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Abstract

Cloud droplets in the atmosphere have an orgamgooent which has been shown to form a
monolayer film at the air-water interface of theud droplet and the atmosphere. The process
by which a cloud droplet film will oxidise and tipersistence or loss of an oxidised organic film
from the air-liquid interface of a cloud dropletnst well quantified. To determine the surface
properties of a cloud droplet film during atmospbexidation a measurement of a kinetic
variable, the concentration of material comprisamgorganic film, during reaction with
atmospheric radicals was required. The coupling lbhngmuir trough with a neutron
reflectometer allows the measurement of the sudagerage of a monolayer in unison with
measurement of the monolayer surface pres3tmetechnique of coupling a Langmuir trough
with neutron reflectometry is used extensivelyriggearch into the properties of surfactants for
industrial and medicinal use. This thesis buildsrawork of King et al., (2009) and King et

al., (2010), whom produced the first neutron refléty measurements of atmospheric proxy
monolayers reacting with ozone. This is the fingtsis detailing the neutron reflectometry
measurement from an atmospheric perspective. Mela®unts were taken of representative fatty
acid molecules which have atmospheric relevaneaui(stacid, oleic acid and methyl oleate) as
well as measurements of phospholipid moleculeshvare potential parent species for the fatty
acids found in atmospheric waters (1,2-dipalmi@yglycero-3-phosphocholine). The
monolayers were reacted with aqueous phase OHataxd with gas-phase ozone to assess the

kinetics of the oxidation of the monolayers atdrewater interface.
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The Oxidation of Cloud Droplet Films
11 Outlineand Aims of the Thesis

The work in this thesis is concerned with underditagnthe chemistry which takes place at the
air-water interface of a droplet in the troposph@itee interface between an aqueous droplet and
the surrounding air has been shown to host a mgaio{ane molecule thick) film which

consists of surface active organic material (Teattahet al. 2002 2002, 2005; Peterson and
Tyler, 2002, 2003; Gilman et al. 2006; Petersoml.€2006). The monolayer film lowers the
surface tension of the droplet which under certaimditions of relative humidity facilitates the
uptake of water vapour allowing the droplet to gi@wenaldson and Vaida, 2006; Andreae and
Rosenfeld, 2008 ), such effects on the droplehatevell understood. The atmosphere is an
oxidising medium where cloud droplets are surrodrleair containing reactive gases such as
ozone, nitrogen dioxide, nitrogen pentoxide, hygteadical, and halogens (Finlayson- Pitts
and Pitts, 2000). An aqueous cloud droplet or atarticle also contains reactive species in
the condensed phase such as hydroxyl radical asrtedBertram et al. 2001; Rudich, 2003;
Elaison et al. 2004; Mochida et al. 2006). Sucletiea species from the gas phase and from the
condensed phase could oxidise the monolayer sutiogiman atmospheric droplet (Moise and
Rudich, 2001; Smoydzin and von Glasow, 2007; Aumeamh Tabazadeh, 2008; King et al.
2009, 2010). The aim of this thesis is to contrbtat the understanding of the processes by
which a cloud droplet thin film will chemically adise in the troposphere by creating proxy
cloud droplet films in the laboratory and studythg behaviour of the proxy film under
exposure to reactant species found in the tropesphtich of the data produced in this thesis
which is relevant to a cloud droplet is also retdua organic aerosol particles and to inorganic

particles with an aqueous phase which can alsepssm organic film.
The aims of this thesis are as follows:

1. To study the oxidation of organic monolayers axigofor cloud droplet organic films
at the air-water interface.

2. To measure the loss of the monolayer materialdahtime as the monolayer is exposed
to atmospherically relevant oxidising species.

3. To perform kinetic analysis of the experimentalittssin order to better understand the

mechanism of such reactions at the air-water iatexf

The purpose of this introductory chapter is to giMerief introduction and review of the current
literature on the formation of cloud droplets, ende for organic film formation and the

properties of such a droplet film, the potentialdation of cloud droplet films will be explained
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as well as the experimental techniques used irthkEs. The nucleation of a cloud droplet can
occur upon atmospheric aerosol particles; the $Hfesusses on cloud droplets formed on
aerosol particles. Cloud droplets and aerosolglestiare closely linked, in that an aerosol
particle can grow into a cloud droplet so both nhatpgies and their climatic effects are

addressed within the text.
The introduction is structured in the following erd

« A brief summary of the role of atmospheric aerdsallimate and cloud formation.
* The nucleation of cloud droplets on atmospheriosar
« The modification of cloud droplets by an organimfi

e The oxidation of cloud droplet films.

12 The Role of Atmospheric Aerosol in Climate and Cloud Formation

Atmospheric aerosol provides a site for cloud debplicleation in the atmosphere; such
aerosols are referred to as cloud condensatioein(@CN). Atmospheric aerosols are the non-
gaseous components of the atmosphere, liquid mr gaiticles suspended in the gaseous
atmosphere (Kommalapati and Valsaraj, 2009). Time serosol is used for the size profile of
107 to 10um, in contrast the size range of cloud droplefsoisi 10 to 16 um the upper limit

being the size of a rain droplet (Kommalapati aads¥raj, 2009).

The chemical composition of aerosol is initiallyt@enined by its origin, as the particle ages it
can become chemically altered (Pdschl, 2005). Camsoairces of atmospheric aerosol are
given in table 1.1, as adapted from the Intergavnemtal Panel on Climate Change (IPCC),
(2007) and Kommalapati and Valsaraj, (2009). Sasresol also forms in the atmosphere
from condensed low volatility products of gas-phelsemical reactions, as secondary organic
aerosol (Pandis et al. 1992). The chemical cortipaosif the aerosol determines its wettability;

a hydrophobic aerosol is less likely to becomebadicondensation nucleus.
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Tablel1l.1 Common Species of Atmospheric Aerosol
Aerosol Species Aerosol Source Rolein Climate Relating to
Cloud Formation
Sea salt Oceans: sea salt enters the  Primarily forms cloud

atmosphere through wave condensation nuclei as most
action creating sea spray and cloud formation occurs over
bubbles at the surface of the the oceans.
oceans which burst, Sea salt aerosol is the most
propelling organic material likely of the cloud
from the ocean which is condensation nuclei to have
concentrated at the air-water an organic film.
interface into the atmosphere.
Anthropogenic Aerosols  Global: combustion of fossil ~ Climatic effect varies with
fuels, biomass burning, waste chemistry. Predominantly
incineration, manufacturing, cooling by absorption and
mining, farming. scattering of solar radiation.

Carbonaceous Aerosols  Terrestrial global: organic and Climatic effect varies with
black carbon mainly emitted  chemistry. Predominantly
from biomass and fossil fuel  cooling by absorption and
combustion and the oxidation scattering of solar radiation.
of volatile organic compounds Black carbon is a poor CCN.

(VOCQ).

Sulphate and nitrate aerosols Global: particulates can form  Predominantly cooling by
as the product of chemical absorption and scattering of
reactions in the atmosphere solar radiation.

between gaseous species. Sulphate aerosol is an
effective CCN*.

Volcanic aerosols Mineral material and gaseous Climatic effect varies with
sulphur emitted during chemistry. Predominantly
volcanic eruptions and de-  cooling by absorption and

gassing forms aerosol. scattering of solar radiation.
Eolian dust particles Terrestrial global: windblown Climatic effect varies with
clays and silt particlés chemistry. Predominantly

cooling by absorption and
scattering of solar radiation.

Bio-aerosol Global: emitted from Climatic effect not yet
organisms quantified

* O’Dowd et al., (1999)F Johnson et al., (2004)
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The size and radius of common aerosol particlegiaen in figure 1.1, the cloud condensation
nuclei are predominantly coarse mode aerosol pestic

Figurel.l The Size and Number Distribution of Common AtmaspAerosol Particles
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Atmospheric aerosol size ranges and common coestgwas defined by Seinfeld and Pandis,
(1998), and Finlayson-Pitts and Pitts, (2000).

The size and composition of the aerosol has seuknadtic effects, these effects are split into
two broad categories of direct effects which amséhdetermined by the aerosol particles direct
interaction with radiation (McFiggans et al. 20B&ywood and Boucher, 2000), and indirect
effects which are those related to the effecthefaerosol on clouds and precipitation (IPCC,
2007).

Broadly summarized the aerosol indirect climatieets are due to the ability of aerosol to:

» Absorb and convert solar energy to thermal endrgyughout weather systems, a
warming climatic effect.

» Act as Cloud Condensation Nuclei (CCN) providingjta for the formation of cloud
droplets, a cooling climatic effect.
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The work in this thesis is concerned with the @fféevolving warm clouds and precipitation,
ice nuclei are beyond the scope of this work tlwreethe thesis concentrates on warm clouds

and not mixed phase or cold clouds which contaemiaclei.

The effects involving cloud droplets in warm clowats summarized here after Haywood and
Boucher (2000); Twomey (1974); Lohmann and Feic{2€05); IPCC (2007):

e Thecloud albedo or Twomey effect, known as the first aerosol indirect effect where
for a defined water content, introducing a greatenber of CCN type aerosol particles,
leads to a greater number of smaller cloud dropletfiere are more sites for droplet
nucleation. A greater number of smaller cloud detgpkcatter solar radiation differently
to larger droplets and reflect more solar radigttbos the albedo of the cloud is
increased by the smaller droplet size distribuibmomey, 1974; IPCC, 2007.)

* Thecloud lifetime effect, known as the secondary aerosol indirect effeere/the
smaller cloud droplets take longer to reach a cefit mass to precipitate and the
lifetime of the cloud in the atmosphere is incres@EBCC, 2007).

« Thesemi direct effect where energy adsorption by aerosols increasestiaé |
atmospheric temperature, reducing relative humi@diohnson et al. 2004), and could
lead to evaporation of cloud droplets and a redudti cloud cover (IPCC, 2007).
Atmospheric aerosol is dominated by non-absorbargpounds; the dominant energy
adsorbing components of the atmospheric aerosdilack carbon and Aeolian dust
(Johnson et al. 2004).

The indirect aerosol effects potentially influertice Earths albedo, hydrological cycle and
weather systems. In 2007 the IPCC rated the stieentiderstanding of the indirect effects
of atmospheric aerosol on climate as very low. piteeess of cloud droplet formation and
the chemical composition and structure of cloucblibare poorly understood due to the
difficulty in sampling an in situ cloud droplet Wiits structure and chemistry unaltered and

intact which is not possible with current field gaimg techniques.

Climate monitoring and weather forecasting rel)computer modelling of atmospheric
circulation and processes (McFiggans, 2005.). mé&iion on the detailed chemical
processes which can influence cloud formation &edcchemical lifetime of such species is
required for greater accuracy of the modelling ltss@fhe data provided within this thesis

may be of value to such climatic modelling.
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13 The Nucleation of Cloud Droplets on Atmaospheric Aerosol Particles

The process of cloud droplet nucleation when wa@our condenses on an atmospheric
aerosol particle becoming a warm cloud droplet @U@ CN) without the presence of ice, takes
place in the troposphere (Beard and Ochs, 1992Yetion of the atmosphere from sea level to
an altitude of approximately 20 km above sea I€vigllayson-Pitts and Pitts, 2000). The
chemical and physical composition of the troposeplirerwhich warm cloud droplet nucleation
takes place it is locally and seasonally variable moisture content of the troposphere is
controlled by evaporation from the oceans and lamder can be present in the troposphere as
ice, water droplets and water vapour simultaneoinsiie same air mass, the vapour phase is
always dominant even within a cloud, (Warneck, 3988 its quantity is measured by
radiosonde and lidar instrumentation (Mattis eRAD2) as the saturation vapour pressure or

relative humidity.

Figurel1.2 The Nucleation of Cloud Droplets on Aerosol
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As an air parcel rises adiabatic cooling occurs, the air expands and cools, as it cools the relative
humidity increases and the saturation vapour pressure is exceeded giving supersaturated conditions in
which droplet nucleation occurs at cloud base height, as water vapour condenses onto particulate
matter. The height of the cloud base is dependent on the temperature and pressure of the air and is

highly variable
Figure 1.2 was created using information from Sdthfnd Pandis (1998).
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The nucleation of a droplet on an aerosol partecependent on the composition of the
aerosol. When the humidity (the quantity of watapour) increases in a given parcel of air
water vapour condenses onto hydrophilic aeroseigies which grow. As the relative

humidity (the percentage saturation of the air wititer vapour) increases deliquescence of
water vapour onto particulate matter occurs (Ceotrdtmospheric Science, 2011).
Deliquescence is the process by which the aer@stitle absorbs water and dissolves forming
a droplet. At a relative humidity of 100% the airsiaturated and nucleation occurs, beyond this
the air is supersaturated and moisture readily @osels onto aerosol particles, the quantity of
water vapour that an air parcel contains is depetnole temperature, at lower temperatures the
air will reach supersaturation more rapidly. At grant of nucleation the droplets are in
equilibrium with the surrounding air, with a furthacrease in relative humidity the droplets
will grow as water vapour condenses from the ao the droplet. A point of critical
supersaturation (the saturation ratio minus osagached at which the droplet will continue to
grow until it reaches a critical size at whichancfall as rain. The average diameter of a cloud
droplet is 10 to 2@m, cloud droplets can range in size from sevenato 100um (Seinfeld

and Pandis, 1998). The effect of an interfacial olayer on the process of cloud droplet growth
is shown in figure 1.3, it can be seen that theotayer lowers the critical supersaturation
required for droplet growth, however oxidation ahanolayer which resulted in removal of the
film would increase the critical point of supersation to that modelled for a droplet without a
film (King et al. 2009).
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Figure1.3 The Growth of a Cloud Droplet Along a Curve of Sapturation of an Air
Parcel with Water Vapour versus Particle Radiugvaslelled by King et al.,

(2009)
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The data plotted in figure 1.3 was taken from Ken@l., (2009) who modelled the growth of a

cloud condensation nuclei into a cloud droplet vatid without the presence of an organic

monolayer.

The growth of the CCN into a cloud droplet of afisignt mass to rain out of the cloud is
dependent on many factors. A cloud droplet can gtben shrink and evaporate if atmospheric
conditions or the chemistry of the droplet changesurn the behaviour of the droplets

determines the longevity of the cloud which they acomponent of.

The process of droplet growth is described by Kittileory (Kéhler, 1936) which describes
two factors governing the droplet growth and cumabf a hygroscopically generated cloud
droplet, the solubility of the particle nuclei aitslsurface tension as it grows into a droplet
through uptake of water vapour. A modified formanfequation expressing Kéhler theory used
by Shulman et al., (1996) which incorporates tlieat$ of an organic compound on droplet

surface tension and solubility is given in equatich
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Equation 1.1 describes the equilibrium vapour pressf water (8 over a curved droplet
solution (of radius, r) in relation to the vapouegsure over a flat surface of watey) (&he
equation has two terms; the first relating to tfieat of the solution comprising the droplet on
surface tension, the Kelvin effect where the vagmassure is enhanced over a curved surface
(figure 1.4), and the latter describing the effefatlissolved species in the droplet solution in
reducing the vapour pressure, the Raoult effeall(®&m et al. 1996) . The Kelvin effect is
calculated from the solution surface tensie)) the molecular weight of water (M, the
Boltzmann constank], the temperature (T), the solution densifydnd the radius (r) and the
solution density®). The Raoult effect is calculated from two terffilse first Raoult term uses
the number of ions which the slightly soluble oligasompound in solution disassociates into
when it is dissolved @9, a modelled function of the solubility of the argc compound and
sulphate concentration which is dissolved in thapbit (Xss9, Which is a quantity that changes
with the droplet radius and takes into account tiatall of the organic material will be
dissolved, the molecular weight of the organic coomul (ms), and the mass of the sulphate
salt in the solution (MJ). The second term of the Raoult effect takes asmount the the sum of
the number of ions which sulphate dissolves in{grvthe mass of sulphate salts(if and the
molecular weight of the sulphate salt in the dro\&,,s) (Shulman et al. 1996).

Kohler theory is used in modelling the climaticesffs of cloud droplet composition by
calculating a curve which shows whether a dropiétava certain relative humidity, grow into

a rain droplet, to the right of the critical suptsation point in figure 1.3, or evaporate, to the
left of the critical supersaturation point in figut.3 depending on atmospheric conditions such
as the availability of water vapour and the airggenature as well as the droplet radius (figure

1.4) and chemistry, thus the theory can be usetbitelling cloud droplet and cloud lifetime.
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Figurel1.4 The Effect of Droplet Curvature on the Equilibrizvdapour Pressure, the
Kelvin Effect
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The circles represent water molecules at the iat&fof the droplet with the surrounding air.

14 The Physical and Chemical Composition of Cloud Droplets

The chemical composition of a cloud droplet isiaiiy governed by the composition of the
aerosol onto which water vapour condensed formidgpplet. Any water soluble component of
the aerosol will be present in solution and wiflience the aqueous chemistry of the cloud
droplet (Gourdeau, 2012). The insoluble componehtise core aerosol will remain as a solid
phase within the droplet which may subsequentlgtraa the particle chemically ages in the
atmosphere. Species from the gas phase surroutidirtyoplet can enter the aqueous droplet
or condense onto the surface of a cloud dropletigeed the Henry's Law equilibrium is
maintained (Gourdeau, 2012). The Henry’'s Law esgiom which determines the concentration
of a gas phase speciesg{bdiffusing into a cloud droplet is given by equatil.2 from

Schwartz (2003).

[Staqy] = Hsps = HsXsPatm €12

Hs is the Henry’s Law solubility for the gas phased@ps,y is the molar mixing ratio of the gas
phase species in apamis the atmospheric pressure gnds the partial pressure of substance S

outside the droplet.
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The pH and salinity of cloud droplets is varialaaypical cloud water pH value of ~ 4 to 6 is
used for modelling based on cloudwater sampled &waraft (Hegg and Hobbs, 1981), values
of pH ~ 2 have been measured from ground basedlisanab rainwater (Weathers et al. 1988)
as the droplets generally acidify as they ageeratimosphere. Droplet salinity varies depending
on the nuclei on which the droplet was formed dreddhemistry of the atmosphere where the
droplet is sampled, Weathers et al., (1988) medsa@ content of 2 to 225ieq litres in
cloudwater sampled in Puerto Rico, noting thathtigher concentrations were found in stormy
weather conditions where higher waves were gergiateeasing the flux of marine aerosol to
the atmosphere (Weathers et al. 1988). Typicabblisd species found in solution in

cloudwater include nitrates, magnesium, chloridg sodium salts, and sulfates (Weathers et al.
1988). King at al., (2009) showed that salinity dat influence the oxidation of a monolayer of
oleic acid at the air-water interface so the experits within this thesis were conducted on a

subphase of purewater representing the aqueousoc@mpof the cloud droplet.
15 Cloud Droplet Organic Films

In addition to dissolved aqueous organic and inaigspecies and solid particulate matter
within a cloud droplet, the presence of insolulidace active organic material has also been
confirmed (Descesari et al. 2003). Several modeiseoconfiguration of the organic content of
atmospheric droplets have been proposed. Theseswenmarised by Aumann and Tabazadeh
(2008) as follows:

1. The most simplistic model is of an external mixtwigere inorganic and organic
aerosol are separated.

2. Complete miscibility where the organic and inorigatomponents of a droplet are
totally mixed.

3. A colloidal system where the organic component foemall micelles within the
droplet.

4. An organic coat or film of surface active organiatarial which surrounds the aqueous
droplet, it is this model which the work in thisetis is based upon known as the core-

shell model.

In addition Reid et al., (2011) proposed a paitiaflated model where a surface active organic
component may exist as lenses at the surface afrtptet which are thicker than a monolayer
and not evenly distributed around the droplet. Thaisclusion is based on a scenario of a water
soluble organic compound mixed within the drophettiowers the surface tension of the
droplet so that film formation as a coating arotheldroplet is not thermodynamically

favoured, thus lens formation by insoluble orgarimpounds occurs.
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The formation of an organic coating on an aqueooplet (the core-shell model) upon which
this thesis focusses on, was demonstrated by WaisketLal., (2006) using small angle neutron
scattering (SANS) to measure the internal struadfiraulti component nanodroplets as a proxy
for aerosol. An n-butanol shell was observed tanfaround and §0/D,O core (Wyslouzil et

al. 2006). Monolayers of amphiphiles were spragtdhe surface of acoustically levitated
aqueous droplets by Tuckermann et al., (2007) shgwhiat phase changes in the monolayer
were evident as the droplet evaporated or increisgde as controlled by the relative humidity

in which the droplet was studied.

The spreading of an organic at the air-water iatarfis described by thermodynamic equilibria.
When considering a monolayer at the air-water fater of an atmospheric droplet the

following physical phenomena apply to the spreadihthe monolayer.

In order to minimize the surface free energy mdiesieave a droplet of an amphiphile at the

air-droplet interface and diffuse around the droffigure 1.5).

Figurel1.5 The Spreading of a Monolayer on an Atmospheric [2tdp Minimize the

Surface Free Energy

Monolayer formation reduces
the surface area and the
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For the surface to be considered wettable in diatehe monolayer to spread the contact angle,
0, between the droplet of an organic amphiphile thedaqueous droplet must be < 90° (figure
1.6) (Barnes and Gentle, 2005).
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Figure 1.6 The Organic Amphiphile-Aqueous Subphase ContadeAng
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Figure 1.6 is adapted from Barnes and Gentle (2005)

When the contact angle between the organic andgteous droplet is low enough the
spreading coefficien§, can be determined by equation 1.3.
S = Yas —Yos — Yao €13

151 Evidence for Coated Droplets

There is evidence for the presence of film coategldts in the atmosphere. Husar and Shu
(1975) published electron microscopy images oficental aerosol from Los Angeles which
had a shrivelled appearance at the surface. Hasa®lau (1975) interpreted the image as being
the remains of an organic layer around an aqueloasepwhich had volatized during the
imaging process (Husar and Shu, 1975; Aumann abdzBaleh, 2008). Aumann and
Tabazadeh, (2008) note that the particle imagedusar and Shu (1975) had been heated to
250°C so was not a true reflection of an in-sittoael particle. Scanning Electron Microscope
images of marine aerosol particles collected inaffid by Tervahattu et al., (2002howed an
actively reacting surface which bubbled when watas evaporated from the sample
(Tervahattu et al. 2062Aumann and Tabazadeh, 2008), the samples waredmolluted
airmass and had a high content of dicarboxylicsaitd fragmented aliphatic hydrocarbon

material, the bubbling surface was found to benobiyanic composition (Tervahattu et al.
2002).

The presence of fatty acids at the air-water iat&fof aerosols was confirmed by Tervahattu et

al., (2002) and Tervahattu et al., (2005) by the analysimafine aerosol samples and
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continental sulphate and nitrate aerosol samptes Finland with analysis of aerosol samples
collected on filters using time of flight second&y mass spectrometry (TOF-SIMS). Palmitic
acid was detected at the particle surface of thinmaerosol (Tervahattu et al. 2602
Continental aerosol collected following forest sishowed a dominance falkanoic acids

(C14 to Ggo) with the highest proportion of,g; alkenoic acids were also detected and attributed
to smoke from conifer tree combustion (Tervahattal.€2005). Tervahattu et al., (2005) note
that the continental aerosol samples containedelocigain species than the marine aerosol in

previous studies.

Russell et al., (2002) used soft X-ray spectronsicopy at atmospheric pressure to measure the
distribution of organic groups on dry particleslecled from impactors mounted on aircraft
which flew through a marine airmass in the Carilbb&aussel et al., (2002) mapped organic
coatings surrounding crystalline carbonaceous akpasticles noting that the particle surfaces
were enhanced in shorter chain carboxylic acidsnamiek oxygenated groups suggesting
oxidation had taken place. The interior of the edaiarticles contained ketones and inorganic
ions. The surface coating composition was a compilieure of surface active organic material

enriched in carboxylic carbonyl groups (R(C=0)ORussell et al. 2002).

This thesis concentrates of the behaviour of pmiganic molecules at the air-water interface,
those with a hydrophilic head group and a hydrofhpbrtion which gives the overall
behaviour of a surfactant which resides at thavaiter interface. Such surface active organic

compounds have been sampled in cloud waters, fogrsvand in aerosol samples.

