponds to oligomerisation. Transition towards the position of CO; carbon

number 1 and OS¢ +4, indicates fragmentation24°.

Figure 5.5 shows all gas-phase and particle-phase products resulting from the
oxidation of the Spruce 1 emissions. An increase in carbon number, corresponded to
a decrease in OS¢ across all Spruce 1 oxidation products. The colour of the symbols
represents the oxygen content of the products. In general the products with lower
oxygen contents (reds and oranges) have lower 0S¢, indicating they are less oxidised,
and products with a higher oxygen content (greens, blue and purple) have a higher

0Sc.
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Figure 5.5 Kroll diagram of all Spruce 1 OH® oxidation products detected in the gas-phase and
particle-phase. Circle represents gaseous product and triangle represents particulate
product. Colour indicates oxygen content of the product, and size refers to the nitrogen

content.

The gas-phase products and the particle-phase products generally occupy different
areas of the Kroll diagram. The majority of gas-phase products have a carbon content
below Cg, and 0S¢ -1.3 to +0.4. The particle-phase products occupy a much narrower
OSc range, mostly -1.4 to 0, with a carbon content greater than Cio. This is
comparable to the OSc range determined for the gas-phase products (-1.2 to +0.5)
and particle-phase products (-1.4 to +2) resulting from the OH* induced oxidation of
a-pinene in the presence of NOx%L. The OS¢ range for the gas-phase products from
a-pinene oxidation is similar to that from Spruce 1 BVOC oxidation, although the
wider OSc range for the a-pinene particle-phase products compared to Spruce 1
particle-phase products is possibly due to the high number of products with carbon

content C1p and below?®! that were present in the a-pinene particle-phase.

5.3.2.3 Particle-Phase Volatility

Analysis of the particle-phase involved only data recorded during the temperature
ramp phase of the desorption cycle. A thermogram is a plot of ToF-CIMS ion signal as

a function of desorption temperature. Figure 5.6 shows the thermograms of the Cio
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particle-phase products. As the temperature of the filter was increased, the
compounds in the particle-phase began to desorb from the filter which led to an
increase in the ToF-CIMS signals for their ions. The temperature corresponding to the
maximum ToF-CIMS signal is referred to as the temperature of maximum desorption,
Tmax. It represents the temperature at which the largest amount of a product is
desorbed from the filter. After reaching Tmax the ToF-CIMS ion concentration

gradually reduced to background levels.
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Figure 5.6 Thermogram of Ci0H1607, Ci0H150s and CioH1609 produced during the OH* radical

initiated oxidation of BVOC emission from Spruce 1.

Tmax €an be used to derive physical properties of the products in the particle-phase,
including vapour pressures and enthalpy of sublimation!!! which are useful in
determining volatility and gas to particle partitioning?®2. Tmax for the three Cio
products in Figure 5.6 increases with increasing oxygen content. This implies that an

increase in Tmax corresponds to a reduction in volatility!?,

The Tmax values for each product in the particle-phase were converted to C* at 298 K
(C*298) using Equation 5.1113 282 The saturation vapour concentrations were then
assigned to volatility bins according to the volatility basis set classifications?®3 284,

Figure 5.7.
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Figure 5.7. Plot of experimentally determined C* as a function of 0S¢ for particle-phase
products. Each point corresponds to a particle-phase product, with the shading referring to
volatility class: purple ultra-low volatility organic compound (ULVOC); grey extremely low
volatility compound (ELVOC); pink low volatility organic compound (LVOC); and green semi

volatile organic compound (SVOC).

One particle-phase product was assigned to the LVOC volatility class (pink shading),
which ranges?®* between 3 X 10 pg m= and 0.32 pg m3. In general compounds in
the LVOC class are found in the particle-phase?®>. Around half of the particle-phase
products were assigned to the ELVOC class (grey shading), with C* extending from?84
3.2 X 10* ug m3to 3.2 X 10® pg m3. Under ambient conditions compounds in the
ELVOC class are almost entirely in the particle-phase?®>. The remaining products all
had C* below 3.2 X 10® pug m3, and were allocated to the ULVOC class?®3. Under

ambient conditions ULVOCs undergo nucleation, driving new particle formation?8,

5.3.3 Mechanistic Interpretation

Figure 5.8 shows the chamber loss corrected time series profile of the eight Spruce 1

BVOC reactants during the experiment. The data was normalised to 1 to facilitate
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visualisation. Data after the appearance of the CigH1s interference was removed for

clarity.
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Figure 5.8 Time series profile of reactant BVOCs from Spruce 1 during an oxidation

experiment, with corrections for chamber losses applied.