Emissions of surface active organic material toatmeosphere which could be the origin of
cloud droplet monolayers occur from both natura anthropogenic sources. Plants emit a
range of organic compounds to the atmosphere imgud, to C,; n-alkanes, esters, alkenes,
aromatics, ketones, aldehydes, alcohols and tesg®vimer et al. 1992). The combustion of
biomass also releases such compounds (Simonef).ZD®e contribution of anthropogenic
activities to organic aerosol monolayers must hisaonsidered. Rogge et al., (1991) examined
the composition of aerosol from meat grilling whitdntained aromatic hydrocarbons, n
alkanes, n-alkanoic acids, n-alkenoic acids, andrtoxylic acids. Palmitic acid, stearic acid
and oleic acid were major components of meat gglierosol (Rogge at al. 1991) that could be
surface active in the atmosphere. CombustionsHilféuels also releases surface active organic
compounds such as stearic and oleic acid to thesginere (Rogge et al. 1993). Increasingly
traditional fuels are blended with biofuels whicwvk a high organic content including surface

active methyl esters (Knothe et al. 2006).
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A natural source of surface active organic matestieh as lipids to the atmosphere is the sea
surface microlayer (Simoneit et al. 2004). The oseaere identified as a likely source of
surface active, monolayer film forming organic metieto atmospheric droplets by Giddings
and Baker (1977). The sea surface microlayer gadicular significance as the majority of
warm cloud condensation nuclei originate in theineaatmosphere. The sea surface
microlayer is present at the air-water interfacéhefoceans and is of a variable thickness from
1 to 1000um (Donaldson and Vaida, 2006), it is composed gdi@l plankton, bacteria, and the
chemical products of these organisms and the bosakof detritus within the water column as
well as anthropogenic pollution. Hardy (1982) sugigd a structure of the sea surface
microlayer as a monomolecular lipid film of a thigss of 10 to 20 A with a sublayer of
proteins and other biological material beneathlith films are also found at the surface of
lakes (Sodergren, 1987). The lipid content of & surface microlayer includes phospholipids
and fatty acids (Marty et al. 1979). Marty et 1979) found that the organic content of marine
aerosol correlated with the composition of thes@éace microlayer. to G, fatty acids were
sampled in aerosol collected by Mochida et al.0@d®ver the North Pacific Ocean. Thg 0

Cyo saturated acids correlated with the concentraifaea salt and the authors suggest this is a
result of the particles originating from the ocasanface. A typical marine aerosol structure
consists of a basic saline core, containing smati&rble organic species dissolved as salts
(Gilman et al. 2004). The core can acidify duritm@spheric transport (Gilman et al. 2004) and
subsequently the dissolved organics would partitiotine air-droplet interface as protonated
acids (Gilman et al. 2004). Sea salt aerosolgestiwith an organic coating have been sampled
from a ship sailing to the North of Iceland by Relst al., (2010) which is considered to be a
clean arctic marine region, the authors suggedhihecoatings are carbohydrates and dissolved

organic carbon from seawater.

There is a lack of data on the fluxes of such ntey the atmosphere or identification of the
most significant sources for coated particles aswhil be geographically variable. For warm
cloud droplets the sea surface microlayer is likelpe the primary source of coated particles
due to the proximity of the marine aerosol to cléamination, and the high marine aerosol
content of warm cloud. In heavily polluted contiterareas and over large forests the sources
may be dominated by surface active material ofrdicental origin. Levoglucosan, a tracer for
biomass burning (Simoneit et al. 2002; Fu et a0 Mas been found in aerosol samples from
the Canadian High Arctic (Fu et al. 2009) at a gdéstance from any biomass burning source.
High Arctic Aerosols showed a fatty acid contenpofdominantly even carbon numbered fatty
acids, but also high quantities of & oxidation product of oleic acid (Fu et al. 200%u et al.,

(2009) attributed the organic content of aerospiad in the high arctic to six sources from
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plant emissions, marine microbial lipids, biomasming, fossil fuel combustion, soil re-

suspension and secondary oxidation products.

152 Proposed M odels of Coated Droplet Films

A model of an ‘inverted micelle’ was depicted byigin et al., (1999) after Gill et al., (1983) in
which an aqueous marine aerosol would be coatad insoluble monolayer of surface active
organic material (Ellison et al. 1999; Aumann ardbd@zadeh, 2008).

Aumann and Tabazadeh, (2008) proposed that drapfiéifsd emitted for example from meat
cooking, could coagulate onto an aqueous droplkkspread at the air-water interface. Droplets
emitted from the surface of the oceans by waveaaiuld have an organic film comprised of
surface active lipid material from the sea surfiadgrolayer, a concentrated layer of organic
detritus at the surface of the oceans, which haa beown by Marty et al., (1979) to be

reflected in the organic composition of marine aeteamples. As deliquescence occurs and the
aerosol is activated into a cloud droplet soméneflipid material would remain at the air-water
interface. Such a coated droplet was illustratea esre-shell morphology by Ellison et al.,
(1999) as depicted in figure 1.7.

Figure 1.7 The Core-Shell Morphology of a Cloud Droplet witManolayer at the Air-

Water Interface
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A monolayer system was studied rather than a fayér organic film as it was necessary to
begin with a simple system from which to charastethe kinetics of film oxidation. The
structure of the hydrophilic head groups of the atayer forming molecules which could
enable such a morphology at the air-water interfeee listed by Gill et al., (1983) and is
given in figure 1.8. An atmospheric monolayer wobkdcomposed of a mixture of many
different surface active compounds with differinigyalengths. The portion of saturated
organics are often sampled at higher levels thein timsaturated counterparts. This is due to
aging as the unsaturated compounds are brokerstgy fay oxidants in the atmosphere
(Zahardis and Petrucci, 2007).

Figure 1.8 The Functional Head Groups of the Surface Activem@anents of Cloud

Droplet Monolayers
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Monolayer formation occurs when the hydrophilicdvgaoup is polar or ionic or forms
hydrogen bonds with the water within the dropleill(&@ al. 1983). The hydrophobic part of the
molecule must be of a sufficient length (> 4 taaBbons) for the molecule to remain insoluble

and persist at the interface (Gill et al. 1983).

The behaviour of a reaction in the interfacial oegof a heterogeneous system such as a
monolayer differs from a reaction in the bulk ahd themical mechanism and kinetics of a
reaction vary from those taking place exclusivelyhie gas phase or the liquid phase (Vieceli et
al. 2004). The reasons for the differences in reachte and mechanism are attributed to the
orientation of the molecules exposing more or tesstive parts of a molecule to the reactant,

and the trapping of gas phase species in the gtauof the interface (Vieceli et al. 2004).
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153 Experimentson Atmospheric Films

Traditional Kohler theory does not adequately desahe hygroscopic behaviour of organic
CCN and atmospheric oxidation processes shouldoglgmnsidered when modelling the
behaviour of CCN (Sun and Ariya, 2006). An orgamiznolayer at the air-water interface of a
cloud droplet would be exposed to oxidation froma@dépheric gases and from radical species
dissolved in the aqueous phase of the cloud droplaerosol particle (Ellison et al. 1999). The
primary oxidant species which could react with@ud droplet organic film at the air-water
interface are OH, NO, NQCI, G;, and NQ (Vaida et al. 2000).

There are few experimental studies of the oxidadiomonolayers at the air-water interface
from an atmospheric perspective. A brief overvathe current state of knowledge based on
laboratory experiments on the oxidation organic atayer films in an atmospheric context will
be given in the respective thesis chapters whidaoo further discussion of the relevant
experiments together with relevant experimentshaktfilms such as those conducted on flow

tube apparatus.

Oxidation of atmospheric monolayer forming materiazhs been investigated by several
different laboratory methods. The degree of ox@afrom the gas phase and from beneath an
organic film at the air-water interface is poorbnstrained. Graedel and Weschler (1981) and
Gill et al., (1983) concluded that the organic mager would inhibit the uptake of oxidant
gases into the droplet so solution oxidation witthi@ droplet would be inhibited. The
monolayer could alternatively be a more solubleiomadhan the droplet into which gas-phase
species may accumulate (Donaldson and Vaida, 280&on et al., (1999) concluded that the
organic film would be reactive to atmospheric gasm®s radical species and thus the coating
would be processed and product formation would od€llison et al., (1999) hypothesised that
OH radical would react with the monolayer througlitmgen abstraction initiating an oxidising
chain reaction leading to the presence of an aféynctional groups a producing a

‘functionalised’ organic film.

Laser trapping of an oleic acid droplet using Rameaezers was used by King et al., (2004) to
probe the reaction products at the air-dropletfate of the oxidation of oleic acid initiated by
gas phase ozone. King et al., (2004) found thatagan initiated by gas phase ozone at the
surface of an oleic acid droplet yielded nonaneid and nonanal and that the droplet grew as a
result of oxidation as the relative humidity at efihdroplet growth could occur was lowered by

the particle becoming more hydrophilic.
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Voss et al., (2006) spread a monolayer of oleid &onsaturated) with palmitic acid (saturated)
with deuterated acyl chains on a petri dish witlagueous subphase then exposed the
monolayer to gas phase ozone and measured theedidtein the spectra before and after
ozonolysis using a surface specific, broad-bandwiglim frequency generation spectroscopy
technique which uses an infrared light beam ofalade frequency and a fixed frequency laser
beam. The two beams have different energies anbetmn frequencies are tuned to match the
vibrational order of the sample (Voss et al. 200@8)e sum energy of the reflected beam is
detected with a charge coupled device before aed iateraction with the sample at a defined
output angle giving a spectra of intensity versicddent infrared containing peaks which are
characteristic to the vibrational order of groupssgnt in the monolayer forming molecules.
Prior to ozonolysis the oleic acid replaced thenitét acid at the air-water interface as palmitic
acid is more soluble, after ozonolysis the palnatid signal returned showing that the oleic
acid had been lost from the interface as a re$@xjposure to gas phase ozone (Voss et al.
2006). The conclusion of this work was that it ¢anéd the theory of Tervahattu et al., (2002

, 2005) that a monolayer on an atmospheric drapdeid be oxidised by ozone and there could
still be an absence of oxidised species at thefade as the products can be volatile or soluble
(Voss et al. 2006) and that the least soluble spesithin the droplet would replace any more

soluble oxidation products at the air-water integf@v/oss et al. 2006).

The process by which photochemical oxidation byeagis OH radical forms soluble
dicarboxylic acids found in atmospheric waters giasulated by Tedetti et al., (2007) using
irradiation of aqueous solutions of fatty acidshalO; to generate aqueous OH radical. The
samples were derivatized and analysed with gaswdtagraphy and flame ionization detection
demonstrating that the photooxidation of fatty agdoduced the smaller soluble dicarboxylic
acids found in atmospheric waters (Tedetti et@D73. Oleic acid in solution was cleaved at the
double carbon-carbon bond followed by secondaryquxadation of the reaction products

producing low molecular weight dicarboxylic acid®(etti et al. 2007).

It is a challenge to gain a high resolution measrg of an organic monolayer at the air-water
interface of a droplet during oxidation. A flat-awater interface is commonly used as a simpler
system for studying monolayers where the Kelvie&fbf curvature does not affect the
experiment as evaporation from a droplet will attex packing of a monolayer which is difficult
to constrain or characterize. The Langmuir trougbhallow PTFE bath with PTFE barriers
which run along the surface of the bath, allowsgheking of a monolayer on an aqueous
substrate to be controlled whilst providing a hydrabic surface on which a monolayer can be
studied with little interference from the contaimmhapparatus; it is also relatively inexpensive

in comparison to other techniques.
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Figure1.9 Image of a Langmuir Trough with a Wilhelmy PlatdeBae

When an amphiphile is dissolved in a volatile sptv&ich as chloroform, then is spread onto
the surface of a polar liquid such as water, theesb evaporates leaving the amphiphile
molecules orientated with their heads bonded imontater and their hydrophobic chains

orientated into the air.

The Langmuir trough enables the monitoring of stefaressure, the change in surface tension
due to molecular interactions at the air-waterrfatee using a Wilhelmy plate balance. This
consists of a plate suspended from a balance witiem force is exerted on it turns a wire; the
turn in the wire creates a current which is meakurk liquid surface exerts a mechanical force
on a solid with which it is in contact (Spracklirik)85), the surface pressure sensor fitted to the
Langmuir trough measures this force by the subnmeyef a chromatography paper plate, the
Wilhelmy plate, which is attached to a balanceuf&ent is applied to an electromagnet to keep
the filter paper level. The change in current issuged as the plate moves due to the force of
surface tension at the air-water interface. Buoyauts in an upwards direction on the plate
and gravity and surface tension act in a downwdn@gtion normal to the interface. The
surface pressure measurement is a product of de peérimeter. The plate perimeter is
calculated according to equation 1.4, the geonwdttlge Wilhelmy plate is shown in figure

1.10.

2
p= (Wplatetplate) € 1.4)
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The surface pressurH) is calculated from equation 1.5 wheres the plate perimeter ank is
the change in the surface tension force pullingherplate.

I =Ayp E 1.5

Figure1.10  The Wilhelmy Plate at the Air-Water Interface Simgvthe Perimeter and

Contact Angles used to Calculate the Surface Pressfua Monolayer

contact angle, ©

plate length
(lplate)

plate width

plate
(Wplate)

thickness
(tplate)

immersed depth (h)

The figure is adapted from the manufacturer, KSMAIs website (KSV NIMA 2010) and the
NIMA Langmuir Trough Manual

The net downwards force on the Wilhelmy plate isdated according to equation 1.6 (KSV
NIMA, 2011), whereppae, is the density of the platg,is the gravitational constant (6.673 X 10

"' m® kgt s?), piquia is the density of the subphase (for water 1000rkg)/andh is the
immersed depth of the plate.

F= pplateglplatewplatetplate + Zy(tplatewplate)(cose) - pliquidgtplatewplateh

€ 1.6)
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Surface pressurél], is the difference between the surface tensianaéan liquid surface and
the surface tension of a liquid surface with aatefactive compound present. Surface pressure
varies with the surface area per molecule. Theuttion for the surface pressure of a

monolayer on an aqueous subphase is shown in eguaf.

II = Ywater — Yfitm €1.7)

An insoluble compound at the air-liquid interfac#l veduce the surface tension, thus increase
the surface pressure. The higher the concentréi@a per molecule), of the amphiphile, the
greater the surface pressure. Insoluble monolayers used to simplify the system for kinetic
analysis of the oxidation process. Stearic acidaeid acid form an insoluble monolayer and

have been used as a standard model system foirgguatynospheric organic film chemistry.

The use of the Langmuir Trough to study the surfaessure exerted by a monolayer of
organic acid at the air-water interface from ancgpheric perspective is an established
technique, some examples are given here. Gilmah, €2006) studied the longevity of mixed
fatty acid and hydrocarbon monolayers formed ardiam a Langmuir trough then sampled on
a glass slide and characterized using NMR (nuctegynetic resonance) showing that a long
chain hydrocarbon such as nonacosangHg) when mixed with teracosanoic acid
(CH3(CH,),.,COOH) had a similar interfacial lifetime to a fattgid at the air-water interface in
ambient air. Eliason et al., (2003) also usedregbauir trough housed in a thin film chamber to
collect and analyse the products of ozonolysis-oft2noic acid and 10-undecenoic acid which
were oxidised, hydrophilic shorter chain carboxgaids. The competition between a surface
active flourotelomer alcohol and stearic acid waslied as a proxy for an atmospheric droplet
film on a Langmuir trough by Rontu and Vaida, (2p8owing that the alcohol had a greater

longevity at the air-water interface when mixedhnatfatty acid.

Voss et al., (2007) studied the aging of an oleid emonolayer on a Langmuir trough housed in
a reaction chamber in which the monolayer was esghts gas phase ozone and the change in
surface pressure over time was measured as thelagenwvas oxidised. The same technique
employed by Voss et al., (2007) is used in thisitheéhe monitoring of the surface properties of
the monolayer over time have been referred toastasurement of a kinetic decay within my
work to distinguish from compressional data refeéteas an isotherm. Voss et al., (2007)
found that the surface pressure of a monolayeteit acid at the air-water interface decayed to
a value of zero m Nrhover a time period of ~ 24 minutes when the moyexlavas lost from

the interface. For the work in this thesis the miaper was compressed by closure of the
barriers taking the monolayer into the liquid phakthe pressure-area isotherm as this is the

most realistic configuration for a cloud dropletmotayer. When the monolayer reached the
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required surface pressure, the Langmuir troughdyarwere held in a fixed position and the
surface pressure and area per molecule were meditver time during a reaction with an

atmospheric radical species.

King et al., (2009, 2010) were the first to obsethwe oxidation an atmospheric proxy
monolayer film on a Langmuir Trough with neutrofigetion showing a cleavage of the double
bond in the tail of a monolayer comprised of thei®bcid molecule exposed to ozone (King et
al. 2009) followed by the formation of surface aetproduct molecules, and to N@Xing et al.
2010), which did not react with oleic acid otheathsomerising the double bond from the
configuration tarans King et al., (2009, 2010), Thompson et al., (90d@d Voss et al., (2007)

are the only studies of atmospheric monolayer dxidao be performed in real time.

154 The Climatic Effect of Cloud Droplet Film Oxidation

The presence of an organic film at the air-wateeriace of a cloud droplet would increase the
droplet lifetime by reducing the evaporation of &&tom the droplet (Gill et al. 1983). By
lowering the surface tension of the droplet, theildarium size to which the droplet may grow
is altered by the presence of a monolayer at theatier interface (Seidl, 2000). The uptake of
gaseous species to the droplet may also be intifiitecesari et al. 2003; Vicceli et al. 2004)
thus the droplet chemistry will vary from an unaahtiroplet. Oxidation which degrades the
film would increase the surface tension taking/éhkie closer to that of a pure aqueous droplet

(King et al. 2009). The implications of the oxidatiof the organic film are that:

e The monolayer area per molecule will be increaseahaterial is lost from the air-water
interface.

« Oxidation of a monolayer and loss of coverage edih-water interface of an
atmospheric aerosol particle would increase thdibgqum vapour pressure according
to the Kelvin equation, requiring a higher supensaton for droplet nucleation.

* The monolayer could be replaced by the least selofganic component of the
organics within the droplet phase as demonstratédoss et al., (2006).

« Oxygenated product species generated at the airivdérface by the reaction of
insoluble organic monolayers could be better ablgptake water than the original
monolayer (Cruz and Pandis, 1998; Elaison et &4p0A loss of the monolayer due to
oxidation could lead to rapid evaporation of a dgap

* King et al., (2009) showed that in terms of Kohtewdelling, the growth curve of a

CCN into a cloud droplet was more effected by thtiibution of soluble reaction
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products to the Raoult term than by the changeiifase tension as a result of
monolayer oxidation (the Kelvin term) (King et 2009), thus the reaction products
regardless of their propensity for the interfack aso have an effect on the growth of
a CCN.

* The presence of a monolayer delays the adsorptiaater vapour reducing the
number of new cloud droplets in an air-mass ofveryisaturation (Feingold and
Chuang, 2002; Decesari et al. 2003). Oxidatiormefrhonolayer would increase the
adsorption of water vapour and thus increase thebeu of new cloud droplets which

could lead to enhancement of the Twomey effect.

The effect of the oxidation of a droplet monolagarthe chemistry at the air-water interface is
poorly constrained, this thesis is an attempt ftdlan the work of King et al., (2009, 2010) by
using the technique of neutron reflectometry tdoprthe effect of atmospheric oxidant species
on the amount of labelled organic material residihthe air-water interface. Kinetic analysis of
the persistence of surface active material atrtterface will provide data on how long the
reaction of an insoluble organic monolayer witlpadific oxidant will take, when compared
with the lifetime of an atmospheric droplet it d@seen which processes occur on a timescale

that would affect the droplets’ hygroscopicity.
16 Using the Neutron Reflectometry Technique to Study Atmospheric M onolayers

Following the studies of King et al., (20@910) and Thompson et al., (2010) the work in this
thesis utilizes the same neutron reflectometryrtepgle to collect surface coverage
measurements of an organic monolayer at the aeniatierface over time during an oxidation
reaction, coupled with surface pressure measuremérith were obtained simultaneously. The
measurement technique, methods of neutron geneatic the geometry of the reflectometer

instruments are given in the relevant experimesttapters.

The use of neutrons is complex and expensive whempared to other techniques in
atmospheric science however several unique pregesfithe neutron facilitate measurements

on a molecular level which can only be achievedhhis technique.

¢ Unlike light neutrons only interact with the nuctenf an atom and not the electron
cloud (Squires, 1978). The neutron does not redhtthve sample being investigated, in
this case the monolayer as the neutron is eleca@byineutral (Squires, 1978) allowing

kinetic measurements to be taken without chandieghemical outcome of a reaction.
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» The wavelength of a thermal neutron is of the oodé.1 to 30 Angstrom (Eastoe,
2003). This wavelength is similar to the lengthhad spacing between atoms within a
molecule (Squires, 1978).

« Each atom has a scattering length for neutrons s€attering lengthbj for hydrogen is
-3.74 fm and for deuterium is 6.68 fm, vastly diéfet, allowing the manipulation of
scattering to determine structural informationtesdontrast affects the time of flight of

a neutron through a sample (Penfold and Thoma€))199

In neutron reflectometry a beam of neutrons isatiéi@ at the sample. Neutrons within the beam
will penetrate the atomic nuclei in the sample Wwhscatter the incident neutrons. The scattering
length of an organic molecule can be drasticalgngfed by substituting deuterium for
hydrogen. In the work in this thesis the experimet designed so that the scattering of the
neutrons is from the monolayer at the air-wategrfiace within the Langmuir Trough giving a
measurement from which the average amount of detettmaterial at the air-water interface
over reaction time (the surface coverdgegan be constrained, providing a measurement

suitable for kinetic analysis.

Isotopic substitution is used in this work to emstivat the scattering of neutrons takes place
predominantly from the monolayer, by creating aphaise beneath the monolayer which
scatters neutrons to the same degree as air. Ds@tation of hydrogen atoms with deuterium
atoms within a molecule as a label will increaseréflectivity from specific part of a molecule
which can give structural information about a mayel and its changing composition during a

reaction, this technique was also used.

The measurement of the monolayer surface covergge gn advantage over measurement of
the surface pressure alone as the surface coverageeasurement of the amount of material
present at the interface whereas the surface peessmerely a product of the interaction
between the molecules comprising the monolayer.easure of quantity with time allows a
kinetic analysis of the reaction of an atmosphexidant with a monolayer at the air-water
interface which yields rate constants which canded to model the effect of oxidation by a

specific species on the lifetime of a cloud dropleaqueous aerosol particle.

By placing the Langmuir trough in a controlled eowiment provided by an aluminium reaction
chamber, the concentration of an oxidant gas irathabove the Langmuir trough can be
controlled to probe the kinetics of any oxidisimgctions. The reaction chamber was
constructed from aluminium as aluminium does navate and has a minimal effect on
neutron scattering. Two reaction chambers were fgatie majority of this work, each custom

made to fit the neutron instruments sample aredswélhbe illustrated in the relevant
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experimental chapters. A third reaction chamber ezastructed in the laboratory at Royal

Holloway University for running experiments in pegation for neutron measurements.

The thesis chapters are devoted to neutron expetsnegploring the oxidation of monolayer
organic films by different reactive species. Denschanisms describing the reaction occurring
at the air-water interface were fitted to the newtreflectivity data in the format of surface
coverage over time to obtain rate constants foreéhetion of OH generated in the aqueous

phase and gas phasewath various monolayers.
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Hydroxyl Radical Oxidation of Stearic Acid Monolayers
2.0 Abstract

A monolayer of stearic acid, a naturally occurringpluble organic amphiphileas oxidised
with aqueous-phase hydroxyl radicals, generatetthddyphotolysis of hydrogen peroxide. The
rate of film oxidation at the air-water interfacasvmonitored with neutron reflection on a
Langmuir trough. The monolayer of deuterated stesgid (GsD3sO,H) serves as a proxy for
the organic film at the air-droplet interface aflaud droplet. The surface pressure of the
monolayer was measured with a Wilhelmy plate aedstirface coverage of the deuterated
material was measured with neutron reflection. Jin¢ace pressure and surface coverage
declined with photolysis time. The kinetic decaylt# surface coverage may be fitted to a
degradation mechanism (species: stearic-acjgroduct A— product B) with two surface-
active products from the reaction between steaitt @nd hydroxyl radical. We have shown
that organic films at an air-water interface maijiatly resist aqueous-phase oxidation by
hydroxyl radical; however continued oxidation vaimpletely remove the film. The chemical
lifetime of stearic acid and its product film frahre reaction with aqueous hydroxyl radical
exceeds 500 days and thus the chemical oxidatisteafic acid in aerosol and on cloud

droplets in the atmosphere is unlikely.
21 Introduction

Atmospheric aerosol particles in the troposphete@scloud condensation nuclei. The
oxidation of atmospheric aerosols influences clerthtough cloud formation and precipitation
effects, (Lohmann and Feichter, 2005; IPCC, 208@jne cloud condensation nuclei have been
shown to possess an organic film (Blanchard., 1&gt al. 1983; Tervahattu et al. 20662
2005). As a cloud droplet ages in the atmosphexélibe subject to oxidation by radical

species from outside and within the droplet phase.

To investigate the process of the reaction of anluble organic layer at the air-water interface
oxidised by a radical species from within a clowopdet, agueous phase hydroxyl radical (OH)
was reacted with a monolayer of stearic acid foraigtie surface of a Langmuir trough. By
monitoring the surface pressure of the monolayesroaqueous subphase, it was demonstrated
that a reaction may be taking place. To study thetics and atmospheric relevance of this
reaction the surface coverage of molecules atith@ader interface was measured using

neutron reflection.

The experiment described here assesses the behaf/i monolayer of stearic acid at the air-

water interface as it reacts with OH.
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2.2 Aims

1. To monitor the properties of surface pressutksamface coverage of a monolayer of
stearic acid at the air-water interface in reaktias the monolayer was oxidised with

aqueous phase OH.

2. Kinetic analysis of the surface coverage of aoteyer of stearic acid over time to

determine a rate constant for the reaction of steaid with aqueous phase OH.
3. To elucidate the mechanism for stearic acid raifvom the air-water interface.

4. Calculation of the chemical lifetime of a steacid monolayer on a typical cloud
droplet in the atmosphere in order to show the nt@mee of the oxidation reaction of a
monolayer of an insoluble amphiphile with agueockiase hydroxyl radical in the

atmosphere.

2.3 Background

The chemical oxidation of cloud droplet films hag heen widely studied. The presence of a
cloud droplet film will increase the surface pressfll), thus decreasing the surface tension at
the air-water interface. Oxidation of the organidactants in a cloud droplet film may have an
effect on the surface pressure of the monolayeitarsiirface coverag&’) at the air-water
interface. Alteration of the surface propertieadilm as it ages chemically in the atmosphere
will alter the critical supersaturation value aating to the Kohler theory of cloud droplet

formation and growth as explained in chapter 1.

The number and growth of cloud condensation n€l€N) into cloud droplets has climatic
implications. A chemical reaction at the air-wadteerface of atmospheric aerosol could
activate a cloud condensation nuclei allowing hggramic growth (the uptake of water), into
a cloud droplet. A larger number of smaller cloudpdets in a defined parcel of air with a
constant volume of water would scatter more ragiiathus increasing the albedo of the cloud
(Twomey, 1974). It should be noted that in reatfity quantity of water vapour is not constant

during cloud formation.
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231 Stearic Acid and Cloud Droplet Films

Stearic acid is a saturated insoluble fatty a&iiH;(CH,);sCOOH) with a straight chain of an
even carbon number 18 which is present in the wdace microlayer, a layer of organic
material found at the surface of oceans formed fiipit membrane disintegration (Marty et al.
1979; Tervahattu et al. 200%.

Figure2.1 The Structure of Stearic Acid.

\/\/\A/\/\/\/\/\’//O

OH

The stearic acid molecule has a carboxylic acidchgeoup with a saturated aliphatic
hydrocarbon chain. The functional group is the (€0) carboxylic acid head which is
hydrophilic. At the air-water interface the headgp bonds to the hydrogen in the subphase

and the chain is orientated into the air.

The amphiphilic structure of fatty acid moleculesams that given a sufficient chain length the
molecules will form a monolayer at the air-watdenface. Stearic acid has a hydrophobic
hydrocarbon chain length of 18 carbon atoms arehtates at surface pressures above ~1
mNm* with the hydrocarbon chain directed into the diilst the carboxylic head group sits in
the aqueous subphase of the droplet. Stearic aoidtles an example of a saturated fatty acid
which forms an insoluble monolayer at the air-watégrface with which to explore the effect
of OH oxidation as an example of an aqueous plesseion that could produce secondary

oxidation products.

In urban areas the majority of organics are prinianyature and hydrophobic (Saxena et al.
1995;Finlayson-Pitts and Pitts. 2000). Bi et al., (20@2mpled aerosol in the city of
Guangzhou, South China detecting over 140 orgamigpounds many of which were secondary
oxidation products, short chain dicarboxylic adiisned by the photo-oxidation of larger
organic compounds. Photo-oxidation is an imponotess by which atmospheric aerosol is

aged during transport.

The enriched layer of biological debris at the oca@-water interface, the sea-surface
microlayer, contributes organics to the atmospltiemeare surface active, (Gill et al. 1983;
Ellison et al. 1999; Donaldson and Vaida, 2006 &hnual flux of marine aerosol to the
atmosphere is approximately 3,300 Tg / yr (Penhal,001) based on the dry diameter of sea
salt aerosol thus the amount of aerosol transmiitieldding wet organics would be higher than

this figure . Stearic acid is a component of theesgrface microlayer and its presence as a
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constituent of marine aerosol (Tervahattu et 80220 indicates that stearic acid is transported
into the atmosphere on aerosol which potentialtyaaaloud condensation nuclei. Stearic acid

is also found in surface slicks on freshwater |glsyers and Kawka, 1982; Stdergren, 1987).

Rogge et al., (1991) estimated that meat cookingsams accounted for up to 21% of the
primary organic carbon particles in the area of Aogeles and that stearic acid was emitted
from grilling and frying of meat at a rate of 5&& day" or 70.6 kg day depending on the
blends of processed meat being cooked. In the studg data from aerosol samples collected
in 1982 was analysed and an ambient concentratistearic acid of 106.2 ngfrwas

calculated for Western Los Angeles (Rogge et @1)9An increasing source of stearic acid in

the troposphere is the combustion of biofuels (Katal. 2009).

Stearic acid provides a good proxy for an insolds@ganic layer at the air-water interface as it
is found in aerosol samples so is a genuine catedfdaa cloud droplet film forming

compound.
2.3.2  Oxidation of Cloud Droplet Films

The atmosphere is an oxidising environment (FirdayRitts and Pitts, 2000), where sunlight
provides energy for reactions and radical chemistoyides the catalyst for oxidation of
particulate, aqueous and gas-phase compounds.rfaeiofilm at the air-water interface of a
cloud droplet is exposed to oxidants dissolvedidh generated within the droplet (e.g. Bertram
et al. 2001; King et al. 2004; Tedetti et al. 200@ss et al. 2007; Aumann and Tabazadeh,
2008), such as hydroxyl radical.

An organic film on a cloud droplet may react by pnecess of:

1. Gas-phase collisions of oxidant molecules withgheace of a cloud condensation
nuclei or droplet.

2. Gas-phase oxidants that have dissolved into thaetrbquid phase and reacted with
the film.

3. Oxidants generated in the droplet liquid phase wheact with the film at the surface
of the droplet.

Thus the film may be expected to oxidise. Theilfietof an oxidation reaction would need to
be shorter than the lifetime of the cloud droptebé a significant process to consider in climate
modelling. The lifetime of a cloud droplet is caited by many factors, such as fog formation,
precipitation, entrainment of warm or dry air i@ cloud which causes evaporation, and rates

of mixing and uplift within a cloud. Measurementtbé specific age of a cloud droplet in situ is
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not possible, estimations are made based on maglelfithe period of time an air parcel has
spent in a cloud together with satellite imagethefhorizontal extent of the cloud and wind
speed measurements (Colvile et al. 1997). Colvitd.e(1997) estimated an average cloud
droplet age for orographic cloud at Great Dun Réi{,during April and May 1993 of 1 to 30

minutes.

The lifetime of a cloud droplet within a cloud cdude altered by the presence of a surfactant
monolayer as this would decrease the dropletsténsion which would allow the droplet to
uptake more water vapour and grow, however if suofonolayer was oxidised away then the
droplets surface tension would be increased andrtby@et would be more likely to evaporate.
The effect of a surfactant film on cloud dropledwth is small and brief. Once a cloud droplet
starts to grow the surface tension is not importamivever the activation of cloud droplet
nuclei is a component of climate modelling so itigadion of the chemistry of atmospheric
monolayer films will provide data for atmospheriodelling. Within this chapter | investigate
the oxidation of a saturated fatty acid monolajler by generating oxidants in the droplet
liquid phase which may react with a film at the\aater interface by generating liquid phase

OH beneath a stearic acid monolayer.

The experiments described in this chapter aims$esssthe behaviour of a monolayer of stearic
acid at the air-water interface as it reacts wittirbxyl radical. The following schemes show

the two ways in which OH can react with an orgafili;y forming molecule.

Figure2.2 The Addition of OH to a Double Bond and the Abgtoacof Hydrogen by OH

from a Single Hydrocarbon Bond

1. OH can add to double bonds
OH
o+ )= — X

2. OH can abstract a hydrogen
H

OH/\\/H){/—> H,O + ).\/

In the case of an unsaturated molecule such asad@ hydroxyl radical (OH) can complete
process 1 and 2. In stearic acid hydrogen abgiract the hydrogen from the GHroups by
OH as in process 2 / figure 2.2 is predicted td lmaa series of shorter chain products. OH

radical is oxidising in the presence of oxygen,rédmical participates in the first step in a ratlica

73



Hydroxyl Radical Oxidation of Stearic Acid MonolayeI Chapter
2

chain reaction the overall process of which is akwh. The oxidation reaction results in the

following general reaction (R 2.1).

C1gD350,H + OH — products (R2.12)

2.3.3 Hydroxyl Radical Formation in the Cloud Droplets

The OH radical in cloud water is generated by s#\different processes. Gas phase OH radical
can partition into the droplet phase or aqueousel¥ can be generated by photolysis within
the aqueous phase of a cloud droplet where inrésepce of oxygen it acts as an oxidant.
Photolysis of hydrogen peroxide is a prominent sewf hydroxyl radical in atmospheric

waters, (Zou and Hoigné, 1992, 1993; Faust et®I31Anastasio et al. 1994; Arakaki and
Faust, 1998; Yu and Barker, 2003).

OH radical in the aqueous phase of a cloud drapgletbe formed by the following mechanisms:

Hydrogen peroxide photolysis and the Haber-Weistecy
Uptake into the cloud droplet of gas phase OH &ddic
Nitrate (NQ) photolysis.

Photo-Fenton cycle.

o~ w0 NP

Photosensitization of natural organic molecules.

These mechanisms are pictured schematically imefigLB.
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Figure2.3 Gas-Phase and Liquid-Phase Cycling of OH in theo5tphere

HNO3 (ag) "<

y.

HNO3 (g)

diffusion

- NOB hv
NO3 \12.8)
hv NO, + O
(R2.9) hy
\ (R2.11)
- HZO -
NO, + O i NO + O
H,0
\ l (R2.10)
Fe(lll)
OH <
DOM [hv /\ (aq) = diffusion OH(g)
(R2.13) HOOH
(R 2.14)
Fe(ll
( ) (ng\.IZ) O,

diffusion

H202 (g)
Figure 2.3 was adapted from Arakaki and Faust (3998
1. Hydrogen Peroxide Photolysis and the Haber-Weiss Cycle
Hydrogen peroxide photolysis occurs within the dalnoplet by the following reaction:
Hy0; (aq) + hv = 20H 4 (R2.2)

Hydrogen peroxide is scavenged from the atmosgheoboud droplets, after being formed in
the gas phase from combination of hydroperoxylaaldi(HQ), as shown in reaction 2.3
(Warneck, 1988). bD; is very soluble with a Henry’s Law coefficient@000 M atrit at
298.15 K based on data from Lind and Kok, (198®4)%s calculated by NIST (2012). The
hydrogen peroxide then undergoes photolysis byightrproducing two hydroxyl radicals
within the aqueous phase (R 2.2).

The Haber-Weiss cycle (R 2.3 to 2.5) also prod@dgadical in the aqueous phase. Secondary

radical chemistry in solution effects the conceidraof OH radical formed.

HOZ(g)+H02(g)—>H202(g)+02(g) (R2.3)
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Hzoz(aq) + OH(aq) - HZO(aq) + 02_ + H(aq) (R 24)

(aq)

HZOZ(aq) + 02_-(aq) - OZ(aq) + OH_(aq) + OH(aq) (R 25)

The third reaction in the Haber-Weiss cycle produoél radicals (R 2.5). In the agueous phase
under experimental conditions there will be a highcentration of kD, and reaction 2.5

should proceed. Later | demonstrate with bulk kinetodelling the relative concentrations of
H,O0,, HO,, OH and G.

2. Uptakeintothe Cloud Droplet of Gas Phase OH Radical

The primary source of gas-phase hydroxyl radictiiésphotolysis of ozone into excited atomic
oxygen (R 2.6), (Bahm and Khalil, 2004) which tieacts with water vapour to produce OH
radicals in the gas phase (R 2.7). The gas phaseadenl can then diffuse into the droplet

agueous phase.
hv
03(g) - OZ(Q) + 0(1D)(g) (R 26)

3. Nitrate (NOg3) Photolysis

The nitratgohotochemical cycle generates droplet phase Oldabfiiom nitrate photolysis.
Nitric acid (HNG;) is scavenged from the atmosphere and nitrate {N&photolysed releasing

an oxygen radical anion. The oxygen radical angacts with HO to produce OH radical.

NO3~ +hv > NO,~ +0 (R 2.8)
NO;™ + hv — N0, + 0~ (R 2.9)
0~ + H,0 > OH - +0H" (R 2.10)

Nitrogen dioxide (NQ) photolysis produces nitric oxide (NO) and exciteggen. The excited
oxygen then reacts with water producing OH radiRa2.11 and 2.12). Photolysis of nitrite
anion (NQ) produces nitric oxide (NO) and oxygen radicabaniThe excited oxygen radical

anion reacts with water producing OH radical.
NO,” + hv > NO + 0~ (R2.11)
0~ +H,0—-0H+O0H™ (R2.12)
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4. ThePhoto-Fenton Cycle

The photo-Fenton cycle of hydroxyl radical formatia solution catalysed by iron consists of
two reactions progressing in unison and can ocahiwa cloud droplet. Iron is present in
atmospheric particles such as fly ash and in clagrgn desert dust aerosols (Faust and Hoigné,
1990) which can act as cloud condensation nuctes.ifon present within the nuclei dissolves
into the nucleated droplet. Rainwater samples freeds, UK analysed by Clark and

Radojevic, (1987) had a mean iron concentratidh joM, synthetic rainwater samples analysed
by Weinstein-Lloyd and Schwartz, (1991) containg€d2o 0.3 M. The presence of iron leads

to OH production via the Fenton mechanism.

The photo-Fenton reactions generate aqueous phésadizal in two ways. Ferric oxide
(Fe(l1)) complexes with an organic molecule actasya direct aqueous phase OH radical
source. OH radicals are also formed indirectlyh®y e-oxidation of iron oxide (Fe(ll)) to
Fe(lll) in the presence of hydrogen peroxide (HOQ(Raust and Hoigné, 1990; Arakaki and
Faust, 1998).

Figure2.4 The Photo-Fenton Cycle

H,O, OH
Fe(ll) Fe(lll)
Ligand / DOM Fe (Ill) Ligand / DOM
hy complex

The chemistry in figure 2.4 is adapted from thaailed in Zepp, Faust and Hoigné (1992).

DOM denotes dissolved organic matter within theudldroplet.

Arakaki and Faust (1998) proposed that OH was géeethrough photolysis in cloudwater
samples from Whiteface Mountain, New York and idexd two photo-Fenton reaction sources
of OH dependent on the agueous HOOH concentratidnralependent of HOOH.
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concentration. The HOOH dependent sources (R #v&d) dominant. In acidic cloudwaters
Fe(lll) is photo chemically reduced to Fe(ll) inmates (R 2.13) (Arakaki and Faust, 1998).

h
Fe(III) + DOM = Fe(II) (R 2.13)
HOOH + Fe(ll) = Fe(Ill) + OH - +OH" (R 2.14)

The iron species involved in the Fenton reactioitsiwa cloud droplet are Fe(Of)and
Fe(OHY* as both species absorb strongly in the UV regfd96 to 400 nm (Faust and Hoigné,
1990).

5. Photosensitization of Natural Organic Molecules

The photosensitization reaction of oxygen and dissborganic matter in the aqueous phase of
a cloud droplet produces hydroperoxyl radicals fH®rakaki et al. 1995; Arakaki et al. 2006).
The hydroperoxyl radicals form hydrogen peroxidachithen produces OH radical through
photolysis.

The basic process is described by reaction 2.15¢ed from Wayne and Wayne, 1996) where
the photosensitizer molecule for example dissotwgdnic matter in the cloud droplet in a
triplet state (see Benzophenone in figure 2.5). rElaetion results in the formation of

superoxide oxygen radical which reacts witfOkiproducing the OH radical (R 2.3 to 2.5).

3Sens + 0, = Sens + 0; (R 2.15)
HOz,, + HOz ) = Hy0s g + 0z, (R 2.3)
2020y + OH (aq) = H>00aq) + 02 gy + Heao) (R 2.4)
20200 + 02 (agy = O2(aqy + OH (aq) + OH (aq) (R 2.5)
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Figure2.5 The Photosensitization Reaction Cycle Which Coutieid to OH Production

OH Benzophenone (DOM)
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\)(L AN

hv
O2
o 0
N \.)k SN
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/ . - / P -
/ \ / \ molecule
R R R R

o8 SN
Phenol (DOM)

hydrogen donor

The OH radical present in the cloud droplet forrogdhe above five processes will then go on
to react with other species in the droplet inclgdimy surfactant film as represented by the

monolayer in the experiments within this chapter.

The concentration of D, in cloudwater is important as a source of OH raldit the aqueous
phase. Concentrations of®} in cloud water have been measured in many fialtbeagns as
reviewed by Jackson and Hewitt (1999), and are confyrbelow 100 (M (Jackson and Hewiitt,
1999). The FEBUKO experiment (Valverde-Canossad. &X0%5) measured cloud-wates®}
concentrations at just under 2 pdring daylight hours in the Thuringian Forest, Gany.

Sowka et al., (2001) measured aqueopS;kh cloud-water collected on Mount Szrenica,
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Karkonosze mountains, Poland at an average coatemntiof 26.3M. Weinstein-Lloyd and
Schwartz (1991) measured®} yield from rainwater samples collected at BrooldraiXational
Laboratory, 100km East of New York and in syntheemples of rainwater when irradiated
with Cobalt-60 at differing intensities, in the pemce of common cloud water constituents, in
varying amounts. The findings of this work werettiee initial concentration of 4D, in the
natural sample was measured giMQthe yield was 40 - 68V depending on the intensity of
the Coblat-60 irradiation which produces OH radidabm the HO, present in the sample. The
presence of iron had a profound effect on th@Hield from superoxide radical g and to
accurately determine the yield it was vital to knibw iron concentration (Weinstein-Lloyd and
Schwartz, 1991).

Sources of the iron found in cloud droplets aredlags found in windblown (Eolian) dust and
fuel fly ash (Faust and Hoigné, 1990). Iron comidions from rainwater samples provide a
concentration for cloud waters, Clarke and Radojél®87) measured Fe concentrations
ranging from 0.3 to 28M in rainwater samples from Leeds at pH 3-5, tHatroacidified air-
saturated cloud droplet (Faust and Hoigne, 199@3rd'is little data on the speciation of iron
within cloud waters and it is thought to alter witthe lifetime of a cloud droplet (Faust and
Hoigné, 1990). Faust and Hoigné (1990) concludetttte dominant Fe(lll)-hydroxy complex

in cloud water was likely to be Fe(OHyhich is a source of aqueous OH radical.
234 TheReaction of OH and Stearic Acid

OH radical is attributed as being the most readiweospheric radical species after ozone in the
agqueous and gas-phase. It is the most reactiveatadiatmospheric waters. Stearic acid is a
proxy for an insoluble, surface active, film formgiapecies. The stearic acid molecule is
unsaturated and therefore will not react with ozemd it was being oxidised then OH radical

would be likely to be the radical responsible.
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24 Experimental

To study the reaction of OH radical with stearilabe surface coveragE)(and the surface
pressurel() of a stearic acid film at the surface of a Langrtnough were measured to monitor
the amount of material at the air-water interfagerageaction time. OH radicals were generated
in solution beneath the stearic acid film to sineikaxidation of a film from within a cloud

droplet.
A series of preliminary experiments were condudtedetermine:

« The surface pressure behaviour of a stearic acitblager at the air-water interface
during oxidation. The surface pressure of the steaid monolayer was measured over
reaction time with a Langmuir trough and a Wilhelpigte balance.

* Determination of the concentration of OH radicat@®ted during a reaction through
numerical modelling, the photolysis rate constdntfor the numerical modelling was
determined using titrations.

« Quantification of the intensity of the lamps usedjénerate OH radical using chemical

actinometry.

Following the preliminary experiments, neutron eeflvity experiments were conducted to
determine the kinetic behaviour of the reactioagiieous OH radical with a stearic acid

monolayer. There were three components to the arevdflectivity experiments:

* To monitor the surface coverage of the stearic mmmdolayer as a kinetic variable with
reaction time as the monolayer reacted with aqué@dtisadical. The aqueous OH
radical was generated by the photolysis of hydrqegroxide in the Langmuir trough
subphase beneath the monolayer. The surface cavefdige monolayer was measured
simultaneously to the surface pressure which wassored with a Wilhelmy plate
balance.

¢ The concentration of D, in the Langmuir trough subphase beneath the mgeotz
stearic acid was varied to gauge the effect oleeb®H radical production on the
kinetic decay of the stearic acid monolayer. Theotayer surface coverage and
surface pressure were monitored with neutron réfle@and the Wilhelmy plate
apparatus simultaneously.

« Experiments were conducted with a single conceatratf H,O, but at different
temperatures to monitor the effect of temperaturéhe kinetics of the reaction

between OH radical and a monolayer of stearic acid.
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To gain an understanding of the changes in the tagaomorphology during a reaction
with agueous OH radical a Brewster angle microseoge used to take images of the

monolayer during an D, photolysis reaction.

The measurement techniques will be explained falbly the experimental methodology

including the method of OH radical generation.
241 Measurement Techniques

The properties of surface pressug &énd surface coveragE)( were monitored versus reaction

time to:

* To gain an understanding of the effect of OH rddicea stearic acid film at the air-
water interface.

* To take measurements of a kinetic variable in otdealculate the rate coefficient for
the decrease of stearic acid at the interface timtl, and to calculate the chemical
lifetime of the stearic acid under attack by hydtadical relative to a cloud droplet
lifetime.

* To observe any surface active products.

2.4.2 Measuring Surface Pressure. The Wilhelmy Plate Balance and the Langmuir Trough

The monolayer surface pressure gives a measurexhtd closeness in the packing together of
the molecules forming a monolayer at the air-waterface, the closer the molecules, the
stronger the surface pressure at the interfacentesol his measurement is a useful indication
of loss of material from the interface as a redurctn the number of molecules present at the
air-water interface weakens the surface presswaeazkby the monolayer. The Langmuir
trough and Wilhelmy plate balance provide a cofgtative method for determining whether a
chemical reaction is causing a loss of materiahftbe air-water interface. The equipment used

to monitor the monolayer surface pressure will x@aned in the following paragraphs.

To measure the surface pressuifg €xerted by a stearic acid monolayer at the aiew

interface during a reaction with OH radical the wlager must be held in an apparatus which
allows the interface to be accessible for measunésite be made, yet preserves the structure of
the monolayer at the interface. The Langmuir tro@egRTFE bath with a shallow depth and
large surface area is ideal. PTFE is very hydroghethen the trough is filled with water (the
subphase), the contact angle with the PTFE produbégh meniscus at the surface of the

trough and there is little disturbance of the legsurface from the walls. When mixed with a
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rapidly evaporating, volatile solvent such as abfilorm, an amphiphile such as stearic acid can
be spread at the air-liquid interface drop by drom a syringe forming a one molecule thick
organic layer across the surface of the subphas&rkas a monolayer. The Langmuir trough
has moving barriers which compress the monolayaclieve a closer packing of the molecules

within the film, increasing the surface pressure.

The surface pressure of the monolayer is measutbdvplate made of chromatography paper
(the Wilhelmy plate), suspended through the moreslayto the subphase. The plate is
suspended from a wire balance with an electronieatirunning through it to an

electromagnet. The downward force of surface pressxerted on the plate pulls on the balance
increasing the current which counteracts the faraetaining the special position of the plate.
The electrical current is related to the surfaesgure.

Figure2.6 The Langmuir Trough

|

Surface pressure at the air-liquid interface isdifference between the surface tensigrof a
clean liquid surfacey(pure sunphage@nd the surface tension of a liquid surface aithonolayer
presenty supphase with i 1 NE UNits for the measurement of surface presand surface tension
are milli-Newton meters (mN).

1= ypure subphase — Vsubphase with film (E 2-1)

The surface pressure is an indication of the chanfgrces which are dependent on the
intermolecular distance of the monolayer formindeuales at the air-water interface during a

reaction. The surface pressure measurement dogs/adanformation on a kinetically variable
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property such as the amount of monolayer mateital igaction time as surface pressure is not
proportional to surface coverage. The surface presfata indicates the effect of the molecules
and molecular packing on the surface tension oathevater interface but not how the

molecules themselves are altered during a chemgaation.

The use of the Langmuir Trough and Wilhelmy pleaahce to study a monolayer of organic
acid from an atmospheric perspective is an estadlisechnique and has been used on stearic
acid by Gilman et al., (2006). Eliason et al., (00sed a Langmuir trough housed in a thin
film chamber to collect and analyse the productszoinolysis of 2-octenoic acid and 10-

undecenoic acid which were oxidised, hydrophiliorsér chain carboxylic acids.

The surface pressure-area isotherm of a monoldystearic acid at the air-water interface
measured on a Langmuir trough is shown in figuve Phe isotherm measurement of surface
pressure is achieved by compression of the monolgyelosure of the Langmuir trough

barriers.