Initially the concentrations of the BVOC reactants were stable in the chamber, but
then exhibited rapid decay immediately upon illumination, due to their reaction with
OH*. The pseudo first-order decay rates for piperitone, isoprene and monoterpene
signals were determined and compared, Table 5.2. The fastest BVOC to decay was
the monoterpene (blue), followed by isoprene (orange). Due to the high abundance
of myrcene in Sitka spruce emissions (Chapter 3), and the faster decay of the
monoterpene signal relative to isoprene (Figure 5.8 and Table 5.2), it is assumed that

myrcene was the dominant reactive monoterpene during the experiments.
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Table 5.2 Literature rate coefficients and pseudo first order decay coefficients for piperitone,
isoprene, myrcene and the sum of monoterpenes. Psuedo first order decays were calculated

using data obtained during the first 13 minutes of the reaction.

BVvVOC Literature Rate Coefficient Absolute decay
cm® molecule™ s st
Piperitone 0.99 x 10 8.06 x 10*
Isoprene** 1.00 x 10*° 9.15 x 10*
Myrcene** 2.15 x 10°%° -
Sum of Monoterpenes - 1.92 x 10*

Based on the kon values in Table 5.2, the piperitone decay (red) (Figure 5.8) would be
expected to have a similar decay to isoprene (orange). However, it is noticeably
slower, indicating that the signal may be affected by the appearance of some Ci0H160
monoterpene oxidation products?®” 288, Some of the other oxygenated reactants
including CioH1602 and CioH1304 also exhibited a slow decay, followed by a
subsequent increase. This was also likely due to interference from oxidation
products®® 288, Due to the higher abundance of piperitone, isoprene and myrcene in
the experiments, further analysis focussed on attributing the identified products
from the oxidation of Spruce 1 BVOCs to known products of the OH® initiated

oxidation of these three BVOCs.

5.3.3.1 Piperitone Products

One gas-phase Spruce 1 oxidation product, C10H1304, was attributed as a piperitone
oxidation product (Chapter 4). The formation mechanism for CioHis0s from
piperitone is shown in Figure 5.9. The initial step is addition of OH* to the C=C bond
to produce an alkyl radical, which adds O, followed by reaction with HO>"® to give a
hydroperoxide. C10H1804 was the third oxidation product to be observed from the
OH® initiated oxidation of piperitone (Chapter 4). The first and second piperitone
oxidation products to appear were Ci10H1603 and Ci1oH1404, these were not observed
in the oxidation of Spruce 1 emissions. The reason for the absence of these products
may be due to the Spruce 1 oxidation experiments being carried out in a different
facility, under slightly different oxidation conditions. The termination steps in the

mechanisms for the formation of CigHi1603 and CigH140s4 are unimolecular
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eliminations, while for CioH1804 it is bimolecular reaction with HO.*. The
experimental conditions for Spruce 1 oxidation experiments likely had higher HO;®
concentrations than the piperitone experiments, due to a higher relative humidity
and the use of UVC lamps?®°. This would have favoured the formation of CioH1504
over both CioH1603 and CioH1404. Also, Ci0H1603 and CioH1404 were proposed to
undergo oxidation with OH® and photolysis (Chapter 4). It is likely that C10H1603 and
C10H1404 were formed during the Spruce 1 emissions oxidation, but due to limited
formation and rapid decay their yields may have been below the ToF-CIMS limit of

detection.

o) o) 0 )
+OH +0, +HO,
—_— —_— —
-H,0 -0,
HO HO HO
00 HOO

C10H160 CioH1504

Figure 5.9 Proposed mechanism for the formation of CioH1s04 from the OH® initiated

oxidation of piperitone.