Figure2.7 The Surface Pressure-Area Isotherm of Stearic Actte Air-Water Interface

as Measured on a Langmuir Trough
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A 30 uL monolayer of 1mg / mL stearic acid in chlorofocompressed at a rate of 2Gomin™
to produce an isotherm performed at 20°C on theaRdplloway Langmuir trough (30 x 10
cnt surface area) showing the phases of the monoésytite molecules are packed closer

together.
2.4.3 Measuring the Monolayer Surface Coverage with Neutron Reflectometry

The measurement of surface pressure alone dogsawide a quantative surface concentration
which can be used for kinetic analysis. To acclyateasure the amount of surface active
material present and its loss from the air-wattarface a specular neutron reflectometry
technique has been used. Neutron reflectometryrdietes, through the scattering of neutrons,
how much material is present (the compositiondilgcat the air-water interface over time.
From this measurement a reaction scheme can beoseah@and fitted which gives a rate
constant for the reaction of a stearic acid morerayith aqueous OH radical. A chemical
lifetime for the species of interest under condisi@f oxidation can be calculated which will

provide new data for climatic modelling.

Neutron reflectometry experiments require the dsereutron source which consists of large
particle generating plant which generates neutitareaigh the collision of atoms or through the
decay of atoms in a nuclear reactor. The theorjnblehe neutron reflectometry technique is
extensive; the key principles will be explainedhwiégard to this experimental work in the

following section.
2.4.3.1 Neutron Sub-Atomic Particlesasa Tool for M easur ement

The use of neutron reflectometry is complex anceasjye when compared to other techniques
in atmospheric science; however several uniquegptigs of the neutron facilitate

measurements on a molecular level which can ongché&ved with this technique.

The neutron is a component of the nucleus of the dteld together with protons by the strong
force. Experiments by Fermi showed that neutromsbed as light when reflected from a flat
surface (Fermi and Marshall, 1947). The maniputatibthe scattering of neutrons from a
surface to gain structural information normal te ihterface, a technique known as neutron
reflectometry has been practiced since the ea@®@'s9Neutrons are unique in that they only
interact with the nucleus of an atom and not wiin électron cloud as light does (Squires,
1978). Neutrons behave as a particle and as a a@erding to quantum mechanics in much
the same way as light does; therefore many optivehomena used for measurements are also

exhibited by neutrons (Penfold and Thomas, 199. feutron does not react with the sample
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as the neutron is electronically neutral, allowkingetic measurements to be taken without

changing the chemical outcome of a reaction.

The wavelength of a neutron is of the order of f&rom or 0.1 nm. This wavelength is similar
to the length of the spacing between atoms withmmoéecule (Squires, 1978). The technique of
reflectometry is reliant on the interference in wevelength of a neutron reflecting from an
interface, the measurable interference effect ig achieved when the spacing of the atomic
nuclei which scatter the neutrons are at a distaluse to that of the neutron wavelength
(Hughes, 2010).

The neutron wavelength)(is dependent on the velocity of the neutron atiogrto the de
Broglie relation (equation 2.2) whelnds Planck’s constant (6.636 x Q) s)mis the neutron

mass (1.675 x 1Y kg) andv is the velocity of the particle.
A=— €. 2.2)

The dependence of neutron velocity on the neutravelength allows time of flight
measurements to reveal information about a matasighe neutrons velocity changes due to
scattering. For a pulse of neutrons the partigiesasl out over the distance travelled so that the
high energy, low wavelength neutrons arrive atitlseruments detector first (Campbell, 2011).
It is the interference patterns of the scatterivengs between the neutron and a material of

interest which give information about the sampled@ington, 2008).
2.4.3.2 The Generation of Neutronsat | SIS, Rutherford Appleton Laboratory, UK

The experimental work for this chapter was perfatraelSIS Pulsed Neutron and Muon

Source at the Rutherford Appleton Laboratory, Odétire, UK. ISIS produces neutrons
through the acceleration of protons in a synchmtwehich are then fired at a heavy metal target
producing a pulse of neutrons with varying wavetbagA simplified account of the generation
of neutrons is given in the following section basednformation from publicity material and

the websites of the neutron institutions with htieire references where available.

The production of neutrons at ISIS is a severg@estaocess of injection, acceleration, and
spallation before the neutrons are channelledgaristruments. The process begins withdrds
sourced from an electric discharge plasma of hyehiagas and caesium vapour (I1SIS, 209
The H ions are directed by a Radio Frequency Quadrugmielerator that groups the ions into
pulses before further acceleration down tanksdfilieth copper drift tube electrodes in the
linear accelerator (ISIS, 2009 The H ions then enter a ring of tubular magnets, the

synchrotron. The function of the synchrotron isgmove the electrons creating a proton beam
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and to accelerate the protons, which form two gsafiprotons due to electric fieldshe
electrons are removed by a thin aluminium oxide(f§ilS, 2009), and the protons are gathered
until a sufficient number is reached then theysgmen repeatedly (10,000 revolutions) before

being exposed to radio frequency electric fiel@&$| 2009).

When the 2 proton groups have separated kicketreletagnets are activated which extract the
protons and send them into the target stations dyule is repeated 50 times a second (ISIS,
2010). Each proton incident of the target releapgsoximately 12 neutrons (Beddington,
2008).

There are two target stations which receive pro&dnSIS. The work in this thesis has been
conducted on the reflectometer ‘SURF’ in targetietaone. At the centre of the experimental
hall there is a small block of tungsten into whilsk protons are accelerated, this is the target.
Bombardment ofhe tungsten with the high energy proton beam seleaeutrons from the
tungsten atoms nuclei (ISIS, 260Moderators slow down the neutrons to the desired
wavelengthgiving a pulse of neutrons with a range of momentransfer (Q) values which is
directed to the reflectometer instrument SUREddington, 2008).

24.3.3  TheBasic Principles of Neutron Reflectometry

Neutron reflectometry is the measurement at a fmident angle of a beam of neutrons passing
through and being scattered by atomic nuclei iaragde. The scattering is dependent on the
effective neutron refractive index (Lu et al. 200®)r this work the neutrons are scattered by
the organic monolayer held at the air-water intafaf a Langmuir trough as it reacts with
atmospheric oxidant species. The reflectometesdemially a series of devices for
measurement of the scattering of neutrons at aekkfingle which are arranged to

accommodate a sample from which the scatteringessored.

In neutron reflectometry a beam of neutrons isatiér@ through a material of interest to a
detector. The elastic reflection of neutrons oceulten the neutron particles energy is preserved
during this interaction. The nuclei in the sammatter neutrons without losing energy thus the
chemistry of the sample is un-altered making thihhique ideal for investigating kinetics. The

neutron reflectivity is related to the number affetiency of the scattering nuclei.
2.4.34 Neutron Scattering Theory

Each atom has a scattering length for neutronshwdnie published in tabulated form (Sears,
1992). The scattering length for a neutron fronaomic nucleus is a product of the shift in

phase of the neutron wave as it is scattered fhremticleus compared to that of a free, un-
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scattered neutron wave. The scattering length aft@mic nucleus can be positive or negative
depending on the phase shift the neutron expesanben scattered. The neutron scattering
length @) for hydrogen is -3.74 fm and for deuterium is&t@, vastly different, allowing the
manipulation of scattering to determine structurBdrmation as the contrast affects the time of

flight of a neutron through the sample (Penfold &hdmas, 1990).

Large differences in scattering lengths of a mdkeow a system of surfaces can be created by
replacing hydrogen atoms with deuterium atoms. fifasipulation of hydrogen isotopes is
unigue to neutron techniques and cannot be achigithdX-ray reflectivity as hydrogen does

not scatter X-rays (Squires, 1978).

Isotopic substitution is used in this work to emstirat the scattering of neutrons takes place
predominantly from the monolayer at the air-wateeiface, by creating a subphase beneath the
monolayer which scatters neutrons to the same degrair. The substitution of hydrogen

atoms with deuterium atoms within a molecule asbellwill increase the reflectivity from
specific part of a molecule which can give struakimformation about a monolayer and its

changing composition during a reaction.

Neutrons scatter elastically from atomic nucleffedent isotopes scatter neutrons at different
efficiencies. The scattering efficiency is deteredrby a calculated scattering length The
scattering length of a substance is dependenteoreftactive index. Refractive inde) (s the
measure of the speed of a neutron in a materighé\interface of two media this is determined
by the wave vectors (magnitude and direction ofdrdenoted) of the neutron outside the
material of interest, for this work in ak,() and within the material of interest, for this \wahe
monolayer Ksm) according to equation 2.3, (Penfold and Thom&3sp}

n= k’ﬁ €.2.3)

It is more useful to consider the refractive inde)xin its relationship to the bound coherent
scattering length of the monolayer material fortrams @) as in Equation 2.4 (Penfold and
Thomas, 1990).

—_1_ (92 (Nb
n=1 (,1 (Zn)) €. 2.4)
A neutron wavelength
N the atomic number density of the monolayer material
b the scattering length, that is the summation ofdti@ponent scattering nuclei

scattering lengths in the volume of one molecde,exjuation 2.10.
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To calculate the scattering length of stearic @gjdthe following calculations must be
performed. The volume of a single moleculg) of the amphiphile is calculated from equation
2.5 wheréV, is the relative molecular mass calculated by thebtimah of the mass numbers of
the constituent atomg,, is the mass density as calculated from equat@®@2dN, is

Avogadro’s number.

_ M
Vi = (E 2.5)

The molecular density of the deuterated molecu (s calculated by equation 2.6 wherg

is the density of the hydrogenated molecRBIM; is the relative molecular mass of the
deuterated molecule afMMy is the relative molecular mass of the hydrogenateticule.
The relative molecular mass is calculated in g'ninyl addition of the molecular weights of the
constituent atoms in the compound.

mHRMM
Py = EmH=ZTD (E 2.6)

RMMpy

The number of moles of a deuterated compound efiaet volume N,,o) is calculated by
dividing the relative molecular mass of the deutatanolecule RMMp) by the density of the

deuterated moleculgf).

__ RMMp
Nmol - Pm

(E 2.7)

Calculation of the volume per mole of the deutetat®lecule Yy, is by the division of the

number of moles in a defined volume of’amol™ (Ni), by Avogadro’s numbemp).

Nmo

The scattering length density) (s calculated by the scattering length of theteleued

molecule b) divided by the molecular volum().

p=— (E 2.9)

Vm

The scattering lengttb) is then calculated by dividing the scatteringgéndensity of the

deuterated molecule), by the volume per mold&/().
b=2L (E 2.10)

The value of scattering length)( converted from centimetres to femto metersasthised as a

fixed parameter in the neutron data fitting whidh e explained in section 2.4.3.7.
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The neutron scattering length densjty defines the scattering length) ©f the atomic nuclei
within the volume of a stearic acid molecule irstBkperiment. B} stearic acid (¢D3sO.H)

has an observed neutron scattering length demgityf 7.19 x 1G fm?.

A scattering event in an atomic nucleus can haneethutcomes; the neutron will be reflected at
the same angle of incidence or will scatter atlgered trajectory, or the neutron will be
refracted and will not reach the instruments dete¢h an experiment with a monolayer at the
air-liquid interface the majority of the beam outr®ns is transmitted through the monolayer
into the subphase, this is known as the transmigiéeein and is not detected or measured. The

neutrons reflected at the angle of incidence readétector and are counted.
2.4.35 The SURF Reflectometer: Neutron Reflectometry at the Air-Water Interface

The geometry of the reflection of neutrons by a atayer at the air-water interface is shown in

figure 2.8. A schematic diagram of the reflectom&6RF is shown in figure 2.9.

Figure2.8 The Reflection and Refraction of Neutrons at anManolayer-Liquid

Interface

Reflected
beam

Incident
beam

Deuterated monolayer 0 n

Transmitted 0
beam

The dashed line in figure 2.8 represents the gagmetrmal to the interface at which the
surface coverage measurement is valid. To obtaitrare measurements of a monolayer at the
air-water interface concurrently with surface pugesneasurements during a reaction the
Langmuir trough was fitted to the neutron reflecében instrument SURF. The neutron
instrument is essentially a frame into which a danepvironment can be fitted to enable the
passage of neutrons through a material of choigdad8ising a Langmuir trough in an

aluminium chamber which is transparent to neutaordoes not interfere with the signal, the
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temperature and atmospheric composition aroundreolager at the air-water interface could

be controlled whilst keeping the surface undistdréed clean (figure 2.10).

Figure2.9 The Components of the Reflectometer SURF at ISIS

Frame overlap

Detector Monitor — mirror —

Slits

Sample position

Slits Super mirror Choppers

The dashed line represents the path of the nedtteam. The grey areas are concrete shielding.
Figure 2.9 was Adapted from Penfold et al., (1997).

For the SURF instrument the incident neutron beam the ISIS target is collimated to an
angle of 1.5° to the horizontal plane, (Penfoldle997). When the beam hits the target a burst
of fast neutrons and gamma rays are produced igheshergy neutrons are removed from the
beam to the instrument by a chopper spinning az5061S, 2013). A double disc chopper
selects the wavelength of 0.55 to 6.8 A by altetivggtime frame / phase of the pulse of
neutrons that is allowed to pass through, (Wild&®0; ISIS, 201‘39 .The beam is defined after
the choppers with further collimation to a heigh60mm x width 10mm (ISIS, 2010). The

range of momentum transfer denoted as Q on SUBP#S8 to 1.1 A.

There are slits beyond the collimation which furtrestrict the beam so that the sampling area /
footprint of the beam on the surface of the Langrivaugh can be defined. The beam is
focussed on the sample position at 1.5° using arsapror. The frame overlap mirror removes
the fast neutrons from the next pulse appearitigea¢nd of the former pulse of neutrons
(Hughes, 2011).
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The distance from the sample to the detector wa® sgproximately 2 meters for this work.
The humidity and temperature of the instrument@hale are controlled throughout an

experiment.

The Langmuir Trough is positioned on a mobile platf which can be height adjusted to
position the neutron beam in the centre of theginausing a guiding laser to check the beams
incidence on the trough and that the positioninthefslits is adequate. The beam on SURF was

adjusted to a footprint of 8 by 6 émn the surface of the Langmuir trough.

The reflectivity signal is the intensity of enenggoduced by neutrons hitting the detector and
producing a current. SURF utilises a sintiie gas detector (Penfold et al. 199e detector

is comprised of two metal plates with a cavity betw them containintHe. The ionization of
He; by incoming neutrons produces energy / electrdmsiwproduce an electrical current on a
wire which acts as an anode. The detector meatheesrival time of the neutron and its spatial
location. The signal is measured in the unit of K&Wis is then recorded as the number of
counts (kHz / mrf) versus pulse height / energy. The neutron creatésmrged particle in
reaction 2.16 (ISIS, 2008).

3He + neutron - 3H + 1H + 0.746 Mev (R 2.16)

The detector measures the count of neutrons osgedcified time period as counts per milli
second against the time of flight of the neutroime Time of flight is the neutron velocity
measured as mm/ p sec. A relaxed resolution lealigiher flux (Penfold et al. 2007), so taking
a longer measurement increases the number of connte detector. A measurement time of
10 to 15 minutes gives adequate signal to noisiststa for kinetic measurements on SURF.
The background signal on SURF is approximatelylDXR(Q), for a 20 minute measurement

period.
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Figure2.10  SURF with the Langmuir Trough in Situ, as Set UmfoExperiment

Position of the
Langmuir trough

33 from the trough to the
detector

The neutron detector measures the specular refte@®), of neutron particles which have
passed through the monolayer and exited the atoungiei of the molecules in the monolayer at
the same angular trajectory as the particles eshtrelhis angle is termed the angle of
incidence and for the SURF reflectometer usedérettperiments detailed in this chapter the

angle of incidenced was 1.5°.
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Figure2.11  The Reflectivity Profile of a Stearic Acid Monolagéethe Air-water Interface
on a Subphase of 2.35 mol &H0,
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In the reflectivity profile displayed in figure 2. -heutrons were counted for 90 seconds at a
beam current of 43 pA. The value of surface covertghis point was 5.18 x ot 9.41 x
10" molecule rwithout photolysis, 4.10 x 1b+ 4.24 x 16” molecule riwith photolysis for
1350 § and 5.10 x 18 + 3.18 x 16° molecule mMwith photolysis for 4050’5 It can be seen

that the reflectivity signal decreases with reactime for a s stearic acid monolayer.

2.4.3.6 The Time of Flight Principle

The time taken for a neutron to undergo specufaation from an interface and reach a
detector at a fixed angl)( on an atomic scale to be refracted, when condp@aréhe time
taken for reflectance from a surface giving toédlection with no refraction (liquid deuterium
oxide, DO) is related to the refractive index and scattglémgth density of the material

through which the neutron travels. This is the reng time of flight. The time of flight
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reflectivity measurement is in the formatRfQ), R being reflected beam intensity a@deing
the momentum transfer in direction z, normal toithierface Q is the scattering vector,

perpendicular to the monolayer.

The neutron beam is pulsed to achieve a measurat@eap which forms the time zero
measurement which allows the change in distancetowe vector (velocity/ momentum

transferQ) to be measured.

To the instruments detector, all neutrons appeaséime, the detector merely count neutrons
over a prescribed period of time. It is the timewival of the neutron at the detector which
gives the measurable property as the time of floglat neutron to the detector is known in
absence of a sample and the velocity of a neuttoohahas travelled through a sample is
altered to a degree determined by the refractigexrof that sample (Hughes, 2010). As the
refractive index is altered as a molecule rea@dithe of flight changes affecting the number of

counts on the detector in a set measurement timehwgives a lower signal of reflectivityr].

The compositional reflectivity profile of a monokxyof deuterated stearic acid is shown in
figure 2.12 with the head group of the moleculergitin the subphase and the tail group
orientated normal to the interface. The refleggigignal comes from the head group and the tail
group for a fully deuterated ¢E), stearic acid molecule. Fully deuterated molezwere used

for this chapter as it was the persistence of theatayer at the interface is being studied and
not its structure. To perform a structural studyedent isotopologues of a molecule are used

which are deuterated to different degrees as wikxplained in subsequent chapters.

For the experiments in this chapter the monolayas @euterated so that it dominated the
neutron reflectivity signal. The surrounding samg@h@ironment was positioned and designed
so as to give the minimum possible contributionefitectivity. By adding deuterium oxide
(D20), to the aqueous subphase of the Langmuir tratighmole fraction of 0.088 mole,O in
H,O (Penfold and Thomas, 1990), the subphase wampisatly “tuned” to scatter neutrons to
the same degree as air (with the same scattemgghlén)) rendering the subphase invisible to

neutrons with a scattering length of zero (Lu e28D0) this is known as null reflective water.
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Figure2.12  The Compositional Profile of a Monolayer of Steakitid Normal to the Air-

Water Interface
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The scattering by the monolayer determines thagitie at the detectot). The intensity of

the neutron beam channelled to the neutron refieeter instrument is measured, and the
intensity of the beam after interaction with a sbnip measured at a critical angle of incidence
(06). The reflected beam intensitiR)( is equivalent to the beam intensity at the imsnts
detector Ip), divided by the beam intensity at the instrumendsitor (), prior to reflection
from the sample (equation 2.11). The reflectednisitg is a function of the momentum transfer
scattering vector@) (equation 2.12). For a monolayer at the air-wattarface the scattering
vectorQ is the one dimensional change in the momentumnefudron after it is reflected from
the sample and is calculated according to equatibd wheren is the refractive index, is the
wavelength an@ is the angle of incidence. Intensity is measunedhnits of counts per mm on
the instruments detector so a signal is obtainam &t period of counting which when taken in
series produces a time resolved measurement ettiefty. The detector measures the counts
per millimetre.R is a measure of the intensity of the reflectechbaad is dimensionles®.is a
measure of the momentum transfer (distance, tim®reequivalent to velocity) of the neutrons
arriving at the detector (Jacrot, 1976, Penfold Binoimas, 1990).

R =1% €2.11)
= —=sin .
Q =T sind E2.12
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Equation 2.12 is a form of Braggs law relating ithigon of the reflected beam intensity to the
intensity of the neutron beam, the termigi related to the shift in phase of the neutroemnvit
Is scattered (Hughes, 2010).

From a surface of deuterium oxide,(@) all the incident neutrons of varied wavelengtres
reflected to the detector at a time of arrivalhat detector (). Measurement of the reflectivity
from a deuterium oxide subphase in the Langmuughogives the maximum intensity of the
reflected beam. To ensure the detector is notaaiiby rapidly counting the highest energy
portion of the spectrum of neutron wavelengths awsing the neutron beam a region of an
adequate wavelength to allow measurement of thelsasiselected by adjusting the slits
which determine the size of the sample area anfiutk®f the incident beam. Opening the slits
allows shorter measurement times but can leadttwadeon of the detector. The deuterium
oxide calibration of the instrument is known as shale factor. The scale factor is subtracted
from the reflectivity data prior to analysis sotttiee scattering which is analysed is only that

from the monolayer.

R(Q)monolayer = R(Q)DZO - R(Q)experiment (E 2-13)

The resulting reflectivity data can be seen inrfiggR.13 for a monolayer of oleic acid reacting
with gas phase ozone. Each colour represents negasats oR versuQ taken for a
prescribed period of counting at the instrumenteaer which by the fitting process described

in section 2.4.3.7 becomes a single surface cogeraasurement.
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Figure2.13  Reflectivity versus Momentum Transfer of an Oleid Monolayer Exposed to
Gas Phase Ozone Measured on the Neutron Refle&@oF&ARO
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The positioning of the reaction chamber windowshiscked by running a zero transmission,
which is directing the neutron beam through themdber without the Langmuir trough. It is
necessary to correct the measurement of reflecfioitany neutron scattering from the sample
environment. The loss in the intensity of refleityivat the detector through scattering by the
sample environment is quantified by running thenbéarough the chamber, with the Langmuir
trough in situ but without a subphase present. Vdiige is recorded as the background
scattering and is input when fitting the refledywilata to obtain a surface coverage

measurement.
2437 Fitting of Reflectivity Data to Deter mine the Surface Coverage

The reflectivity dataR versusQ) data in units of &, can be fitted to, to obtain information on

the surface coveragg€)(that is the compositional profile of the orgamonolayer film normal

to the air-water interface, a kinetic variable @gient to a surface concentration. The surface
coverage measurement is presented in units of @déetemolecules per square metiethe
interface. The reflectivity can also give an indiiea of the thickness of the deuterated
component of a monolayer and the interfacial roegerbetween the molecules and the aqueous

subphase. The surface coverage is equal to themegtiength densityp] multiplied by the
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thickness ) which is equal to the scattering length per an#a, which is divided by the
scattering length per molecule) @iving the number of molecules per unit are®(14. The
product of equation 2.14 is the same as one divigetie area per moleculdRM) which is a
product of fitting the reflectivity datée(2.15.

r=£ (E 2.14)

The reflectivity data was fitted using the MONO giram written by Adrian Rennie. MONO

was chosen as it does not require an experimemedsured value of thickness to calculate the
area per molecule, simply an accurate estimatenimg#hat it was more suitable for the kinetic
measurements which are not a structural measureandrdare simply of the scattering from the
deuterated portion of the molecule at a singleanglONO uses the Abelés equivalent optical
matrix method (Abelés, 1950) where the monolayehiiled into several parallel layers with
parameters describing the scattering of neutrons.parameters are varied until an energy

function reaches a minimum (van der Lee et al. 2007
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Table2.1 The Parameters Used to Fit the Area per MoleculihatAir-Water Interface
from the Neutron Reflectivity Data

Parameter Symboal Unit Input Value
Scattering length density Pair 10°A7 0
of air
Scattering length density Psubphase 10%A7 0

of subphase

Experimental scale factor sF no unit 0 as this has been

subtracted prior to fitting

Roughness between the Eair A 0 to 4, this is adjusted to
monolayer and the air improve the fit, it is
usually 0
Experimental background B no unit Approximately 8.10°
Thickness of the T A The length of the

monolayer layer monolayer forming

molecule (oleic acid was

treated as purely cis

bonded)
Scattering length of the b fm (10%° m) The scattering length of
monolayer forming the monolayer forming
molecule molecule. For By stearic
acid 361 fm
Roughness between the Esubphase A 4 for an aqueous subphase
monolayer and the
subphase
Area per molecule at the APM A? Obtained from the fit, an
interface

initial guess is entered

Table adapted from Rennie. 2011

It is common experimental practice is to take mesments at several angles to reveal structural
information about an interface, time not beinguctal element of the data. However to obtain

kinetic information the timings are vital and tledlectivity technique is used with a single angle
to obtain a thickness.
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The surface coverage is an indication of the presefha monolayer. If the there is no
monolayer material remaining due to oxidation #fectivity signal will decrease and a value
of zero surface coverage would be obtained, coeleifsthe monolayer is not reacting the
surface coverage will not decline. Incoherent scat) of neutrons contributes to a background

signal that is subtracted from the data duringnfitt
2.4.3.8 Measuring the Error in Neutron Reflectivity Data

The error in thdR versusQ data is the product of counting statistics, theykr the period of

counting the smaller the error in the counting.

When neutrons are counted on the detector, sones tfrflight will occur more frequently than
others. The average value best describes the safty@dinal data point produced for a period
of counting at the detector is an average of thmtsocollected (Hughes, 2011). The standard

deviation of the counts on the detector is the syu@ot of the mean number of recorded counts.

standard deviation = Vmeasured value E 2.19

If more neutrons are counted at the detector daingeasurement the value of the standard
deviation increases however when the standard tilmviis expressed as a percentage of the
total number of counts then the value of the enmage decreases for the measurement of

reflectivity.

To minimise error in the measurement the smallegess used giving a small innate error

which is equal to half of the smallest unit of maasnent for example 0.5 Angstrom.

€ 2.17

.. innate error
mmimum error = (—)
number of counts

The minimum error is equal to the innate errothia tinit that the detector counts in, divided by
the count rate, the number of counts on the detétgpecified counting time. The longer the

counting time the smaller the minimum error becaoniigl®nk, 2006).

number of counts
count rate = —f

€ 2.19

time counted

The effect of re-defining the time bins in whicle theutron count data is distributed for example
by co-addition of two original measurement periotior example ten minutes making a
twenty minute measurement is to lower the errois Tha practice used when the reflectivity

signal becomes weaker as the monolayer is lost fnenmterface.
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The process of background subtraction of a measneaf off specular scattering from the

ckgroun

experimental sample environmeatff y, from that of an experimental measurement

(scd™*"™e requires the consideration of a range of possihiors (Sprawls, 2011).

standard deviation = Vsdbackgroundggexperiment E 2.19

When the error is expressed as a percentage the imareases when the difference is taken
between two measurements for example by subtrattiengackground. Towards the end of an
experiment as the signal is weaker then subtrati@dpackground puts the measurement in the
region of noise so adding measurements togetheeases the size of the error bar making the

measurement distinguishable from the noise.

The reduced reflectivity data (that normalisedtfar scale factor) which is fitted for SURF is in
a 3 column format (.asc) &, error inR andQ. The error in reflectivity from the instrument is
calculated as a counting statistic. The greatentimber of neutrons counted, the smaller the

error in the measurements.

The error in the fit is given as the uncertaintyha fit, which is the percentage deviation
between the measured data and the fit by the simptel to known parameters. A good fit

minimises this difference to one standard deviatinite this is the 95percentile.

The error in the fitted data is given as a relaés®r (equation 2.20), the absolute error in the
area per molecule divided by the fitted value efgper molecule, as calculated from equation
2.21.

. A
Relative error = 2224 € 2.20
APM

The program MONO calculates the percentage errttrararea per molecule (Rennie., 2009)
according to equation 2.41.

APMmoq— APMcqic

%0APM = APY oy

€ 2.2)

Where the modelled area per molec#l@,.g, is the value obtained by the fit and the
calculated area per moleculeRM,) as calculated from the scattering data. To get th
absolute error, the error in the modelled valuaiole by the fit and the value calculated from
the scattering data, the percentage error in aemplecule is divided by one hundred and
multiplied by the value of area per molecule.

%0APM
100

0APM =

APM 04 € 2.2)
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The error in the calculated surface coverdgei$

1

ol = (APM)?

cAPM €2.23

The experimental method employed in this thesmaged on the work of King et al. (2009),
which was the first study to observe the oxidattban oleic acid monolayer by gas-phase
ozone on a Langmuir Trough with neutron reflectagra proxy for a cloud droplet system.

King et al. (2009) showed a cleavage of the dobblel in the tail of the oleic acid molecule
generated surface active product formation. Fomtk in this chapter the same measurement
technique was employeHor this chaptethe neutron reflectivity measurements were fitted t
obtain the surface coverage of deuterated matdrtak air-water interface during a reaction

with aqueous phase OH radical.

The production of OH radical during the neutron aadgmuir trough experiments is described

in section 2.4.5.
2.4.4  Brewster Angle Microscopy

The Brewster angle microscope (BAM) can image aatayer in-situ on a Langmuir trough by
the manipulation the angle of 53° at which thenmedgeflectivity from a clean surface of pure
water. The reflected light parallel to the planénaidence is zero at 53°. When a monolayer is
present at the air-water interface light is regectThe intensity of the reflected light is
dependent on the thickness of the monolayer, teefatial roughness and the directional
dependence of the monolayer at different valuesidbice area per molecule (Webster and
Langridge, 1999). Brewster angle microscopy wasulisaly as a visual confirmation of the
decay of the film as the data obtained was not tifasiie, only a small area of the surface,

approximately 1 mfis imaged.
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Figure2.14  The Brewster Angle Microscope with the Langmuirniito Positioned for
Imaging

To capture images of a stearic acid monolayer duhe reaction with OH aqueous radical the
subphase was made up withbQd as explained in section 2.4.5. The 254 nm pho®lgsnps
were fitted at a 45° angle so that the light wasdient of the surface of the Brewster
microscopy Langmuir trough. A black silicon weddeysed block was placed in the Langmuir
trough prior to spreading the monolayer, to prodd#ark background for the image as the
Langmuir trough is white and reflects the lasentlip too high a degree to get an image of the

monolayer.
245 Generating Aqueous Phase OH Radical During an Experiment

To mimic the aqueous phase OH radical productiatnmospheric droplets as shown in figure
2.3, aqueous phase OH radicals were generatedpinotolysis of HO, in the subphase of the
Langmuir trough. A lamp was fitted to the reactabramber lid which contained two 254 nm
UVC strip bulbs which extended above the full léngt the trough to give an even distribution
of light. Each bulb was labelled so that it couéditbentified when the bulbs were changed and
calibrated accordingly. Hydroxyl radical was genedsby reaction R.17.

H,0, + hv(A~254nm) - 20H (R 2.17)
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The production and subsequent secondary chemisaguzous hydroxyl radicals in the
subphase in this study, and the relevant rate aotssafter Yu and Barker (2003) are given

below

The reactions contributing to the OH radical coriaion in the subphase were as follows:

H,0, + hv 123) 20H kig= to be determined by model (R 2.18)
HO + H,0, 3 HO, + H,0 ko = (4.24 0.2) x 16 dnP mol* st (R 2.19)
HO, + Hy0p B Hy0 + 0, + OH koo = 0.5 dnii mor™ s* (R 2.20)
OH + OH 2 H,0, ko1 = 6.0 x 18 dn mol* s (R 2.21)
HO, + HO, <5 H,0, + 0, ko> = 9.8 x 16 dn mol* s* (R 2.22)
OH + HO, B H,0 + 0, kos = 1.0 x 18° dn? mor* s (R 2.23)

To quantify the concentration of OH radical geneddt the Langmuir trough subphase several

experiments were necessary:

* Chemical actinometry of Fe(ll) to determine theditaken for the lamp to give a stable
output of photons was measured.

e Titrations of HO, to determine the loss in the concentration gdHn the subphase
over time due to the production of OH through phatig. The photolysis rate constant
was calculated from the,B, decay and the }®, concentration was also used to
kinetically model the OH concentration in the Sudogd

» Kinetic modelling of reaction 2.18 to 2.23 to detére the OH concentration in the

subphase during the neutron experiments.

2.4.5.1 PhotolysisLamp Calibration by Chemical Actinometry

The photolysis lamp was calibrated using actinoyntiquantify the photon flux, that is the
number of photons per érincident on the surface of the Langmuir trough.aktinometer is a
substance with a known quantum yield as a funcaifomavelength (Pilling and Seakins, 1995)
that behaves in a known and predictable mannenguspotassium ferrioxalate solution
containing Fe(lll) as an actinometrical subphast@nametry was carried out following the
method of Hatchard and Parker (1956).
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As the photons incident on the Langmuir trough treath a subphase of potassium ferrioxalate
solution (Fe(lll)), a complex of iron in the 2+idation state (Fe(ll)) is generated according to

reaction 2.24.
2[Fe(C,0,)3]3~ + hv - 2Fe(C,0,) + 3[C,0,]*>~ + 2C0,. (R 2.24)

Each Fé& produced represents the interaction of one phdtoe.reaction of the Fewith
phanathroline added to the sample produces an@@liguration of the subphase potassium
ferrioxalate solution which provides a measurablgnge in the adsorption of light by a sample
of the subphase from which the concentration ofifFeén be measured on an ultra violet
visible spectrometer and calculated using the Baenbert law (E 2.24).

A= =—o[c]l (E 2.24)

0

According to Beer-Lambert law the absorptié) éf light by a sample is equivalent to the
change in light intensity that is, the intensitylight that has passed through the sample as
transmitted lightl§), divided by the intensity of light before intetian with a samplelf). The

change in the intensity of transmitted Iigifﬂ)@s dependent on the extinction coefficiesit the
0

path lengthlj and the concentration of Fe(ll). The path lerayild the extinction coefficient are
kept constant so the loss in the intensity of tmdtted light is a result in a change in the Fe (ll)
concentration (E 2.25).

I
In-L

[c] =2 (E 2.25)

ol

The change in the concentration of Fe(ll) over axpe time (@ gives the warm up time for the

lamps to give a stable output of photons.

The photon flux (g was calculated by dividing the measured quantigta yy) of Fe(ll) in the
sample by the time that the sample was exposéduktphotolysis lamp (E 2.26). The photon
flux divided by the surface area of the Langmuwugh gives the intensity of the lighg)(l

falling on the surface of the Langmuir trough (27).

ap = tl (E 2.26)
I (E 2.27)
T 600 cm?
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2452 Actinometry Procedure

The actinometry was performed under dark room dmdi with only red light. The
spectrometer measures the absorption of lighsaigle wavelength of 510 nm. A value of

absorption for a solution containing no irog) (kas measured initially.

The Langmuir trough was set up as if for a neugmeriment within the aluminium reaction
chamber with the photolysis lamp fitted to the Tithe trough was filled with the actinometer

solution.

Two 2.5 mL samples of the actinometer solution waken with a pipette from the Langmuir
trough under dark room conditions prior to anyrilination. One sample was immediately
stored in a dark cupboard, the second aliquotmpsawas pipetted into a 50mL volumetric
flask with 5 mL phenanthroline solution and 2.5nflthe buffer solution, then was made up to
volume with HO. A sample of this solution was then pipetted aituvette. The cuvette was
stored in darkness for 30 minutes for a complewtm between the Fe(ll) and the

phenanthroline.

The remaining actinometer solution in the Langntwgiugh was irradiated with the 254 nm
photolysis lamp for set time intervals of 0, 5, 30, 60, 120 and 300 seconds. After

illumination a 2.5mL sample was taken from justémth the surface of the subphase by pipette.
This irradiated sample of actinometer solution e transferred into a 50mL volumetric

flask. 5 mL of phenanthroline solution and 2.5mlbaffer solution were added and the flask
was filled to volume with KD. The solution was placed in a dark cupboard Gom&utes for a

complex to form between the Fe(ll) and the phenalitte.

Phenanthroline solution was added to the sampkndftthroline has a strong absorption cross

section at 510 nm and can be used to quantify éfiepFoduction from photolysis of Fe(lll).

The Fe(ll) forms a complex with phenanthroline vihig bright orange in colour. Fe(lll) does
not complex with phenanthroline. The ratio of Fe(dl Fe(lll) determines the intensity of the
orange colour formed. The absorbtion cross secti¢re(ll), ¢, is equivalent to the absorbance

of light by the Fe(ll) solutionp, measured on the spectrometer divided by thelpatth |I.
= % (E 2.28)

After 30 minutes a 1 mL sample of each solution pipstted into cuvettes. The absorbance

was measured with the spectrometer at 510nm ameloted for the absorbance of the |
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solution with no iron present. The absorption crsesion ¢) for Fe(ll) molecules to absorb a
photon at 510 nm was 1.3 x"18 8.0 x 18 cnt mole™.

Figure2.15 The Fe(ll) Absorbance versus Fe(ll) Concentration
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The time taken for the bulbs to produce a stabtpuiwf photons was determined by measuring
the yield of Fe(ll) which was produced by the pliyas of Fe(lll). The lamp took 100 seconds
to reach the maximum output of photons, the lantgnisity reached 7.7 x 1Qphotons per
second incident on the trough in <100 secondsllidgas experiment would have been
repeated as the final point at 300 seconds isiogtlyt was not possible to repeat this

experiment as it required the beam line Langmuoindgh which is in constant use.
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Figure2.16  The Intensity of the 254nm Photolysis Lamp oveeTim
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46270
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2455 Actinometry Solutions

Seven ferrous sulphate solutions were made upnaeotrations of 0, 1. 25, 2.5, 5, 7.5,10 and
12.5 mL of solution F in 50 mL volumetric flaskstiwihe addition of 12.5 mL of solution A, 5

mL of solution B, and 12.5 mL of solution C, theade up to volume with ©.
A. Buffer solution

Buffer solution composed of 0.6M sodium acetatgHO,Na- 3HO) and 0.18M
sulphuric acid (HSO,). 20.41g of sodium acetate and 4.41g of sulprasid weighed
into a 250 mL volumetric flask and made up to vadumith water. The sodium acetate
must be added first followed by a little water thla sulphuric acid followed by the

remaining water.

B. 5x 10° M 1:10-phenanthroline monohydrate solutionkGN,: H,0)

0.25g of 1:10-phenanthroline monohydrate weighéal @250 mL volumetric flask

made up to volume with 4O.

C. 0.5 M Sulphuric acid solution @g30,)

49.04qg of sulphuric acid in a 1L volumetric flaskae up to volume with 4.

D. 0.18 M Potassium oxalate solution,(¥O,- H,O)

8.29¢ of potassium oxalate in a 250 mL volumetask made up to volume with the

0.5M sulphuric acid solution.

E. 0.03 M Ferric(lll) sulphate solution (K&0,)s)

3g of ferric(lll) sulphate weighed into a 250 mUwmetric flask made up to volume

with 0.5M sulphuric acid solution.

F. 4.0 x 10°M Ferrous sulphate solution (FeS@H,0)

0.0188g of FeS©2H,0 and 1.23g of k50, weighed into a 250 mL volumetric flask

made up to volume with 4O.

A solution of 2.5 mL of the 0.5M sulphuric acid ab2.5 mL of the buffer solution was made
up to 50 mL with pure water. This solution was utsedetermine the, lvalue for the

spectrometer.
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A subphase solution to fill the Langmuir trough wmaade up under dark room conditions using
red light only to illuminate the laboratory. Thetassium ferrioxalate actinometer solution was
made up in a 1L volumetric flask with 200 mL of kaxf solutions (C, D and E) and filled to
capacity with HO:

The 1L potassium ferrioxalate actinometer soluti@s subsequently transferred into a 2L

volumetric flask and filled to volume again with®

24.6  Determining the OH Radical Concentration in the Subphase with Titrationsand

Numerical M odelling

To produce absolute rate constants for the deofitiee monolayer surface coverage at the air-
water interface from the pseudo-first-order ratestants for the reaction of hydroxyl radical
with stearic acid, the concentration of hydroxylicals in the Langmuir trough must be
guantified. To determine the concentration of Okhie subphase over time an experiment was
undertaken where a sample of the Langmuir troudplsase containing 0, was taken after a
measured period of photolysis time. The sampletitrased with standardized potassium
permanganate solution for hydrogen peroxide. Tthatittn data of the decay in&, with
photolysis time was then fitted to obtain a conitn of hydrogen peroxide in the subphase

during a photolysis experiment.

The following equation describes the consumptioRif@, during titration with potassium

permanganate.
2Mn0,” + 5H,0, + 6HY - 2Mn?* + 50, +8H,0 (E 2.29)
24.6.1 Titration Procedure

The Langmuir trough was set up as for a neutroem x@nt, within the aluminium reaction
chamber. The trough was filled with 400 mL of 0.G88.002 mol drif H,0, in H,O subphase
solution. Each 400 mL sample provided two sampligisont the depth of the solution affecting
the OH production.

A 50 mL burette was fixed to a clamp stand anddillvith potassium permanganate solution.
The reaction end point between®d and the potassium permanganate solution was isstah!

by mixing in a 250 mL Erlenmeyer flask, 10 mL oéthM sulphuric acid solution, and 50 mL
pure water. 1 drop of potassium permanganate saluwas added with a Pasteur pipette and the
mixture was agitated in a circular direction uthi2 mixture became a pale pink which was the

end point colour to titrate the samples to.
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A standardisation was performed to calculate thewarhof sodium oxalate required to react
with 30 mL of the potassium permanganate solufldre sodium oxalate solution (D, section
2.4.6.4) was heated to 80°C on a hotplate. Thediation was then placed beneath the
potassium permanganate burette, the level of potagsermanganate solution in the burette
was recorded and the tap of the burette was opem#tht a slow trickle of potassium
permanganate solution entered the sodium oxaldié@sn The Erlenmeyer flask was agitated
with a swirling motion continuously. When the sabatof potassium oxalate reached the
reaction end point colour the level of potassiumr@anganate remaining in the burette was

recorded.

The titration of HO, samples was conducted on a 25 mL sample of thghsske HO, solution
after exposure to the photolysis lamp for a meabspegiod of time. The 25 mL subphase
sample was pipetted into a 250 mL Erlenmeyer feask 10 mL of sulphuric acid solution was
slowly added. The level of potassium permangarttaien in the burette was recorded and the
Erlenmeyer flask was then held beneath the bucetitining the potassium permanganate
solution and the tap was opened to allow a slavkl&iof potassium permanganate to enter the
flask. The flask was continually agitated in a $iwiy motion until the end point colour was
reached. The level of potassium permanganate ihutette was recorded at the end point and

the sample calculation was performed.

A 25 mL sample of the subphase was taken usingettpiprior to any photolysis. This sample
was titrated with the potassium permanganate soldti determine the initial 4,

concentration to compare to the irradiated samples.

The following set of equations (R 2.30 to 2.32nfdhe sample calculation used to determine
the HO, concentration in the titrated samples. The nurobemnoles of KMnQ titrated to reach
the reaction end point was calculated accordirggteation 2.30 whereaeqis the volume of
KMnOQq titrated in micro litres, multiplied by the molgriof the KMnQ, solution used for

titration.

[KMn04] titrated = (Vtitrated) [KMn04]solution (E 2-30)

The number of moles of KMnGolution taken to reach the reaction end pointiplidd by a

factor of 2.5 gives the number of moles gfAtitrated (H,0;]titrated)-

[H20:]titratea = ([KMnO4ltitratea) 2.5 (E 2.31)
[H202]titrate
(H202lmot am= = gy (E 2.32)
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The concentration of }@; in the titrated sample was calculated using eqon&i32, the relative

molecular mass of 40, (RMMy,,,) is 34.1.

The titration experiment was performed twice fdfatent bulb configurations, to allow the

calculation of an accurate photolysis rate constdren the bulbs had been changed.

Figure2.17  The Subphase &, Concentration as Measured by Titration, for Lamp

24.6.2

Configuration A and Lamp Configuration B
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Titration Materials

Pasteur pipettes

20 mL glass graduated pipette for extracting thmbase from the Langmuir trough to
be titrated.

1 mL glass graduated pipette for measuring ouHl@ to make up the 3D, subphase
solution.

2 1L volumetric flasks, one for the;8, subphase, one for the potassium permanganate
solution.

Erlenmeyer flasks (250 mL) to titrate into.

Hotplate (80°C)

Burette (50mL)

Clamp stand

Measuring cylinder (25 mL) for the potassium pergarate solution.
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2463

2464

Titration Chemicals

Pure water purified by a Millipore machine to a doctivity of 18QM.

H.O,: 30% NormaPur for trace analysis purchased fromR/Woduct code:
23615.261.

Potassium permanganate (KMp@urchased from Sigma Aldrich in dry granular form
Catalogue number: 223468

Sulphuric Acid (HSQ,) purchased from Sigma Aldrich.

Sodium oxalate (N&,0,) purchased from Sigma Aldrich

Titration Solutions

0.0882 mol drif Hydrogen peroxide (}D,) solution.
The solution was made up by volume using 10 mL 30%, in 1L H,O. The solution

concentration was 0.3 %,8,.

4 M Sulphuric acid (K50,) solution
98.08g in 250mL kKD.

0.025 M Potassium permanganate (KMp&blution
3.95g KMnQin 1L HO.

Sodium oxalate (N&,0,) solution for standardisation
0.345g of sodium oxalate powder was weighed ootan250 mL Erlenmeyer flask. 60
mL of pure water and 10 mL of the sulphuric acith8on were added to the sodium

oxalate. The mixture was agitated until the sodaxalate dissolved.

A low concentration of FD, was used so that the reservoir concentration,@6 Mould decline

allowing the modelling of the photolysis rate camgtfrom the decay in 4, concentration.

For the neutron experiments a high concentratidd,0% was used in the subphase so that the

OH concentration remained near constant durin@etign with stearic acid.
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2.4.7  Kinetic Modelling of the Aqueous OH Radical Concentration

The aqueous OH radical concentration in the sulgpivas determined through modelling based

on the titration data which gave the decay in thecentration of kD, with photolysis time.
The kinetic modelling of the OH concentration shdwfeat:

» OH diffused to the interface more rapidly than &sadestroyed.

* The concentration of D, made little difference to the concentration of He OH
concentration was much more sensitive, to the namwibghotons incident on the
surface of the Langmuir trough.

» Secondary chemistry was not responsible for theahteaction with the monolayer as
OH diffused to the air-water interface rapidly amals the dominant reactive chemical

species in the subphase.

2.4.7.1 Modelling the Subphase OH Concentration during a Photolysis Reaction with Hydrogen

Peroxide

To calculate the concentration of OH radical inghbphase the photolysis rate constantas
calculated using a kinetic model which modellecttiea 18 to 23 within the subphase. The
photolysis rate constanl)(governs the dissociation o£8, into OH radicals. The box model
took into account the penetration depth of the UMBY into the subphase and the mixing with
depth.

In order to model the photolysis rate constantstitgphase concentration of® with reaction
time needed to be measured as the model calci@igicbased on the decay ot®, as

measured in the titration experiment. The kinetameal ran reaction 18 to 23 as a kinetic system
of first-order differential equations which werewaal using a Runge-Kutta solver to predict the
concentration of KD, and OH radical in the subphase. Thevalue was varied to obtain an
accurate fit to the temporal decay in the hydrggemoxide concentration due to photolysis. The
modelled OH concentrations are given in table 2uland Barker (2003) measured the
quantum yield of hydroxyl radicals from photolysisagueous hydrogen peroxide solutions and

its secondary reactions (R 2.18 to 2.23), this wpst into the model.

Jwas modelled according to equation 2.33.

J = [o¢FdA €2.33
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Jis defined as the integral of the absorption ceession §) of H,O, for light at a wavelength
(A) of 254 nm ~ 25 N cmi* multiplied by the quantum yield of OH productioveets per
photon ), which is 1, multiplied by the photon fluk) and the wavelength Xy

TheJ rate for a 0.882 mol dihH,0, solution was (1.8 0.2) x 10" s*, for the lamp
configuration A with older bulbs in the lamp, wheme bulb was replaced (lamp configuration
B) theJ rate increased to (34 0.4) x 10" s™. The error inJis the upper and lower limit af

within which a fit of the HO, modelled concentration data to the titratioi©Oklversus
photolysis time experimental data is valid.

The temporal decay of hydrogen peroxide due tghuolysis of 0.0882 mol dfhhydrogen
peroxide solution in the absence of a stearic midolayer is shown in figure 2.18 together

with the predicted kinetically modelled hydrogemgéde and hydroxyl radical concentrations.

Figure2.18  The Modelled OH Concentration in a Subphase of&2080l drit H,O,

o [H,0,] Measured ©
5 E| — [M,0,] Modelled | ]2
- - - [OH] Modelled i

(---) gwpjow, 0t/ [HOI

[Hy0,] / 102 mol dm™

Time / 10° seconds

The modelling showed that the OH concentratiomentop box of the model in the subphase
region immediately beneath the monolayer, staystenih at approximately 8.4 to 8.7 x'£0
mol dni® throughout the timescale of a neutron experimafiten a new bulb was fitted to the
lamp the OH concentration increased to 16 **18ol dm?® showing that the intensity of light

had more influence on the OH radical concentratiam the starting concentration of®3.
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Table2.2 The Modelled OH Concentrations in the Langmuir Blo®ubphase During a
Photolysis Reaction According to Reactions 18 to 23

H,0, subphase concentration OH subphase concentration
mol dm?® (10" mol dni®)
0.029 8.4
0.294 8.6
0.588 8.7
1.176 8.7
1.470 *16
2.352 8.7

*Note that the OH concentration of 16 mol @mvalid for the experiments in section 2.7.3
where the subphase temperature was varied. Thehigllue was a result of a new bulb being

used in the photolysis lamp.

From table 2.2 it can be seen that a large chantfesiinitial hydrogen peroxide concentration

leads to a small change in the concentration ofifdtHe subphase.
2.5 Kinetic Analysis M ethodology

The decay in the surface coverage measurementstfiemeutron reflectivity data for the
reaction between OH radical and a stearic acid tageowere fitted to a degradation

mechanism.

Blank experiments to check for the effect of thetplysis lamp on the monolayer surface
coverage without OH radical production and withphotolysis to measure the decay in
ambient air of the stearic acid monolayer wereditto an exponential decay. The two decay

mechanisms will be explained here.
251 Exponential Decay

The blank experiments with no photolysis, or witlofolysis and no D, were fit to an
exponential decay where the rate of decrease autffiece is related to the amount at the

surface at the start of the experiment.
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The reaction scheme for the loss of stearic acét tme is:

k
rt=0 . —rt (E 2.34)

stearic stearic

The rate expression for the decay in the surfagerege]I’, of the stearic acid monolayer is:

d[l'stearic
% = —kstearic[lstearicl (E 2.35)

A simple exponential as shown below can be fittethé surface coverage data giving the rate

of decay of surface coverage therefore the lofiseo$tearic acid monolayer over time.