Three particle-phase Spruce 1 oxidation products, CioH1607, Ci0H1609 and C1oH130s
may have been formed from the oxidation of piperitone. C10H1607 was observed as a
gas-phase piperitone oxidation product (Chapter 4), while CioH1609 could be
produced through the further oxidation of CioH1607. The product CioH150s could be
formed via the oxidation of C1oH1804 and C1oH180s, both of which were detected as
gas-phase piperitone oxidation products (Chapter 4), although not in the Spruce 1
oxidation experiments. The proposed oxidation mechanisms for C1gH1607, C10H1609

and C10H130s are shown in Figure 5.10.
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Figure 5.10 Condensed mechanism for the proposed formation of Ci0H1607 Ci0H1609 and

C10H150s from piperitone, showing the most likely structures.

Figure 5.10 shows the proposed condensed mechanism for the formation of the
three particle-phase products. There are several potential isomers for CioH160s,
C10H1607 and C10H180s, only the predicted dominant ones are shown for clarity. Since
compositional analysis of the particle-phase piperitone oxidation products was not
possible, a direct comparison cannot be made. However it is likely that C1oH1607 was
also present in the particle-phase during the piperitone oxidation experiments. The
high oxygen contents of C10H1609 and C10H150s indicate that these compounds would

have low vapour pressures and would predominantly exist in the particle-phase?®.

5.3.3.2 Myrcene Products

One gas-phase Spruce 1 oxidation product, CsH140 was identified as a potential
myrcene oxidation product. CsH140 is a primary Spruce 1 oxidation product and
maximised within 20 minutes of reaction initiation. CoH140 has two possible isomers,
1-vinyl-5-methyl-4-hexanone and 2-methylidene-6-methyl-5-heptanal. Previously

proposed mechanisms for the formation both isomers?*3 are shown in Figure 5.11.
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Figure 5.11 Mechanism for the formation of CoH140 from the oxidation of myrcene, adapted

from Tan et al?®.

This CoH140 formation mechanism involves the reaction of the peroxy radical with
either NO* or another peroxy radical, with both reactions producing an alkoxy
radical®*> 279, It is unlikely the CoH140 product detected in these experiments was
formed through these mechanism, as neither of these peroxy radical reactions is
likely to have occurred. An alternative mechanism is proposed here, based on the

OH?° elimination from the hydroxyl peroxy radical, Figure 5.12.
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Figure 5.12 Alternative proposed mechanism for the formation of CoH140 from the oxidation

of myrcene.

This alternative mechanism for the formation of CoH140, produces the same two
isomers 1-vinyl-5-methyl-4-hexanone and 2-methylidene-6-methyl-5-heptanal as
have previously been observed from the OH* initiated oxidation of myrcene?*3. The
oxidation of myrcene proceeds via addition of OH* to any of the three C=C bonds.
Addition to the isolated C=C bond is expected to dominate® 243, although for the
formation of CoH140, the reaction is initiated by addition of OH* to either internal end
of the conjugated dialkene, producing an alkyl radical, Figure 5.12. The alkyl will add
0., yielding a hydroxyl peroxy radical, which can undergo H-scrambling to produce

an alkoxy radical, that can decompose leading to the formation of CgHi140,
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formaldehyde and OH". This kind of alkoxy decomposition has been observed for the
oxidation of limonene?*! and isoprene?%® 222 ynder low NOx conditions, and was also
included in some of the proposed piperitone oxidation mechanisms (Chapter 4). The
ToF-CIMS is not capable of separating structural isomers, although it is anticipated

that both isomers contribute to the signal at CoH140.

No particle-phase products were identified as originating from myrcene oxidation.
Due to the linear structure of myrcene, the majority of its primary oxidation products
are fragmentation products?®! that likely have higher saturation vapour pressures

than myrcene, and are less likely to take part in SOA formation.

5.3.3.3 Isoprene Products

Three gas-phase products were identified as originating from the oxidation of
isoprene, CsH1003 and CsH100s. CsH1003 could be ISOPOOH or IEPOX. It is likely both
isomers contribute to the signal at CsH100s. Figure 5.13 shows potential formation

mechanisms for both CsH1003 isomers and CsH100s.
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Figure 5.13 Mechanism for the formation of ISOPOOH, IEPOX and CsH100s from the oxidation

of isoprene, adapted from D’Ambro et al?®.