A fitting regime was used which follows the formexfuation 2.36 allowing time zero for the fit
to be prescribed as the start of the reactionpdnat in time where the lamp was engaged for

the photolysis blank experiments.

t—tg

It = Lynreactea + Ft=Oe_(T) E 2-36

25.2 Degradation Mechanism

A sequential decay mechanism was fitted to the aredskinetic variation of surface coverage (
T'ota), @s recorded by neutron reflection. The meassue@ce coverage is the sum of all the
deuterated species at the air-water interfaceeeterated stearic acid and any deuterated

products of the reaction between stearic acid gddaxyl radical. The following scheme is

suggested;

C18D3502H(syrpy + OH = Product A(gyrpy (R 2.25)
Product Asyrsy + OH — Product Bsry) (R 2.26)
Product B(gyrfy + OH — Product Caq) (R 2.27)

Where stearic acid, and its shorter chain lengtidyets A, and B, are surface active (surf), thus
contribute to the surface coverdgg,at the air-water interface. Product C is denotehagy

and partitions into the bulk aqueous solution ds# no propensity to be found at the air-water
interface. The neutron reflection technique as eygal in these experiments measures the
coverage of deuterium atoms at the surface andstioation is made between stearic acid and
products A and B (C is dissolved in the bulk therefdoes not contribute to the reflection
signal). The total surface coverage would depenstearic acid, product A, and product B. It is

assumed that the OH radical initiates a seriesaftions removing four GIyroups in each
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reaction, 2.25, 2.26 and 2.27. There are likelgdanore steps, and this is a simplified model.
Thus the total surface coveragg;,; depends on:

Ltotar = 35Dstearic + Nal'a + NBFB (E 2.37)

Wherel'geqric I' a, T’ g are the surface coverage measurements of steatigpaoduct A and
product B respectively and,Nind N; are the number of deuteriums found in produchd B
respectively. To account for the cleaving of fold,@roups from the stearic acid chain in each
reaction, (R2.23 to 2.25) arbitral values of 27 afidre assigned toMNand Ns.

Ltotar = 35 stearic + 27T + 21T (E 2.38)
Fitting the above scheme to thelata yielded the pseudo first order rate constants

The rate equations for reactions 2.25 to 2.27 are:

Al'stearic

# = _k39rstearic [OH] (E 2'39)
dar

d—: = k3ol stearic[OH] — k4ol 4[OH] (E 2.40)
Lz kao TA[OH] — k41 T'p[OH] (E2.41)

dat

Assuming first-order conditions with [OH] constaast photolysis does not consumgdi

rapidly, and defining"® order rate constants:

Kstearic = k3o[OH] (E 2.42)
ka = k4o[OH] (E 2.43)
kg = k41[OH] (E 2.44)
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By solving equations 2.39 to 2.41 (Laidler, 1998l gubstituting the answers into equation

2.38 the following equation is produced:

t=0 . t=0
t=0 27rsteanc kstearlc 21Fstearic kstearickA —k -
Ttotar = | 35  stearic + + e Tstearic
(kA - kstearic) (kA - kstearic)(kB - kstearic)
27T 50 Lk ; 217850 Kstearicka
+ ( stearic*stearic stearic'tstearic )e—kAt (E 245)
(kA_kstearic) (kA_kstearic)(kB_kstearic)
t=0 t=0
< 211—‘stearickstearickB + 21FstearickstearickA ) e —kat
(kA - kstearic)(kB - kstearic) (kA - kstearic)(kB - kA)

Wherel*=? is the surface coverage at time zero Bnis the surface coverage at a later time, t.
Equation 2.45 describes the temporal behavioliy,gf and can be fitted to the experimental
data by varying the value of 4ic ka and lg . Rate constants fordk,, and k; can be

determined by knowledge of [OH].

The reaction initiating the mechanism is hydrogerogide andv producing 2 OH radicals.
This mechanism fits the experimental observatiokstas been proposed on the basis of

current literature. The proposed mechanism is fccsadical driven process that :
(a) shortens the amphiphile at the air-water iawfand
(b) regenerates an amphiphile meaning that matgags at the surface.

The rate constants obtained by fitting to equafi@lb to the surface coverage data from each

neutron experiment are set out in the results@ecti
253 Ratelimitation

The rate limiting process for the reaction of steacid as a cloud droplet film component in the
atmosphere and aqueous OH radical would be theddEentration. In the experiment the rate
limiting step was the process of OH attacking tieewsc acid molecules in the film, which is in
turn governed by th&rate of the lamps which determines the OH produatate, see equation
2.33.J was a constant value as the lamps were used wreewarmed up state only so it is not

investigated further here.
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2.6 The Methodology of a Typical Combined Surface Cover age and Surface Pressure
M easur ement

2.6.1 Sample Environment

The Langmuir trough was housed in a custom madaialum reaction chamber as shown in
figure 2.19.

Figure2.19  The Aluminium Reaction Chamber Housing the Langimaugh

The reaction chamber was fitted to the SURF raflaeter sample environment and the beam
was adjusted using a laser as a trace so thaetkteons would reflect from the surface of the
Langmuir trough.

26.2 Cleaning the Langmuir Trough

The Langmuir trough was cleaned with hydrochlodidand then rinsed with pure water seven
times. The trough was then wiped down with chlonof@nd rinsed a further seven times to
remove any trace organics from the PTFE surface.altiminium reaction chamber was also
wiped down with chloroform and then wiped over setimes with pure water on a lint free
tissue. The Langmuir trough was placed within tlueninium reaction chamber from which the
surface pressure sensor can be connected and pbtlvesagh a series of serial ports. The
surface pressure sensor was calibrated using dtagighe beginning of the experiment. All
glassware was washed with decontaminant (Decoar8d)insed seven times with pure water.

The syringe was cleaned with chloroform seven tibrefere use and immediately after use.
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2.6.3 Controlling the Temperature of the Subphase

The temperature of the Langmuir trough subphasecaagolled using a circulating water bath
which pumped glycol into a system of tubing intégoahe base of the trough which cools
through heat exchange. The temperature was sebtddgrees above the desired subphase
temperature, and at the point where the photolgsip was switched on, the temperature was
dropped by two degrees to counteract the warmifegedf the lamp.

264 Experimental M ethodology

Figure2.20 The Langmuir Trough within the Aluminium Reactidra@ber

PTFE barrier for film
compression Photolysis

lamp integral
to the

chamber lid

Sample area
containing the
monolayer

Wilhelmy plate
balance
for surface
pressure
measurement

Aluminium
reaction chamber

PTFE lined Langmuir
trough

The Langmuir trough was filled with 400 mL of nediflective water containing 4@,. The
organic film at the air-water interface was credig@dding 10Ql of 1 mg mL* deuterated

stearic acid (¢D3s0.H), with a Hamilton syringe, drop by drop at thewaater interface on the

Langmuir trough.

The reaction chamber lid with the integral photyamp was placed onto the chamber. Once
the stearic acid monolayer was spread the Langmuuigh barriers were closed to compress the
monolayer to a surface pressurB of ~ 30 mNnT in the solid region of the stearic acid
isotherm at a velocity of 40 dmin™ and subsequently relaxed to 20 miNimto the liquid

region of the stearic acid isotherm to prevent ptdmange interference in the measurement.
Upon reaching the desired surface pressure thghrbarriers were stopped and the area was
held constant, the surface pressure was monitorestord a kinetic decay as the photolysis

lamps illuminated the trough. The neutron refldéttimeasurements were initiated
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simultaneously. The photolysis lamp was also sweiticbn to generate OH radical within the

subphase.

26.4.1 M ethodology for Varied Subphase H,O, Concentration Experiments

The HO, concentration in the subphase was varied at vaiL@$9294, 0.2940, 0.588, 1.470,
1.176, and 2.352 mol dinin order to vary the concentration of aqueousr@dtical in order to
observe whether a greater OH concentration woald fe a more rapid decay in the surface

coverage of a stearic acid monolayer.

All runs were maintained at a temperature of 178@he temperature was achievable rapidly to
maximise measurement time and was within the stdntdanperature range of 15°C to 20°C
commonly used in atmospheric experiments for relegdo the temperature of the lower

Troposphere at cloud base.

Neutron reflectivity data was collected over ~5 méperiods of measurement per surface

coverage measurement data point.
2.6.4.2 M ethodology for Varied Subphase Temperature Experiments

The subphase 4@, concentration was kept constant at 0.588 mof eindetermine if the
subphase temperature (6.7 to 50°C), had an effettieokinetic decay of the stearic acid
monolayer. The trough was cleaned and re-filleth @inew subphase and monolayer before
each temperature experiment. The subphase tempeveds altered by setting the circulating
temperature controlling bath for cold runs at 58€slthan the desired temperature and for warm
runs at 2°C more than the desired temperaturesilibghase temperature within the Langmuir
trough was observed by fitting a thermocouple ®ltangmuir trough barrier with the tip

immersed in the subphase behind the trough baori@void interference with the monolayer.
Neutron reflectivity data was collected in 5 minated 30 second, periods of measurement.
2.6.4.3 Equipment

* Neutron Reflectometer, SURF at the ISIS Pulsed fdawind Muon Facility,
Rutherford Appleton Laboratory, Oxfordshire, UK.

* Langmuir trough suitable for use on the neutrofectbmeter SURF, with the
Wilhelmy plate pressure sensor positioned on thadvaout of the path of flight of the
neutron beam. Measurements: 37.2cm x 32cm x Tastom model, Nima
Technology.

» Surface Pressure Sensor: model IlU4, Nima Technology

e 50 pL Hamilton syringe
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Julabo Circulating temperature controlling bath gloBP50-MH with insulated tubing
and connectors which will fit to the base of theaggauir trough.

Pre-cut Wilhelmy plates made from Whatman chromatoigy paper for Wilhelmy
plates: Whatman 1cm width reel, catalogue numt@1804.

Gold wire for construction of oxidation resistawiolks to connect the Wilhelmy plate to
the balance. Alpha Aesar, catalogue number 4508438 inch diameter, 99.9% purity.
Steel plated tweezers for placing the Wilhelmygdaand hooks onto the balance.
Kimwipe lint free tissues.

Aluminium reaction chamber custom made to houséa@mgmuir trough, with quartz
windows to allow laser alignment of the neutronrbgsath onto the surface of the
Langmuir trough.

Germicidal Amax ~254 nm) photolysis lamp. Photolysis Lamp: UVP XXBLB UV
Bench Lamp. Photolysis lamp bulbs: Sylvania UVC\glangth centred on 254nm)

1L volumetric flask with glass stopper for storisigophase.

10mL volumetric flask with glass stopper for makingthe 1mg/mL spreading solution
of D35 stearic acid.

Decon 90 detergent.
Chemicals

H,0,: 30% NormaPur for trace analysis, VWR, productec®3615.261

Deuterated Stearic Acid: d35, Sigma Aldrich Isotardtalogue number: 448249

Non deuterated Stearic Acid: Sigma Aldrich-Flukarigs p.a. (standard for GC),
catalogue number: 85679 used for test experiments.

Deuterium Oxide: Sigma Aldrich, catalogue numi6&1643

Pure water: Millipore conductivity of >18V

Chloroform: Sigma Aldrich, Chromasolv plus for HP198.9% with ethanol stabilizer,
catalogue number: 650471
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2.7 Results
The experimental results are presented in theviitig order.
2.7.1) Preliminary surface pressure measurements

2.7.2) Neutron surface coverage and surface presseasurements of the decay of stearic

acid monolayers on a subphase of varied OH radaatentration.

2.7.3) Neutron surface coverage and surface peesseasurements of the decay of stearic

acid monolayers on a subphase of varied temperature
The results of the kinetic analysis and imaginthefmonolayer will then be presented.
2.7.4) The results of the kinetic analysis of theace coverage data.

2.7.5) Brewster angle microscopy images of stemnid monolayers before and during

oxidation.

2.7.1  Preliminary Experiments
2.7.1.1 Aims of the Preliminary Langmuir Trough Experiments

Before time on the neutron reflectometer can baionbt evidence of the need to use the
instrument must be submitted to the neutron fgcit Langmuir trough at Royal Holloway
University was used to run test experiments tordatee whether a reaction was taking place
that required surface coverage data in additiuttace pressure data to establish the kinetic

behaviour of the reaction. A brief description lsitpreliminary data is given here.
The aims of the preliminary experiments were

e To ensure the concentrations of reactants wereulf to produce a reaction on a time
order suitable to facilitate neutron reflectiviteasurements of the monolayer surface
coverage.

» To ensure that the reaction was initiated by thesags chemistry and not by the
ambient air.

e The stearic acid monolayer was monitored with aitdout the photolysis lamps used
to generate OH radical from aqueou®kito ensure that the stearic acid monolayer was

not photolysed (figure 2.20).
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2.7.1.2 Results of the Preliminary Langmuir TroughExperiments

On a subphase of,B at 20°C the decay in the monolayer surface pressas not greatly
altered by photolysis as shown in figure 2.21. Phase transition at ~13 mNrfrom liquid
to liquid condensed like behaviour was less progedrunder photolysis conditions. The

surface pressure decayed from 30mNtm10mN ni over 3000 seconds / 50 minutes.

Figure 2.21  The Kinetic Decay in the Surface Pressure of @d.3@onolayer of 1mg/ mL
Stearic Acid on an D Subphase With and Without the Photolysis Lamp at
20°C Conducted on the Royal Holloway Langmuir Tioug
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The interference in the surface pressure data vaased by groundwork adjacent to the
laboratory which was on-going throughout the projeausing vibrations despite the use of a

laser table to minimise interference.

To ensure that the production of OH radical inghbphase had a measurable effect on the
stearic acid monolayer the surface pressure ahthrelayer on a high concentration o4
(2.352 mol drif) subphase was monitored at 20°C with and withbotglysis (figure 2.22).
The effect of the OH radical on the kinetic dec&the monolayer surface pressure can be
clearly seen with the surface pressure reachingwihin 2000 seconds. In the presence of
H,O, alone without photolysis the surface pressureyit#o just 18mN i over 40000

seconds/ >11 hours.
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Figure 2.22  The Kinetic Decay of a 20 Monolayer of 1mg/ mL Stearic Acid on apG4
Subphase With and Without the Photolysis Lamp & Zonducted on the
Royal Holloway Langmuir Trough
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The lamp was initiated at time zero.

To test whether changing the® concentration had an effect on the kinetic denahé
surface pressure of the stearic acid monolayersthface pressure was monitored at different
H,0, concentrations (figure 2.23). The slope of theagidn surface pressure in the liquid
region appeared steeper at a highgdttoncentration. The difference in the surface pness

decay over time on subphases of differes+toncentrations was the basis of the neutron
experiment described in section 2.7.2.
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Figure 2.23 A 3QuL Monolayer of 1mg/ mL Stearic Acid on ag04d Subphase With
Photolysis at 20°C Conducted on the Royal Hollowaygmuir Trough
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The photolysis lamp was initiated at 400 secondid-the lamp made heat which produced a
small rise in the surface pressure data. The sarfar@ssure rise was eliminated by reducing

the temperature by 2°C when the lamp was switched o

2.7.2 Neutron Surface Coverage and Surface Pressuveasurement of the Decay of

Stearic Acid Monolayers on a Subphase of Varied OlRadical Concentration

The kinetic decay in the surface coverage and seiffaessure of a stearic acid monolayer due
to a reaction with agueous OH radical was meassineditaneously on the Langmuir trough

and the SURF neutron reflectometer. Th®4toncentration and therefore the OH radical
concentration was altered to investigate the effécbncentration on the reaction and to assess

rate limitations on the reaction of the steariclanbnolayer with aqueous OH radical.

The HO, concentrations and the corresponding OH concémtisatieduced from the kinetic

modelling are explained in section 2.4r¢ given in table 2.2 in section 2.4.7.1.

The results of the OH reaction experiments aregotesl in order of increasing OH
concentration. The kinetic decay in the surfacescage of a stearic acid monolayer on a
subphase of null reflective water with photolysisowed that the stearic acid monolayer does
not photolyse (figure 2.28). The kinetic decayhia surface pressure and surface coverage of a
stearic acid monolayer on a subphase @Hwithout photolysis (figure 2.28) was measured to

show the effect on the monolayer decay dueid,Hor comparison to a photolysis experiment
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in which OH reacts with the monolayer showing that surface reaction with OH is
distinguishable (figure 2.24).

The graphs are presented with fits of the kineticay mechanism (equation 2.45) to the surface

coverage data as explained in section 2.5.2, thétseof which are given in section 2.7.5.

At an OH concentration of 8.6 x *fanol dm? the surface coverage decayed to 0.5% 10
molecule nif over 21000 seconds (figure 2.24). The surfacespresdecayed to 2.5 mN'm
over 7500 seconds. The decay in the surface cawelidgnot follow the decay in the surface
pressure thus if kinetic calculations were basetherdecay in the surface pressure the rate

constant would not be valid for the amount of matext the air-water interface.

Figure 2.24  The Surface Coverage and Surface Pressure Kinetoapof a Stearic Acid
Monolayer on a Subphase of 0.294 mol’t#hO, / 8.6x10" mol drm® OH with
a Kinetic Degradation Fit of Equation 2.45 to therface Coverage Data.
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The subphase temperature was 20°C.

At an OH concentration of 8.7 x fanol dm? the surface coverage decayed to 2.1 molecule m
% over 16000 seconds (figure 2.24). The surfacespresdecayed to the lowest value of 1 mN

m™ over 9000 seconds.
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Figure 2.25 The Surface Coverage and Surface Pressure Kineoaipof a Stearic Acid
Monolayer on a Subphase of 0.588 mofHa®, / 8.7 x10* mol dn? OH with
a Kinetic Degradation Fit of Equation 2.45 to t8arface Coverage Data
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The subphase temperature was 6°C.

At a modelled OH concentration of 8.7 x*4Mol dni®, but a higher KD, concentration of
1.176 mol dri (figure 2.25), the surface coverage decayed o @eer 9600 seconds. The
surface pressure decayed to zero over 9000 sechmide in the surface pressure and a
subsequent decay can be seen from 3100 onward$edtoee in the surface pressure data can
also be seen as a change in the slope of the swrtaerage data at 5200 seconds / 2.5'% 10

molecule nf.
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Figure 2.26  The Surface Coverage and Surface Pressure Kineoaipof a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn® OH with
a Kinetic Degradation Fit of Equation 2.45 to therface Coverage Data. The
subphase temperature was 20°C
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The subphase temperature was 20°C.

At a modelled OH concentration of 8.7 x*4Mol dm® and an initial HO, concentration of

2.352 mol drif the surface coverage decayed to zero over 96@hdscand the surface

pressure decayed to zero over 8000 seconds (fyRre. As in figure 2.26 a pronounced rise in
the surface pressure can be seen at 3000 sec8mié i* onwards, with a subsequent decay

to zero. A change in the decay slope of the surdagerage can also be seen from 2500 seconds

at a surface coverage of 4 x*4folecule .
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Figure 2.27  The Surface Coverage and Surface Pressure Kineoaipof a Stearic Acid
Monolayer on a Subphase of 2.352 mol’t#hO, / 8.7x10" mol dn® OH with
a Kinetic Degradation Fit of Equation 2.45 to therface Coverage Data
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The subphase temperature was 20°C.

The surface coverage was constant at ~ 5.1*%m@lecule rf within error over 23000 seconds
on a subphase of 2.352 mol did,0, with no photolysis or production of OH radicalire
2.28). The surface pressure decayed from 23riNond4mN nt over 23000 seconds at a

slower rate than in the presence of aqueous Oldahdi
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Figure 2.28 The Surface Coverage and Surface Pressure Kineoaipof a Stearic Acid
Monolayer on a Subphase of 2.352 molPehO, Without Photolysis with an

Exponential Fit to the Surface Coverage Data
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The subphase temperature was 20°C.

To ensure that the decay in the surface coveragisuaface pressure of the stearic acid
monolayer was not caused by photolysis of the isteaid measurements were taken in the
absence of KD, on a subphase of null reflective water. The sarfamverage remained constant
at ~ 5 x 16® molecule rif within error over 21000 seconds. The surface presspidly

decayed from 20mN thto zero over 8000 seconds.
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Figure 2.29  The Surface Coverage and Surface Pressure Kineoaipof a Stearic Acid
Monolayer on a Subphase of Null Reflective Wat#r photolysis, and an

Exponential Fit to the Surface Coverage Data
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The photolysis lamp was initiated at time zero. 3iigphase temperature was 20°C.

The difference in the slope of the decay in surfameerage with increasing,8, concentration
can be seen in figure 2.30. There was not enoughodélected to quantify the effect and this
experiment would need repeating to do so. The aedteam was lost for a total of half the
experimental time granted on SURF due to a mechhbfaidure at ISIS, therefore the data set is
not ideal however some kinetic information can bimed from this work. The experiment at
6°C showed a more shallow decay in surface covesdieh was investigated further in the

following neutron reflectivity experiment describedsection 2.7.3.
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Figure 2.30 A Comparison of the Kinetic Decay in the SurfacesBure of A Stearic Acid
Monolayer Exposed to Varied Concentrations of Aged¢O, / OH Radical
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2.7.3  Neutron Surface Coverage and Surface PressuMeasurement of the Decay of Stearic
Acid Monolayers on a Subphase of Varied Temperature

Measurements of the surface pressure and surfaeeacre of a stearic acid monolayer at the
air-water interface were taken at a singk®f¥ OH concentration at different temperatures. The
subphase temperature was varied to show whetheatitheonstant would decrease with at
higher temperatures. Measuring a range of tempesaallowed the creation of an Arrhenius
plot to show if there was a relationship betweengerature and reaction rate. The results are

presented in order of temperature from 6.7°C t€C50°

At 6.7°C (figure 2.31) the surface pressure measent repeated the behaviour seen in figure
2.25 and 2.26 where the surface pressure decagediffes before decaying again. The neutron
beam was lost during this experiment after 30003&€ / 50 minutes, thus there is only surface

coverage data for the decay from 5.5 to 4 ¥ irlecule .

135



Hydroxyl Radical Oxidation of Stearic Acid Monolayel Chapter
2

Figure 2.31  The Surface Coverage and Surface Pressure KiDetiay of a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn’OH at a
temperature of 6.7°C with a Kinetic Degradation &itEquation 2.45 to the

Surface Coverage Data
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The photolysis lamp was initiated at reaction tireeo for all the varied temperature

experiments.

At 8°C (figure 2.32) the surface pressure datadisterted by a bubble forming in the subphase
beneath the Wilhelmy plate. The surface coverageayasl from 5.9 to 3.8 x ¥dmolecule rif
over 4500 seconds after which the neutron beanagaand the measurements of surface

coverage were stopped.
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Figure 2.32  The Surface Coverage and Surface Pressure Kibettay of a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn’OH at a
Temperature of 8°C with a Kinetic Degradation Fittmuation 2.45 to the

Surface Coverage Data
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At 19.4°C the surface pressure decayed from 20riiNanzero over 3600 seconds. The surface
pressure can be seen to rise from a value of 6mMMtrhi300 seconds reaching a value of 8mN
m™ at 1600 seconds then falling again as was obsémvavious experiments. The surface
coverage decayed to zero over 2900 seconds. Thedeseen as a rise in surface pressure was
not reflected in the decay of surface coveragah®iheutron beam was of a poor flux initially

in this experiment so the period of counting panpwas long and the feature may not have
been seen on this time order.
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Figure 2.33  The Surface Coverage and Surface Pressure KiDetiay of a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn’OH at a
Temperature of 19.4°C with a Kinetic Degradatioh &fi Equation 2.45 to the
Surface Coverage Data
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At a temperature of 27°C the surface pressuresidtared interference from a bubble beneath
the Wilhelmy plate. The surface coverage declimethf3 x 16° molecule rif to 0.2 x 16
molecule rif over 6800 seconds.
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Figure 2.34  The Surface Coverage and Surface Pressure KiDetiay of a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn’OH at a
Temperature of 27°C with a Kinetic Degradation ¢litEquation 2.45 to the

Surface Coverage Data
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At a temperature of 31.5°C the surface pressurayaetfrom 20 to 2.7mN Trwithout rising
again. The starting value of surface coverage wast 2.5 x 18 molecule 1, the variance in
the starting surface coverage in each experimehiado two factors, when the beam had been
lost prior to starting the photolysis lamps thenfivas recompressed to 20 mN mhen the

beam was recovered and the experiment was startgdall loss in the amount of material at
the air-water interface occurs with time whilst then sits in the Langmuir trough, also the
monolayer was spread at the interface by diffeneinbers of the experimental team, a
technique was agreed to make this as uniform aslpedowever the surface coverage values

at the start are different. The surface coverageayks to zero over 3200 seconds.
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Figure 2.35 The Surface Coverage and Surface Pressure KiDetiay of a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn’OH at a
Temperature of 31.5°C with a Kinetic Degradatioh &fi Equation 2.45 to the
Surface Coverage Data
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At a temperature of 40.5°C the surface pressurayaetcfrom 20mN Mto 0.1mN it over
3010 seconds. A rise in surface pressure from 1%tbmN ni occurred after 1100 seconds.
The surface coverage decayed from 2.5 % alecule rif to 2 x 16° molecule nf over 2600
seconds.
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Figure 2.36  The Surface Coverage and Surface Pressure KiDetiay of a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn’OH at a
Temperature of 40.5°C with a Kinetic Degradatioh &fi Equation 2.45 to the
Surface Coverage Data
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At a temperature of 50°C the monolayer surface medeclined from 19mN#rto 0.1mN m

! over 2350 seconds. A rise in the surface predsu@mN m' occurred after 0.7 seconds. The
surface coverage decayed from 5.1 to 1.2 'R t@lecule rif over 1850 seconds. Due to a low
flux neutron beam the data points for the surfanerage measurement were once again far
apart and the time resolution of the measuremestpwar so it could not be said whether the

surface pressure rise was reflected in the neulatm
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Figure 2.37  The Surface Coverage and Surface Pressure KiDetoay of a Stearic Acid
Monolayer on a Subphase of 1.176 mol’t#hO, / 8.7x10" mol dn’OH at a
Temperature of 50°C with a Kinetic Degradation &fitEquation 2.45 to the

Surface Coverage Data.
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On a subphase of,8, without photolysis the surface coverage decay&d £0° molecule rif
within error over 14000 seconds. The surface pressecayed from 19mNfrto 0.4mN n
over 14000 seconds.
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Figure 2.38  The Surface Coverage and Surface Pressure Kibetoay of a Stearic Acid
Monolayer on a Subphase of 1.176 molPehO, Without Photolysis at a
Temperature of 20°C with an Exponential Fit to weface Coverage Data
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When the surface coverage measurements at diffieneperatures were plotted together (figure
2.39) the decay slope appeared to increase withaeature, the 19.4°C data being an exception
to that observation.
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Figure 2.39 The Decay in the Surface Coverage of a Monolay&tedric Acid at Different

2.7.4

Temperatures
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Summary of the Experimental Results

The decay in surface pressure does not follow #deaylin surface coverage.