ISOPOOH is a primary isoprene oxidation product, formed from the addition of OH*
to one of the C=C bonds in isoprene, producing alkyl radical. Upon addition of O, and
reaction with HO>" a peroxide is formed giving CsH1003, ISOPOOH2%:256_ Four possible

ISOPOOH structures can be formed, only one is shown.

IEPOX is a secondary isoprene oxidation product, that is formed from the oxidation
of ISOPOOH. IEPOX formation involves the addition of another OH* to the external
end of the C=C bond in ISOPOOH, producing an alkyl radical. Epoxidation can occur
resulting in the elimination of OH® and the formation of stable IEPOX?> 266 292,
Alternatively, the alkyl radical can add O, to produce a peroxy radical, which can
undergo a 1,5-hydrogen shift followed by OH*® elimination leading to the formation
of CsH100s%%°. Two alternative CsH100s isoprene oxidation products can be formed

through the oxidation of ISOPOOH via similar oxidation steps, involving OH*® addition
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to the internal carbon of the C=C bond in ISOPOOH?¢. CsH100s was detected in the
particle-phase of the Spruce 1 emissions, and has also been identified in the SOA

produced from isoprene oxidation® 2%,

5.3.4 Particle Formation and SOA Yield

Figure 5.14 shows the particle number and mass concentrations during the Spruce 1
oxidation experiments following correction for chamber losses. The data shown is
from experiment the experiment performed on 15/07/2021, with the ToF-CIMS
operated in CsHg" mode, and is typical of all experiments. The SOA yield could not be
determined for the experiments conducted with the ToF-CIMS in I mode as the BVOC

reactants could not be detected.

/

Particle Number (# cm
w
>
1

.

0
00:00:00  00:30:00 01:00:00 01:30:00  02:00:00 02:30:00 030000  03:30:00  04:00:00  04:3000  05:00:00
Elapsed Time (hh:mm:ss)

D Sitka spruce BVOC Injection D Lamps on D Flush ® Particle Number Particle Mass

Figure 5.14. Time series plot of particle formation measured by the SMPS during the OH*
oxidation of Spruce 1 emissions. Particle number is shown in blue and particle mass is shown

in orange. Data has been corrected for chamber losses.

Particle formation commenced within 10 minutes of reaction initiation, due to the
formation of ULVOCs (Section 5.3.2.3), which undergo new particle formation?,
Particle number underwent a rapid increase over fifteen minutes before maximising.

The number concentration then exhibited a fast exponential decay, due to the
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coagulation of smaller particles. Rapid SOA formation from the oxidation of BVOC
emissions®? has been observed both in the field>> and laboratory settings?’® 2°*, The
rate of SOA formation from the oxidation of Spruce 1 BVOCs was faster than for
piperitone (Chapter 4). This is likely due to a combination of the Spruce 1 BVOC
oxidation experiments containing multiple precursors and having a higher oxidant

concentration compared to the piperitone experiments.

The particle mass concentration increased more slowly than the particle number, and
reached a maximum approximately 90 minutes after the initiation of particle
formation. The number concentration remained stable for approximately 60 minutes
before decreasing. The reason for the decrease in particle mass is unclear, one
possibility is that it could be due to evaporation, resulting from an increase in
temperature over the course of the experiment. There is no temperature control
system for the chamber at the ERI and the temperature increased by almost 10 °C
during all experiments. Evaporation from pre-existing SOA has previously been
attributed to fragmentation resulting from the oxidation of the particle-phase

compounds?®,

Figure 5.15 shows the particle-phase growth during the oxidation of the Spruce 1
emissions. The data shown is also from the experiment performed on 15/07/2021.
At the onset of particle formation there was a high concentration of small particles,
with diameter between 10 nm and 20 nm. The particles underwent rapid growth,
due to coagulation, over approximately 30 minutes, to reach a mean diameter of
around 40 nm. After this the rate of particle growth significantly reduced reaching a
maximum mean diameter of 60 nm after 4 hours. A small number of particles with
much larger diameters than the bulk SOA, greater than 100 nm were also produced
soon after the initiation of particle formation, and also experienced an increase in
mean diameter as the reaction progressed, due to coagulation of smaller particles.
Comparison with blank experiments determined that the event only occurred during

experiments involving Spruce 1 emissions.
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Figure 5.15 Banana plot showing the particle-phase growth during a Spruce 1 emissions

oxidation experiment. The black line represents the median particle diameter.