There is a repeatable feature of a surface presseref ~2mN rit at a range of surface
coverage values from 0.3 x¥@nolecule rif to 3.5 x 18° molecule rif. The surface
pressure rise appears at a range of surface pesdsam 2 to 14mN fhsuggesting that
the feature is related to the chemistry and nthéostructure of the monolayer such as a
phase transition or the molecules lying at a loavegle than 90° to the interface.

The surface coverage decays to zero or to a louewalth reaction time for each
experiment.

Varying the concentration of aqueous OH radicalrdilappear to be affecting the
reaction kinetics.

Varying the subphase temperature did appear totdffe reaction kinetics; this will be

investigated in section 2.7.5.
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2.7.5 The Kinetic Analysis of the Surface Coverageata

Based on the degredated chain mechanism descrilsedtion 2.5.2, the reaction of hydrogen
peroxide and UV radiation creates two OH radicdigctvthen react with the stearic acid
monolayer. The kinetic decay mechanism (equatidb)2vas fitted to the surface coverage data
to obtain three rate constants which describe tsgraction of hydrogen from the stearic acid
molecule (species A) tail and the formation of artdr chain surface active product (species B)
followed by the formation of a shorter chain prodwmolecule (species C) which is soluble and

would dissolve into the Langmuir trough subphase.

The rise in surface pressure and the correspomfliagge in the slope of the surface coverage
measurements are hypothesised to be a result afigieg of stearic acid and surface active

product B at the air-water interface.

Figure 2.40 Modelled Surface Coverage Data Showing the BuildJproduct A and
Product B in Relation to the Experimental Surfacw&age Data Obtained
from the Reaction of a Stearic Acid Monolayer witfueous OH Radical at an
H,O, Concentration of 1.176 mol dm

~ _<>_ ksteanc

—— Kp

—+ kg

—@— measured [

molecule m”

18

Surface Coverage I' (—@—) /10

Time /10° s

Figure 2.40 shows how the observed surface cove@gd be contributed to by the decay
build-up of stearic acid and its reaction proddiotsned as OH radical shortens the molecule.
The decay is modelled as three exponentials. lbeaseen that product builds up at the air-

water interface, followed by product ks the reaction proceeds, produgciskmore soluble.
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It is inferred that the radical driven reaction géns the amphiphile at the air-water interface
and regenerates an amphiphile meaning that mapeniaists at the air-water interface. A
proposed chemical mechanism for the oxidationgikaric acid monolayer initiated by OH

radical is described in detail in section 2.8.4.

The rate constants from the fitting of equatiorbZade set out in the following tables.

Table 2.3 Pseudo T Order Rate Constants for Stearic Acid Reactindg @it
Radical for Varied Concentrations ot®,
Table 2.4 Pseudo 1 Order Rate Constants for Stearic Acid Reactindy @i

Radical at Different Temperatures

Table 2.5 The Second Order Rate Constants for the Decaysoéaric Acid
Monolayer Exposed to Varied®, / OH Concentrations

Table 2.6 The Second Order Rate Constants for the Decaysoéaric Acid

Monolayer as Oxidised by OH Radical at Varied pematures

The tables are followed by an Arrhenius plot shaytime temperature dependence of the

reaction between OH radical and stearic acid.
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Figure 2.41  Arrhenius Plot of the Rate Constants, lks and k at Varied Temperatures with

a Line Fit to k.
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Figure 2.41 shows that the reaction of stearic anilOH radical has some temperature
dependence. The error bars in figure 2.41 weresttal and describe how well the model fitted
the data, the data fitted well visually but statety the model predicts that there are better
outcomes and produces a large error bar. In figRuz® 2.31, 2.33 and 2.36 the model was not
constrained well enough for a perfect fit for ercatculation. The straight line fit shows a
single rate limited thermally activated process determine the activation energy the Arrhenius

equation is applied.

k = Aexp (— %) (E 2.46)
Ink=InA—4 (E 2.47)

The slope of the rate constant k versus tempera@guavalent to the activation energy)(
divided by the gas constant multiplied by the abtsotemperatureRT). The activation energy
was 22.0+ 13.3 k J mot.
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2.7.6  Brewster Angle Microscopy Images of Stearicdd Monolayers Before and During

Oxidation

Brewster angle microscopy images show the tilhefrnolecular chains at the air-subphase
interface on the Langmuir trough. When the tilhé@gmal there is little reflection and the surface
appears grey and featureless, the same is true tivbenolecules are lying flat. When the
molecules are tilted from the normal plane themuiess can be seen as a function of the
azimuthal tilt orientation of the molecules comprisdomains at the air-water interface
(Katholy et al., 2000).

The following pages contain plots of the kineticaygin the monolayer surface pressure with
images taken at regular intervals shown along kbtet@ give an indication of the morphology

of the monolayer.
The Brewster angle microscopy image plots are gineéhe following order:

* The pressure-area isotherm of a stearic acid mgaotm a subphase of 2.352
mol dm® H,0, in H,O without photolysis. The Brewster angle microscopy

images were taken during the compression of theotagar. (Figure 2.43).

« The kinetic decay of a monolayer of stearic acid@ubphase of 2.352 mol
dm® H,0; in H,0:
1. With photolysis from the beginning of the de¢gigure 2.44).
2. Without photolysis (Figure 2.45).

» The kinetic decay of a monolayer of stearic acmdgerature controlled at 20°C
on a subphase of,B:
1. Without photolysis (Figure 2.47).
2. With photolysis (Figure 2.48).

Figure 2.47 shows a stearic acid monolayer spratmasubphase of 2.352 mol did,0, in a
gas like configuration before closure of the Langrtnough barriers to compress the film.
There are several phases visible. The lighter cetbblobs are patches of one phase of liquid
stearic acid and in the background another phagsiide with tilted domains which appear as

angular ‘plates’. The surface pressure was 0 miNatrthis point prior to compression.
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Figure 2.42 A Brewster Angle Microscopy Image of a Stearic Aéaholayer in the Gas
Like Configuration Prior to Compression

As the stearic acid monolayer was compressed atrd ® minute the round domains seen in
figure 2.43 appear as angular plate like domairthk@monolayer enters the liquid expanded
region of the isotherm. In the liquid condensedsgtthe plates appear more rounded and of a
smaller area per domain at 15 mN,rmat 19 mN rit it became difficult to distinguish one phase
from another, in the solid phase of the isotherenrtionolayer becomes featureless indicating

the tilt of the molecules is normal to the air-watderface.
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Figure 2.43  The Surface Pressure versus Area per Moleculeédsotlof a Stearic Acid
Monolayer on a Subphase of 2.352 mol’d#0,
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Figure 2.44 overleaf shows Brewster angle microgémages plotted onto a kinetic decay
measurement of surface pressure with photolygisdduce OH radical in the Langmuir trough
subphase beneath the stearic acid monolayer asitmaged. The aim was to take images
where there was a rise in the surface pressursetd there was evidence of the presence of
reaction products or mixing at the air-water irded. Brewster angle microscopy cannot
confirm the chemical composition of material at #firewater interface but it did show at a
surface pressure of 18 mNrthat there were two distinct domain formationse arich
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resembled the stearic acid images shown in figut8 @s angular plate like domains, the other
had a fibrous like appearance composed of tinyesrehich broke up into islands during
exposure to OH. Both domain formations disappefed the interface and the background

grey image dominated with reaction time.
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Figure 2.45 shows images taken during a surfacespre kinetic decay of a stearic acid
monolayer on a subphase containing hydrogen peraxithout photolysis, so that OH radical
was not produced. The image taken at a surfaceynesf 18 mN M was very different to that
shown in figure 2.44 at the same surface pressuteeipresence of OH radical. Large plate like
domains can be seen with what are inferred by uki®oa to be small lathe shaped crystals
which were more concentrated at the edges of tite pke domains; these features could be
stearic acid crystals. As the surface pressureedsed the plate like domains softened at the
edges and appeared to elongate and appeared akshaped pattern of domains, the number

of the crystalline features increased with reactiome.
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Figure 2.46 A Compression of the Stearic Acid Monolayer froguFe 2.44 Measured at a
Compression Rate of 10 €imin Taken After the Surface Pressure Had
Declined to Zero
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The surface pressure decay of a stearic acid mgerolath time was measured and imaged on
a subphase of 2.352 mol drhl,0, in H,O without photolysis to show any differences in the
monolayer morphology due to temperature (figur&R.After the surface pressure had decayed
to zero the trough barriers were closed to recoagpaay material left at the surface of the
Langmuir trough, this produced an isotherm (figRi46) which was very similar to stearic acid
showing that without photolysis the monolayer i$ greatly reacted and is still composed of a

majority of stearic acid molecules.

To show differences in the monolayer appearancgaard compositions of subphase images
were taken of a stearic acid monolayer on g bubphase (figure 2.46). The plate like
domains appear larger but the morphology was sirtoléhe stearic acid monolayer decaying
on a subphase of,B@, supporting the notion that the surface reactigeréslominantly caused

by OH radical and not §0,. The crystalline features can also be seen ohlj@esubphase.
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To study the effect of the photolysis lamp on asteacid monolayer without @, or OH
images were taken during the surface pressureikitdetay of a stearic acid monolayer on a
subphase of 0 with the photolysis lamp on (figure 2.48). Aswaface pressure of 20.9 mN
m™ the angular plate like domains were observed wivete also seen without photolysis in
figure 2.42. At 30 mN mto 22 mN nt domains consisting of a coagulation of tiny cisoleere
seen, these were mobile and floated around raflidly broke apart. With decreasing surface
pressure the crystalline features appeared afithieater interface which were observed on a
subphase of D without photolysis and on a subphase gbHvithout photolysis. The images
of the decay of the stearic acid monolayer withtplysis on a subphase ot® were different
to those observed without photolysis but not asiig@ntly so as the images taken in the
presence of OH radical.
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2.7.7  Summary of Experimental Results

In summary the results of this experimental wokk that;

« The reaction of a stearic acid monolayer and agu&dt radical occurs at the
air-water interface. The reaction can be measuitgdngutron reflectometry in
order to perform a kinetic analysis.

* The reaction reduces the surface pressure untird f what is hypothesised
to be the mixing of surface active reaction produceating a brief rise in the
surface pressure followed by a subsequent contoruat the decay of the
surface pressure of the monolayer as the prodeats.r

* The mixing feature is reflected in the surface cage data where the slope of
the decay in surface coverage shallows.

« A degredated chain mechanism can be fit to the ¢eahplecay in the

monolayer surface coverage measurement.
2.8 Discussion

The neutron reflectivity measurements give newgimisinto the reaction of stearic acid with
hydroxyl radical at the air-water interface as thithe first study of the kinetics of the reaction
of stearic acid with aqueous hydroxyl radical tacbaducted using neutron reflectometry. The
neutron reflectometry technique has been successfubducing kinetic data for a reaction
with an aqueous radical in this work and for thect®n of an oleic acid monolayer with gas
phase ozone as studied by King et al., (2009) lamddaction of of oleic acid and N@s

studied by King et al., (2010).

The discussion will focus on literature relatedrte reaction of stearic acid with OH radical and
the atmospheric implications of the reaction. THexee been several structural neutron
reflectometry studies of stearic acid monolayeithatir-water interface however these studies
did not measure the kinetics of the decay of thaatayer over time so are not included in the

discussion.
The discussion will be ordered as follows;

» Discussion of the experimental surface pressuresarfdce coverage results.
» Discussion of the kinetic results.
« Discussion of the chemical mechanism of the readiEtween aqueous OH

radical and a stearic acid monolayer.
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* Presentation of a hypothesised chemical mechamsthé oxidation of a
stearic acid monolayer by OH radical.

« Presentation of a calculated atmospheric lifetioreafstearic acid cloud droplet
film at the air-water interface based on the kinedisults of this study.

» Discussion of the atmospheric implications of teaation and the atmospheric

lifetime of a stearic acid monolayer.
2.8.1 Discussion of the Experimental Surface Pressuand Surface Coverage Results

The experimental results show that the saturatsatistacid monolayer clearly reacts with
aqueous OH radical. The reaction of stearic acttl gas phase OH radical at the air-water
interface has been investigated by Bertram ef200Q1). Bertram et al., (2001) conducted
coated wall flow tube experiments exposing a tfiiick of a stearic-palmitic acid mixture to gas
phase OH radical carried in a helium gas flow tigtothe flow tube reactor. Stearic acid and
palmitic acid are both saturated molecules, patnaitid has a shorter hydrocarbon chain
(C16H3:0,). The OH was detected with a chemical ionizati@ssnspectrometer. The stearic-
palmitic acid mixture was melted and the pyrex fliodve was dipped into the melted solution,
the film was then crystallised by dipping it indig nitrogen. The measured OH signal
decreased with reaction time showing that the OBl igacting with the saturated film in
agreement with the results presented in this chafiee author could not find comparable
surface pressure measurements of the decay adrecsteid monolayer exposed to OH radical.
The surface pressure measurement did not reflearttount of material at the interface which

may have implications for future kinetic studiesizing Langmuir troughs.

2.8.2 Discussion of the Kinetic Results

The surface coverage measurements for the dariaeadt a stearic acid monolayer on a
subphase of §D, gave a first order loss rate constant, k, of (%:4%45) x 1¢ s*. Under
conditions of photolysis on a subphase which didcootain HO, the first order loss rate
constant, k, was (6.35 0.69) x 10 s*. Under conditions of photolysis on aa®subphase the
decay in the monolayer surface coverage was mpié ti@an on a subphase of®3 without
photolysis however it is still two orders of magnié slower than the first order loss owing to
the reaction of stearic acid with aqueous OH rddtesle 2.3). The average first order loss rate
constant, k.., for the reaction of aqueous OH radical with @steacid monolayer at 17°C is
4.71 x 10" s*. There are no other kinetic studies of this reacin the aqueous phase. Vlasenko

et al., (2008) measured the yield of volatile oigmompounds from the oxidation of condensed
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phase organic films by gas-phase OH radical meagaryield of 0.34+ 0.14 relative to OH

loss. The change in size of palmitic acid partielegosed to gas phase OH radical in a flow
tube was monitored with a particle size analyséranhemical ionization mass spectrometer by
McNeill et al., (2008). An average pseudo firstardhte constant k, for the loss of palmitic acid
(C16H320,) of 0.45 & was modelled to be diffusion limited. The valudaihed by McNeill et

al., (2008) was much larger than the average pseusti@rder rate constant measured in this
chapter for the decay in the surface concentratictearic acid exposed to aqueous phase OH

radical.

George et al., (2007) measured an average ratégacoifar the reaction of 150 nm particles
comprised of saturated Bis(2-ethylhexyl)sebacatieautes (GsHs004,BES), reacted with gas
phase OH radical in a flow tube. The average ratstant for the decay in Bis(2-ethylhexyl)

sebacate with OH exposure was (7166) x 10 atni* s™.

The degradation sequential decay kinetic mechapresented for the reaction of stearic acid
and OH radical is proposed for the reaction of agaghase OH radical at the air-water
interface. The reaction would occur through thedmauir-Hinshelwood mechanism whereby
the OH radical is absorbed and then reacts witlspleeies at the air-water interface (George
and Abbatt, 2010). The reacto-diffusive lengttOaf radical in the gas-phase of a nano meter
scale is such that it does not penetrate the lefthré reaction in studies using pure substances
making reactions at the air-water interface favble#George and Abbatt, 2010), in this chapter
the OH radical is diffusing from the bulk aqueotage into the monolayer and reacting
suggesting that in a multicomponent system thefate is accessible to radical reactants from

the bulk of a droplet.

George and Abbatt, (2010) commented on the difterémthe reaction mechanisms observed
between gas-phase OH radical reacting with liqaidigles and those obtained from reaction
with solid particles and well-ordered monolayersalilshow enhanced volatization of
products, observing that with the current statknafwledge organic molecules in liquid
particles would endure less functionalization duthe faster diffusion time for OH radical to
the C-H bonds closer to the air-water interfaca ell ordered monolayer which would be
functionalised as opposed to a disordered liquidraltthe OH radical would encounter
collisions with C-H bonds at a variety of positiaaeng the chain leaving fewer volatile
product molecules than in the well-ordered sysfEe. results showed a build-up of product
molecules from the reaction of OH with a liquid phanonolayer at the air-water interface,
showing that OH from the aqueous phase could trgvéhe chain and react leaving some

molecules with sufficient chain length to remainface active.
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The Arrhenius plot analysis gave an activation gnef 22+ 13.3 k J mot and a value of the
activation energy divided by the gas constantR of 2647+ 5.39 K. Monod et al, (2005)
measured lower values of/R which are listed in table 2.7 for oxygenatedamig compounds
reacting with gas-phase OH radical. The highewvatitin energy for a stearic acid monolayer
reacting with aqueous OH radical at the air-wategrface could result from the OH radical
having to penetrate the film before reacting with stearic acid molecular chain, a process

which would require more energy than a gas phaseadidal reacting would.

Table 2.7 Values of /R from Monod et al, (2005) for Oxygenated Orgadampounds
Reacting with Gas-phase OH Radical

Compound Ey

R

/K
Ethyl ter-butyl ether 580+ 560
n-butyl acetate 1000+ 200
acetone 1400+ 500
Methyl ethyl ketone 12004+ 200
methylglyoxyl 1100+ 300
Methyl iso-butyl ketone 1200+ 300

The data in the table is taken from Monod et(2DP5).

2.8.3  Discussion of the Possible Chemical Mechanidar the Reaction between Aqueous OH

Radical and a Stearic Acid Monolayer

The kinetics and mechanisms by which atmospheriag@ltal oxidises alkanes was reviewed
by Atkinson (1986), Atkinson (1986), stated thatdas phase OH radical reacting with an
alkane hydrogen abstraction was occurring fromQ#e bonds, for molecules with

hydrocarbon chains longer thag i@ultiple alkyl radicals were formed.

Bertram et al., (2001) attribute the loss of OHhydrogen abstraction from the stearic-palmitic
film and subsequent formation ob® and an alkyl radical at the interface.dddition would
then form a peroxy radical. Bertram et al., (20@M)othesised that given the proposed
mechanism the film would become more hydrophilics tvas tested by exposing a methyl
terminated monolayer of octadecyltrichlorosilan&l¢(CH,).-SiCl), to gas phase OH and
observing the contact angle of water droplets @igihwater interface which was greatly

reduced post OH exposure showing an increasedhilgjtas a result of OH radical reaction
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with a monolayer. The sequential decay mechanigedfto the surface coverage data in this
study is based upon the same decay mechanismtatetiwaibed by Bertram et al., (2001), the
findings of this experimental work support the hysis of Bertram et al., (2001). A detailed
suggested mechanism for the oxidation of a steartt monolayer by aqueous OH radical is

given in section 2.8.4.

Tedetti et al., (2007) produced low molecular wejlarboxylic acids from OH radical
reacting with oleic acid in solution. The oleicéaonolecule differs from stearic acid in that it
has a cis form double bond in its chain howeveDHSs a highly reactive indiscriminate
radical it reacts along the chain as well as atithéle bond site producing multiple product
species. It could be expected that low moleculaghtedicarboxylic acids could be an eventual

product of the reaction of OH with stearic acid.

The OH radical initiated oxidation of 2-butoxyetlo(C,H;OCH,CH,OH) in aqueous solution
studied by Stemmler and von Gunten., (Zp@doduced esters, ketones, aldehydes and
hydroperoxides. Stemmler and von Gunten., (2006te that the initial step in the reaction of
agueous OH radical with a saturated oxygenated oangis the abstraction of a hydrogen
atom forming a carbon centred radical. The radiodksequently reacts with oxygen to form
peroxyl radical (Neta et al., 1990; Stemmler and @Gunten., 200). Stemmler and von
Gunten., (2007 assess that in atmospheric waters the produttafioon would be determined
by decomposition of peroxyl radicals, H abstractieactions occurring as intermolecular
reactions, addition of peroxy radicals to doubladson other organic molecules and the
reduction of peroxy radicals within the aqueoussgh&temmler and von Gunten., 2000
conclude that the stable reaction products werggmninantly carbonyl derivatives and
carbonyl compounds which were fragments of thergaraganic molecule with a minor organic
hydroperoxide product fraction which is increasethie presence of iron and copper ions

(Stemmler and von Gunten., 2600

2.8.4  The Proposed Chemical Mechanism for the Oxidian of a Stearic Acid Monolayer by OH

Radical.

A reaction scheme for the degradation mechanisporesble for the decay of a stearic acid
monolayer as it reacts with aqueous OH radicaiMsrgbased on the work by Alfassi et al.,
(1997). Figure 2.49 is a summary of the procedevi@d by the individual steps which are
detailed in figure 2.50 to 2.54.
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Figure 2.49  The Cyclic Degredation Mechanism Proposed for $teacid and Aqueous

OH Radical
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OH
HH He HH
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HH HH OH
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HH O HH Y O,
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HH HH OH fl)
carbonyl \ W
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HH HH
HH HO H H peroxy radical
e
HH HH  OH +HO, or RO,
alkoxy radical
(RO,+RO, or RO,+HO,)
HH HH
carbonyl
or
OH H H
W __0 +H,0,
HH HH
alcohol
H H OH
hydro peroxide

The first step of oxidation is the initiation reiact between OH and stearic acid. We start with a
stable stearic acid molecule. The OH radical abtstra hydrogen atom leaving an alkyl radical

(figure 2.50). The abstracted hydrogen forms water.
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Figure 2.50 Step 1 — Hydrogen Abstraction

HH HH HH

HH HH OH

HH HH OH

alkyl radical (A)

In the presence of oxygen, which is abundant irctbed droplet system and in the
experimental system, an oxygen molecule bondsdicabA. A peroxy radical, radical B is
formed (figure 2.51).

Figure 2.51  Step 2 — Propagation

HH H _ HH HH HO;HH
2 0
R — PR e
HH HH OH HH HH OH

RO, peroxy radical (B)

Steps 1 and step 2 are widely reported in liteeafuion Sonntag and Schuchmann, 1997;

Frankel, 1998). Step 3 is more complex and is lediys clearly elucidated in the literature.
There are two different potential pathways for pleeoxy radical.

i) Termination where the peroxy radical reacts witbther radical.
i) Reaction with HQgiving:
» Stable surface active products with the same deagth. The head group may
be considered larger but this will not increasedéeterium signal at the
interface.

» Alkoxy radicals (radical D)

Process i is unlikely as lots of Ri® required to self-react and terminate making ahssow

process unless there is an abundance gfiR@h there is not in this system.
It is proposed that the Reroxy radical becomes an alkoxy radical (D) tigfotl abstraction.
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Figure 2.52  Step 3- The Fate of Peroxy Radical B

HH Ho"H H
¢o
HH HH OH

RO,+HOor RO,* RO,

— R

alkoxy radical (D)

The alkoxy radical could then have another hydraagstracted by OH orQ adjacent to the
singlet oxygen and form a stable product molecutk & bigger head group (product C).

The fate of the alkoxy radical could be that C-@sion occurs forming a stable oxygenated

carbonyl acid and an alkyl radical (i) or stepiRdould be repeated.

i) C — C scission producing a stable oxygenated catlamid which is soluble and
enters the bulk subphase and an alkyl radical.

i) H abstraction by OH or £and subsequent oxygen bonding as per step 2 fgranin
stable carbonyl (figure 2.49).