The SOA yield was calculated as the ratio of the mass of SOA formed to the mass of
Spruce 1 emissions reacted, at the point when the particle mass concentration
maximised!® 2%, Chamber loss corrected SMPS and ToF-CIMS data from two of the
experiments with the ToF-CIMS in CcHs™ mode were used to calculate an average SOA
yield. The data from the other C¢Hes* mode ToF-CIMS Spruce 1 experiment was not
included in the calculation due to interference of the ToF-CIMS signals with CioH1s*

before the particle mass maximised. The SOA vyield results are shown in Table 5.3.

Table 5.3 Summary of SOA yields for experiments conducted with the ToF-CIMS in C¢Hs"

mode.
Reacted BVOC mass SOA mass SOA Yield
Hg U %
1. 15/07/2021 70.2 10.5 14.9
2.17/07/2021 43.1 6.7 15.6
Average 15.2

The average SOA yield was calculated to be 15.2%. This is comparable to the SOA

yield determined from the OH* oxidation of Scots pine which ranged between 13.7%
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and 20%, for an SOA density of 1.3 g cm™3. The BVOCs emitted from Scots pine were
predominantly monoterpenes and sesquiterpenes'®*, while the BVOCs emitted from
Spruce 1 were mostly monoterpenes and piperitone. BVOC composition has been
shown previously to have an impact on SOA yield*> ©°, with the addition of isoprene
to the starting BVOC mix leading to a reduction in SOA yield. The SOA yield from the
OH° initiated oxidation of Norway spruce emissions was 13.6%. This is similar to the
15.2% calculated in this work for Sitka spruce. The main BVOC emissions from
Norway spruce were a-pinene and B-pinene?®®. Overall the SOA yield from Spruce 1
is similar to that determined for other coniferous tree species, despite having

different BVOC emission mixtures.
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5.4 Conclusions

A series of atmospheric simulation chamber experiments were conducted on the OH®
initiated oxidation of the BVOC emissions from Spruce 1. The ToF-CIMS was able to
identify eight Spruce 1 BVOCs as reactants in the chamber; piperitone, the sum of
monoterpenes, isoprene, CsHs, CsHsOz, CoHiz, CioH1602 and CioH160a. The most
reactive BVOCs were piperitone, monoterpenes and isoprene. A total of twenty-five
gas-phase products were identified from the oxidation of the Spruce 1 BVOC
emissions, which were mainly composed of Cs compounds, with carbon content

ranging from Csto Cis, and oxygen content O1 to Oz with O4 products dominating.

Analysis of the particle-phase found ninety-nine oxidation products. The composition
of the particle-phase ranged from C4 to Cys, with 90% of products having a carbon
content greater than Cio, implying the particle-phase was mostly composed of
oligomers. The dominant oxygen content of the particle-phase was O;, with 70% of
the products having an oxygen content above Os. Gas to particle partitioning was
estimated to occur at an oxygen content of Os, but was also related to carbon
number, with compounds below Cip having a minimum oxygen content of Os. All of
the particle-phase products had low volatility, with almost all being classed as ELVOCs

or ULVOCs.

The gas-phase and particle-phase products were compared with literature to identify
their precursors. In the gas-phase C10H1304, was identified as a piperitone oxidation
product. Three products in the particle-phase were identified as probable piperitone

oxidation products C10H1607, C10H1609 and C1oH1g0s.

CoH140 was identified as a myrcene oxidation product. CoH140 has previously been
identified as one of the main products in the OH® initiated oxidation of myrcene.
There are two possible structural isomers for CoH140, 1-vinyl-5-methyl-4-hexanone

and 2-methylidene-6-methyl-5-heptanal, it is likely both isomers are present.
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One gas-phase product and one particle-phase product were attributed to the
oxidation of isoprene. CsH1003 has previously been identified as either the primary
oxidation product ISOPOOH, or secondary oxidation product IEPOX. It is likely that
both contribute to the signal at CsH1003. The particle-phase product CsH100s, is likely

another secondary isoprene oxidation product, from the oxidation of ISOPOOH.

Particle formation commenced within 10 minutes of reaction initiation, with the
formation of small particles less than 20 nm in diameter. Within 15 minutes of
particle formation the particle number had maximised to 90,000 cm=, and the
particles had undergone rapid growth to have a median diameter of 50 nm. The
particle mass increased logarithmically before plateauing after 2 hours at 4 pg m3,
and exhibiting a decrease 90 minutes later. The decrease in mass was possibly a result
of evaporation due to the increasing temperature in the chamber during the

experiment. The average SOA yield for the experiments was 15.2%.
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6.1 Summary and Perspectives

In this work different types of laboratory studies were conducted to identify the main
BVOCs emitted from Sitka spruce, to assess their oxidation capacity and to determine
their SOA formation potential. The work was conducted using an on-line ToF-CIMS
with a flexible ionisation regime, facilitating the detection of a range of different

compounds.

A series of measurements were conducted in a laboratory using a plant growth
chamber with variable temperature and PPFD to study the BVOC emissions from
Sitka spruce. Through a combination of on-line and off-line techniques the main
BVOCs emitted from Sitka spruce at conditions relevant to the Irish climate were
identified. The key finding from this work was that of the seventy-four BVOCs
identified, fifty-two were oxygenated compounds. This is in contrast to many
previous reports of BVOC emissions in the literature, which mainly detected
hydrocarbons and small oxygenated compounds using PTR-MS and GC-MS. This work
has therefore demonstrated that the combination of ToF-CIMS (utilising two
ionisation modes) and TD-GC-MS is an effective method for identifying a wider range

of compounds.

Assessment of the BVOC emission fluxes found that different BVOCs responded
differently to changes in temperature and PPFD. Stress was also found to have a
significant impact on the BVOC emissions, with the biosynthetic emission pathway
making a minor contribution to the overall BVOC emission flux from a stressed Sitka
spruce, and the identification of stress induced GLVs and a sesquiterpene in the
emissions of the stressed tree. This is the first study to identify an oxygenated
monoterpene, piperitone, as the dominant BVOC emitted from Sitka spruce, with a
standardised emission flux of 17.29 ug h' g. Isoprene and five monoterpenes,
myrcene, B-phellandrene, 6-limonene, a-pinene, and camphene, were also detected
as major BVOC emissions, with standardised emission fluxes of 6.3 pug h* g for
isoprene and 0.93 pug h* g for the sum of monoterpenes. Estimates for the annual

BVOC fluxes for all Sitka spruce in Ireland were 8,240 tonne year? for piperitone,
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13,114 tonne year! for isoprene, and 1,618 tonne year®! for the sum of
monoterpenes. It is important to note that the annual emission flux for isoprene is
1.6 times higher than it is for piperitone, despite piperitone having a standardised
emission flux almost triple that of isoprene. This highlights the importance of
determining the temperature and PPFD responses of individual BVOC emissions and
the significance of calculating emission fluxes at conditions relevant to the climate
the trees are subject to. Under the conditions of a warming climate, the emission of
piperitone is predicted to exceed that of isoprene, and over time could become the

dominant BVOC emitted from Sitka spruce in Ireland.

Due to the significant contribution of piperitone in the BVOC emission flux from Sitka
spruce and the lack of knowledge regarding its atmospheric oxidation, a series of
simulation chamber experiments were performed to determine piperitone kinetics,
oxidation products, oxidation mechanisms and SOA formation potential. The rate
coefficients for the reaction of piperitone with OH*, O3 and NOs3* were estimated
using SAR methods, with the rate coefficient for reaction with OH"® also determined
experimentally using the relative rate method. The rate coefficients were used to
calculate atmospheric lifetimes of 1.7 hours, 81.1 hours and 3.1 hours for the
reaction of piperitone with OH*®, O3 and NOs°®, respectively. Therefore, piperitone is
not expected to be long lived in the atmosphere making its oxidation products of

particular interest.

Using the ToF-CIMS thirty-three oxidation products were identified from the OH*
initiated oxidation of piperitone in a series of simulation chamber experiments, with
mechanisms proposed for seventeen of the products. The main reaction pathway
was found to be OH* addition to the C=C bond, with H-abstraction also contributing
to the reactivity. Some of the oxidation products were also found to be reactive, with
the reactions proceeding through several pathways including OH* addition to C=C
bonds, H-abstraction and photolysis. The OH® initiated oxidation of piperitone was
found to produce SOA, which is of particular interest considering the cooling effect

secondary organic aerosols have on the atmosphere.
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While it is important to determine the oxidation chemistry of piperitone, it is of more
atmospheric relevance to assess the oxidation chemistry of the whole BVOC Sitka
spruce emissions. Twenty-five gas-phase products composed primarily of monomers
and fragments, and ninety-nine particle-phase products consisting of mainly
oligomers, were identified from the OH® initiated oxidation of the whole Sitka spruce
BVOC emissions. Products were attributed to the oxidation of piperitone, myrcene
and isoprene across the gas-phase and particle-phase. Almost all particle-phase
products were classed as ELVOCS and ULVOCs, and likely contributed to particle
formation, which commenced within 10 minutes of reaction initiation. The rapid
oxidation and SOA formation from the oxidation of whole Sitka spruce emissions is
an important aspect that should be taken into consideration when planting Sitka
spruce trees. This research therefore highlights the need for policy makers to assess
the BVOC emission profile for a tree species, as well as the BVOC reactivity and SOA

formation potential prior to establishing plantations.
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6.2 Future Work

This study on the BVOCs emitted from Stika spruce and their oxidation has improved
knowledge regarding the impact Sitka spruce plantations may have on atmospheric
composition and climate. Several follow up studies could be performed to build on

this work. In relation to the characterisation of BVOC emissions:

e Thetrees in this study had visible resin deposits on the trunks, analysis of the
resin and analysis of the BVOCs emitted from the soil and fallen litter would
assist in assessing the contribution each makes to the overall BVOC flux.

e A study involving different aged trees would provide insight into changes in
BVOC emission profiles with age.

e Stress was found to significantly alter the BVOC emission profile from Sitka
spruce, therefore it is of particular interest to assess the impacts of stresses
relevant to the lIrish climate. As a result of climate change Ireland is
anticipated to experience higher storm prevalence in the winter months and
extended periods of heat in the summer months, therefore the impacts of
wounding from storm damage and drought from excessive heat should be
determined for Sitka spruce.

e This work was conducted in a laboratory environment, measurements
conducted in a Sitka spruce forest are necessary to determine the BVOC

profile of naturally growing Sitka spruce trees.

In relation to the atmospheric reactivity of piperitone:

e The experiments conducted with piperitone were performed under dry, NOy
free conditions. Repetition of the experiments under humid conditions and in
the presence of NOy, including characterisation of the particle-phase would
provide greater insight into the atmospheric chemistry of piperitone.

e Oxidation experiments could be performed with piperitone, isoprene and
myrcene at concentrations proportional to their relative emission fluxes from

Sitka spruce, to better reproduce ambient Sitka spruce BVOC oxidation.
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e Experimental determination of the rate coefficients and oxidation products
for the reaction of piperitone with Oz and NOs* would improve knowledge on
piperitone atmospheric reactivity.

e A UV absorption spectrum of piperitone would be useful in assessing the

potential contribution photolysis makes to the overall reactivity of piperitone.

In relation to the oxidation of the whole Sitka spruce emissions:

e Experiments on the whole Sitka spruce emissions could be performed using
O3 and NOs* as the oxidants to provide greater insight into the atmospheric
chemistry of whole Sitka spruce emissions.

e Oxidation experiments on less commonly observed BVOCs such as the other
oxygenated compounds emitted from Stika spruce, would assist in the
assignment of whole emission oxidation products to their precursor BVOCs.

e Whole emissions experiments including emissions from soils and fallen litter
could be conducted to provide a better understanding of the oxidation

products and SOA generated from Sitka spruce in real-world plantations.
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