Process ii is more likely where H abstraction os@s there is an abundance of;Ht®Othe
experimental system meaning this process coulddragpickly or the alkoxy radical could
undergo further C — C scission forming either art&restable molecule which enters the bulk
subphase or the scission could produce an alkidabethich is shorter and undergoes further

chain degradation.
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Figure 2.53  The Fate of the Alkoxy Radical (i)
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Figure 2.54  The Fate of the Alkoxy Radical (ii)
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The persistence of the reaction products at thevaier interface would be dependent on the

length of the molecules hydrocarbon chain.

2.8.5  Atmospheric Implications: Chemical lifetime

The atmospheric lifetime of the stearic acid filitee air-water interface reacting with
hydroxyl radical from within the subphase/droplahde calculated from the bimolecular rate

constants for the reaction between OH and steeidc(aquation 2.48).

1
Tstearic = m €. 243
Wherek is the bimolecular rate constant for the reactietween [OH] and stearic acid, 5.5 x
10’ dm® mor* s*. By rearranging equation 2.45, assuming that:
I'stearic — 1 E 249

t=0
rstearic e

When calculated with the rate constants at one eeatpre for an [OH] concentration of 3.80 x
10*® mol dm?® as measured in aqueous extracts of sea salt A&t@Ad5um), under photolysis
(Anastasio and Newburg, 2007), the first order lwfsstearic acid corresponds to an
atmospheric lifetime of 553 days. The lifetime ofaerosol in the atmosphere is dependent on
the particle type. The modelled lifetime for a sal aerosol is half a day, sulphate and dust
particles 3 days and particulate and organic métter7 days (Textor et al. 2006). George and
Abbatt, (2010) modelled the lifetime of saturateadactant organic molecules at the surface of
a 100 nm aerosol as less than a day under oxidayitime global mean gas phase OH
concentration of 10molecules cil. The atmospheric lifetime of 553 days for thectiea of
agueous phase OH radical with stearic acid wagisurg given how rapidly gas-phase OH
radical could remove an atmospheric film. The iiifet of the multi-component film comprised
of stearic acid and the products of oxidation wdaédonger than that calculated for the stearic
acid component alone, suggesting that aqueous piaksion of the organic film on aerosol
particles and on cloud droplets is not importarthatair water interface in the atmosphere as it

is not removed by the process studied here dunegtmospheric lifetime of the aerosol.
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2.8.6  Discussion of the Atmospheric Implications dhe Reaction and the Atmospheric Lifetime

of a Stearic Acid Monolayer Exposed to Aqueous ORadical

The effect of a stearic acid monolayer on the exatjmn of an aqueous droplet was investigated
by Tuckermann et al., (2007). Tuckermann et alQ¢3, generated acoustically levitated water
droplets (1.5 to 2 mm radius) with a stearic adiédXane solution spread as a monolayer at the
air-water interface by the evaporation of the hexfnam the solution which was sprayed onto
the water droplet as a burst of microdroplets.feswater droplet evaporates the molecules in
the monolayer are packed closer together. Thedeea of the coated droplet reduced with
time by 3 mm over 1300 seconds when levitated in ambient &ie. fElative permeation
resistance of the surface layer which is a measiutee difference in the evaporation rate of the

aqueous droplet with and without the monolayer ¥@3+ 20 s/ m.

Bertram et al., (2001) observed that the reactiayas phase OH radical with saturated films at
the air-water interface of modelled atmospheriosarwas not a significant tropospheric loss
mechanism for OH as the gas phase reaction of @HND, would dominate loss in the
troposphere under high N©@onditions. Bertram et al., (2001) modelled thilation of
atmospheric aerosol particles by gas phase OHalaali@n average atmospheric gas phase
concentration of 1 x fanolecule cri (Prinn et al. 1992; Bertram et al. 2001) showimef to
oxidise 90% of a non-aqueous organic aerosol seiald take under 7 days. Bertram et al
conclude that it can be expected that most atmegpherosol which is chemically aged will
have an oxidised hydrophilic surface and thatliquid aerosol the oxidation could be more
extensive than just at the surface of the dropliet. results of the work in this thesis chapter
shows that the oxidation from within the dropletdgueous OH radical is not as efficient and

takes place over a longer timescale than the gasepieaction at the air-water interface.

The formation of water soluble product moleculesrfithe oxidation of stearic acid by aqueous
OH radical would result in the addition of watehsie organic compounds to the aqueous
phase of a cloud droplet which would increase glgrdscopicity of the droplet as the surface
tension would be lowered allowing a greater uptafk@ater to the cloud droplet however at
atmospheric OH concentrations the aqueous OH fad@ad not be a significant source of

such material over a relevant timescale.
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2.9 Conclusions

The reaction of aqueous hydroxyl radical with dteacid at the air-water interface follows a
sequential decay mechanism with;Hgbeing removed as a result of each interactiorfaSer

active product molecules are produced which deatlysimilar decay kinetics to stearic acid.

A monolayer of stearic acid at the air-water irded of a cloud droplet could have considerable
longevity as it is resistant to gas phase ozoneaithdugh stearic acid reacts with agueous OH
radical, at atmospheric concentrations this reaatiould not be significant in removing a
monolayer from the surface of a cloud droplet. @t@sse OH radical would dominate the
oxidation of a stearic acid cloud droplet monolageioxidation by gas phase OH has been
shown by Bertram et al., (2001) to be on a timeswadich is relevant to the lifetime of a cloud
droplet. This work shows that there would be oxatafrom within the droplet to a lesser

degree.

Of the products of the reaction between stearid and OH radical some are surface active and
some are soluble so the reaction would have aotaffeboth the Raoult term and the Kelvin

term of the Khler equation for predicting cloud droplet actieatiand growth.
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The Oxidation of Oleic Acid Monolayerswith Gas Phase Ozone
3.0 Abstract

A monolayer of oleic acid, a naturally occurringadfuble organic amphiphile was oxidised
with gas-phase ozone, generated by the photolfsisygen. The rate of film oxidation at the
air-water interface was monitored with neutroneetilon on a Langmuir trough. The monolayer
of deuterated oleic acid (§D330,H) serves as a proxy for the organic film at thedapplet
interface of a cloud droplet. The surface pressfithke monolayer was measured with a
Wilhelmy plate and the surface coverage of theatated material was measured with neutron
reflection. The surface pressure and surface cgeataclined with reaction time. The kinetic
decay of the surface coverage was complex. Cordinxelation completely removed the film

showing inconsistence with the present work ongistem.
31 Introduction

Atmospheric aerosol particles in the troposphetaacloud condensation nuclei. The

oxidation of atmospheric aerosols influences clerthtough cloud formation and precipitation
effects, (Lohmann and Feichter, 2005; IPPC, 208@ine cloud condensation nuclei have been
shown to possess an organic film (Blanchard, 1@#let al. 1983; Tervahattu et al.
2002%2005). As a cloud droplet/aerosol ages in the aphere it will be subject to oxidation

by radical species from outside and within the ttbphase. One of the primary oxidant species
in the troposphere is ozone and it is a precurstitd formation of OH radical in the gas phase
(Finlayson-Pitts and Pitts. 1997). Ozone readifcte with the double carbon-carbon bond in
unsaturated organic molecules in the atmosphenrgrilooting to the aging process of
atmospheric aerosols and cloud droplet organicsf{fdahardis and Petrucci, 2007; Rudich et al.

2007 and references therein).

To investigate the process of the reaction by gppase oxidant species from outside a cloud
droplet, and an insoluble organic layer at thdigirid interface, gas-phase ozong)@as
reacted with a monolayer of oleic acid formed atghrface of a Langmuir trough. Oleic acid

was chosen because:

« The reaction of oleic acid with ozone has beenistudith a range of spectroscopic
techniques giving information on product compositimt not about the surface
physical and chemical characteristics on a moledene|.

* Oleic acid is one of the most commonly sampled fatids in aerosol field samples and
there have been other studies of oleic acid moeotagt the air-water interface.

* Oleic acid serves as a model system for an unsatlserosol surface film.
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By monitoring the surface pressui#) (of the monolayer on an aqueous subphase, it was
demonstrated that a reaction was taking placetudyghe kinetics and atmospheric relevance
of this reaction the surface covera@g ¢f molecules at the air-water interface was mestsu

using neutron reflection.

The experiment described here attempts to asse$etaviour of a monolayer of oleic acid at
the air-water interface as it reacts with gas pleasee. The heterogeneous oleic acid-ozone
reaction system has been reviewed by Zahardis emmddei (2007) as a proxy for the
heterogeneous oxidation of unsaturated organieg:eifiew highlighted the need to gain more
detailed chemical descriptions of the ozonolysecpss and secondary reactions in order to
better understand the climatic effect of ozonolg$iatmospheric organic films. The
experimental work in this chapter contributes twetter understanding of ozonolysis as it is the
second study of oleic acid ozonolysis of an oleid arganic film and the results highlighted a
flaw in the first study by King et al., (2009).

3.2 Aims

1. To monitor the properties of surface pressutksamface coverage of a monolayer of
oleic acid (GgH33COOH), at the air-water interface in real timelasinonolayer was

oxidised with gas-phase ozone.

2. To conduct a kinetic analysis of the surfaceecage of a monolayer of oleic acid over

time to determine a rate constant for the reaaifarleic acid with gas-phase ozone.

3. To elucidate the presence of a mechanism fir atéd removal from the air-water
interface.

4, To calculate a chemical lifetime for a monolagtoleic acid reacting with ozone in the
atmosphere.

33 Background

The chemical oxidation of cloud droplet films hag heen widely studied. Oleic acid is a
constituent of the sea-surface microlayer (Kataret Brockmann, 1978) and has been sampled
as a component of atmospheric marine aerosol (hatiaet al, 2009 so is a candidate
molecule for cloud droplet film formation. The peese of a cloud droplet film will increase the
surface pressurél], thus decreasing the surface tension at the @ieinterface however
oxidation of the film would increase the surfacesien of a host droplet closer to that of its
core composition (Voss et al., 2007). Troposphezmne (Q), is an oxidant gas, the

concentration of which can be 50 ppb in unregulardén environments (Finlayson-Pitts and
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Pitts, 2000), the annual mean background concenirat tropospheric ozone is from 23 to 45

ppb in the Northern Hemisphere (Vingarzan, 2004).

Alteration of the surface properties of a film tigeiacts with atmospheric oxidants and is
degraded; a process known as oxidative aginggmatmosphere will alter the critical
supersaturation value according to the Kohler thebcloud droplet formation and growth as
explained in chapter 1. To assess the impact afabixin by gas phase ozone on an unsaturated
cloud droplet film, an oleic acid monolayer was @sgd to gas-phase ozone and the surface
pressure and surface coverage were be monitor@dén to determine the kinetic behaviour of

the reaction between an unsaturated film at thevaier interface and gas-phase ozone.

The growth of cloud condensation nuclei (CCN) iclmud droplets, and the number density of
such droplets in a cloud have climatic implicatiofddarger number of smaller cloud droplets
in a defined parcel of air with a constant volurhevater would scatter less incoming solar
radiation in the forward direction relative to largloud droplets according to the theory of Mie

scattering, thus increasing the albedo of the c{@webmey, 1974).
34 Oleic Acid and Cloud Droplets
There are many sources of oleic acid to the atnergplthe most significant are;

* Aerosol emissions from the sea surface microlagangneit et al. 2004).

e Grilling and other methods of meat cooking (Rogpal€1991).

* Land plant emissions, combustion of land plantswsedof plant oils and waxes (Rogge
et al. 1993.

« Exhaust emissions from vehicles possessing a tiatabnverter (Rogge et al. 1993
which increases the oleic acid emission per peapfrom 1.2 pg/km to 5 pg/km
(Rogge et al. 1993

The fatty acid, oleic acid is emitted to the atntee from both natural and anthropogenic
sources (Limbeck and Puxbaum, 1999; Cheng et @#;2Zahardis and Petrucci, 2007). Oleic
acid has been found on marine aerosol (Fang 208R) and as a component of the sea surface
microlayer (Larsson et al. 1974). The sea surfaceafayer is a film of organic chemicals

found at the surface of oceans; it forms from polganic molecules released by the
photosynthesis, death and decomposition of vegetaid sea creatures such as phytoplankton,
the detritus collects at the surface enrichingcibrent of organic immiscible chemicals (fatty
acids,n-alkanes, and hydrocarbons) by a factor of 2 tel&r{y et al. 1979), at the surface of

the water (Marty, et al. 1979; Zahrdis and Petru2@07). The oceans are rich in phospholipids
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such as phosphatidylglycerol, phosphatidylethanmiapand phosphatidylcholine produced by
plankton (Popendorf et al. 2011) which decompoden fatty acids. Aerosol is created by sea
spray, bubbles bursting at the surface when wanesktand from the wind blowing over the
surface of the ocean (Blanchard, 1963, 1964; BaagdrGarret, 1970, 1976; Bezdek and
Carlucci, 1974; Tseng et al. 1992; Zahardis anduBeit 2007), the marine aerosol can have a
coating of organic chemicals from the sea surfaiceatayer (Tervahattu et al. 2083 as
surfactant material concentrates at the air-waterface of bursting bubbles and of sea spray
produced by waves (O’'Dowd et al.,2007). Marineaelr sampled from onboard ships have a
lower concentration of unsaturated fatty acids thetarated fatty acids such as stearic acid, the
coating organic films contain a mixture of bothusated and unsaturated compounds (Zahardis
and Petrucci, 2007; Mochida et al. 2002; Fang.e2@)2; Kawamura and Gagosian, 1987), it is
suggested that the unsaturated fatty acids are raaddly oxidised in the atmosphere than
saturated fatty acids accounting for the lower eotrations in aerosol samples, photolysis of
unsaturated compounds can also occur, (Mochida 20@2; Kawamura and Gagosian, 1987).
The mixture of saturated and unsaturated fattysawitl be explored in chapter 5. The same

process of microlayer formation takes place astivéace of lakes (Sodergren, 1987).

In terrestrial environments plants emit biogenityfacids, vascular plants, those which have a
vascular structure for transporting water and eats and have multiple chromosome sets per
cell are responsible for emitting a range of saéwr@and unsaturated fatty acids (Zahardis and
Petrucci, 2007; Cheng et al. 2004; Pio et al. 2@hponeit et al. 1988, 1991; Simoneit and
Mazurek, 1982). In urban terrestrial location$ficaemissions of fatty acids are higher from
vehicles with catalytic converters installed, 53.df#the identifiable organic mass, in vehicles
lacking a catalytic converter the predominant organmponent of the emissions are

polyaromatic hydrocarbons (Zahardis and Petru@d72Rogge et al. 1993

Mochida et al., (2002) measured the fatty acid@andf marine aerosols collected quarterly
from the Northern Pacific region from autumn 198&ammer 1997. The saline aerosol
correlated with higher fatty acid content suggestimmarine source of the fatty acids. The fatty
acid concentrations were greater in the springsamamer when the Pacific experiences a
period of high biological productivity indicatingmaarine biological source for fatty acids which
are then transmitted to the atmosphere (Mochidh €002). Average fgfatty acid
concentrations were highest in April 1997 at 14607 and lowest in October 1996 at 450 pg

m=.
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Figure3.1 The Structure of an Oleic Acid Molecule

0]

The oleic acid molecule has a carboxylic acid hgr@dip with an unsaturated aliphatic
hydrocarbon chain. The functional group is the (@30 carboxylic acid head which is
hydrophilic. At the air-water interface the headugy forms a hydrogen bond with the water
molecules in the subphase (the droplet phasetbeiaxperiment the liquid in the Langmuir
trough beneath the surface film), and the hydrawaxdhain is orientated into the air. The chain
is kinked at the double bond affecting its orieiotatthis structure reduces the density at which
a monolayer film of unsaturated molecules can lo&gxto at the air-liquid interface. A typical
value of area per molecule for an oleic acid moyean the liquid phase is 42 to 47 Ber
moleculé' (Gaines, 1966) compared to that of stearic aciitiwis the same carbon number but
does not possess a double bond which has an aremfgeule of 27 to 21 Aper moleculg in

the liquid phase (Gilman et al. 2004).

As with stearic acid, oleic acid does not dissatvevater; it is insoluble and forms a monolayer
at the air-liquid interface with the molecules’ ngghilic, acidic, head group in the liquid cloud
droplet and the hydrocarbon chain orientated inéoatir. The kink created by the double bond

in the oleic acid molecule affects the surface suesarea isotherm as shown in figure 3.2.
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Figure3.2 The Surface Pressure Versus Surface Area per Melésotherm for an Oleic

Acid Monolayer at the Air-water Interface
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The isotherm in figure 3.2 was adapted from Voss.£(2007) as measured at 23°C and
compressed at 5mm / rifin

The packing of the film is affected by the doubdm® in oleic acid which alters the orientation
of the hydrocarbon chain. Stearic acid with itaigfnt chain will pack in a monolayer very
closely with other straight chain molecules inttoadensed monolayer. The oleic acid film will
not pack as closely as the stearic acid film; tleec@cid monolayer is in the expanded phase
(Gaines, 1966) and does not exhibit the distinesptthanges seen in a saturated monolayer.
Oleic acid is liquid at room temperature whereasdturated equivalent in carbon number,
stearic acid is crystalline. It was suggested bamd(1968) that an oleic acid monolayer would
not be in a condensed state until it reached agemyre of -30°C, so in a cloud/ aerosol setting
it is unlikely to be condensed. The surface presmatherm of an unsaturated monolayer is less
affected by temperature than that of a saturategpoand (Adam and Jessop, 1926; Gaines,
1966).
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35 Formation of Gas-Phase Ozonein the Troposphere

The majority of ozone in the troposphere is a sdapnproduct of photochemical reactions
occurring during daylight hours (Finlayson Pittsl &htts, 2000). Major sources of tropospheric
gas-phase ozone in urban environments are pringdigtgnts such as the N@&nd VOC
compounds from vehicle emissions which are photalyzroducing @(Finlayson Pitts and

Pitts, 2000). Ozone production from traffic emissias often lower during the morning when
there is a higher NO concentration, theo@ncentration increases in the afternoon andtieo
evening. Production of {Is dependent on sunlight thus its formation cea$ies dark but its
lifetime means it can be transported as a comparfaart airmass (Finlayson Pitts and Pitts,

2000). The lifetime for ozone in the tropospherkasrs to days (Blasing, 2011).

Figure3.3 A Simplified Diagram of the Creation and Destruntmf Ozone in the

Troposphere

NO

(e}
0O———=>0
(R3.2)

hv
(R3.1)

NO,

Figure 3.3 was adapted from the United Kingdom Bbleémical Oxidants Review Group,
1997, figure 2.4

3.5.1  Photochemical Formation of Ozone from Oxides of Nitrogen

The NG chemistry directly producing or removing ozonedlves the photo-dissociation of
nitrogen dioxide (NG), in air producing nitric oxide (NO) and atomicygen (O), (reaction 3.1
to 3.3). The molecular oxygen then combines withgax (Q), in the presence of a third body
forming ozone (@). The levels of the NOspecies determine the lifetime of ozone, as nitric
oxide (NO), rapidly destroys ozone producing nigoglioxide (NQ) and oxygen (¢,

(reaction 3.3). In high nitric oxide conditions amolevels do not build up.
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NO, + hv - NO + 0 (R3.1)
M
0 + 0, - 0s. (R3.2)
NO + 03 - NO, + 0, (R3.3)

A saturated hydrocarbon (alkene), RH can react exilgen generating ozone (R 3.4).
RH + 40, > R_y0 + H,0 + 205 (R3.4)

Gas phase NQevels are influenced by reaction 3.5 where afigrioxy radical (Rg) and nitric
oxide (NO) react producing alkoxy radical (RO) amitiogen dioxide (NG).

RO, + NO - RO + NO, (R 3.5)

Alkyl peroxy radical (RQ) is formed from (R) in the presence of oxygenha presence of a

third body molecule.
R+ 0,(+M) — RO, (+M) (R 3.6)

In addition to the processes described here theeimée of particle phase reactions involving
precursor species to ozone on the reaction ratkgialds is not well quantified (United

Kingdom Photochemical Oxidants Review Group., 1997)
3.5.2 Ozone Concentrationsin the Troposphere

The concentration of gas-phasgi©highly variable by geographical location due taried
emission of precursor species (Finlayson PittsRitid, 2000)jn the remote marine regions
there are lower concentrations of precursor spétidgeveld and Crutzen, 1994). However
concentrations of tropospheric ozone are natuhédjiger at certain oceanic locations, Chandra
et al., (2004) suggest this is due to a higher deavd flux of ozone from the stratosphere into

the troposphere over the Atlantic and Pacific osedtrNortherly latitudes.

Tropospheric 0zone concentrations are measuredllmoh sounding, aircraft instrumentation
and surface measurements and are reported asragmatio typically as parts per billion
volume which is 1 molecule of ozone in’¥folecules of air or 1 ppb (Warneck, 1988).
Lelieveld and Crutzen, 1990 give the following \edufor the mixing ration of £in summer
and winter at 45°S, 45°N and at the equator. Thetegial mixing ratio of @was 30 ppb at an
altitude of 1.5 to 5 km. At 45° South, the summexing ratio was 15 ppb at an altitude of 1.5
to 3 km and the winter value was 25 ppbaDan altitude of 1.5 to 3 km. At 45°N the summer
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mixing ratio was 30 ppb and the winter mixing raifdO; was 40 ppb at an altitude of 1.5 to 3

km.

Finlayson-Pitts and Pitts, (1997) give figuresddferent land use types, giving a peak O
concentration calculated from data collected ilrto suburban areas of 80 to 150 ppb and in
remote locations such as the Baltic Sea island Walapncentrations are 30-40ppb (Finlayson-
Pitts and Pitts 1997). The highesf €@@ncentrations are found in urban locations wih n
emissions regulation where levels can reach 50Qpiptayson-Pitts and Pitts, 2000). Over the
Atlantic Ocean ozone concentrations from 30 to @5 were measured in May 2007 from
aircraft at altitudes of 500 to 2,250 m (Read gt24108). Remote location measurements of the
background level of ozone at Antarctica at the B&tdle at an elevation of 2835 m and at
Arrival Heights at sea level gave annual meanab230 ppb (1992 to 2001) and 23 to 26 ppb
(1997 to 1999), (CMDL, 2004; Vingarzan, 2004). Haekground concentration of ozone in the
troposphere is 30 to 40 ppb.

The effect of cloud formation on tropospheric oztewels has been noted. Monod and Carlier
(1999) used a box model approach to study the pmal§e photochemistry taking place in
clouds with the presence of soluble organic comgseumhe aqueous phase photochemistry
taking place in cloud droplets effects the gas eltamcentration of ozone (Jacob, 2000; Jacob
et al. 1989; Lelieveld and Crutzen, 1990; Walce&le1997; Monod and Carlier, 1999). The
effect of cloud droplets on the gas phase ozoneeardration when compared to clear sky
conditions is to reduce the net production of oz@rienod and Carlier, 1999). The reduction
occurs because the highly soluble peroxy radic@jlénters the aqueous phase decreasing the
gaseous phase H@vailable for ozone formation (Monod and Carli999). Monod and

Carlier predict a reduction in the formation of newf up to 50% in cloudy conditions. More
directly ozone is scavenged by cloud droplets asaNONQ have low solubility so do not
contribute to ozone production within the dropled @zone which dissolves from the gas phase
into the droplet is consumed by reactions with @xycadicals (@) at a more rapid rate than

the ozone can diffuse (Monod and Carlier, 1999).
O3(aq) + 02~ 2 03~ + 0, © HO3 + OH™ + 0, > OH + 20, + OH™ (R3.7)

The potential products of the oxidation of an ingb monolayer can be soluble organic
compounds. The work of Monod and Carlier (1999)erghmethanol was modelled as a soluble
organic compound in cloud water showed that ozoadyzction was reduced in cloudy

conditions in the presence of soluble organic camgs.
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3.5.3 TheEffect of Aerosol and Clouds on Ozone Concentrationsin the Troposphere

Tropospheric 0zone measurements are taken wittaftilased spectrometers, ozonesondes,
ground based lidar, airborne lidar and satelliteepbations. At present the lidar and ozonesonde
techniques work only for cirrus/ice clouds, theotaon of these techniques in cloud is poor
due to scattering effects, therefore there areifiesloud ozone measurements. It is standard
practice to use ambient ozone concentrations iegpireric modelling for in cloud systems in
the troposphere. Warneck, (1988) stated a calaulateloud liquid phase dissolved; O
concentration of 6.4 x 1§ mol/kg based on a gas phase mixing ratio of 4%(40 ppb)which

Is the accepted background level for gas phaseeorotie troposphere.

There are indications that aerosol can act askaf@irozone in the troposphere through
scavenging. Modelling and field studies show a ctida in tropospheric ozone levels in the
presence of dust aerosol, which is rich in minevaiiginating from soils and desert sands (Reus
et al. 2000) and is of a large particle size asatetmated by continental dust storms which
contain visible aerosol particles. Rues et al.0@Q@ook airborne measurements of ozone
mixing ratios during ascent from Tenerife, the Ggriaslands showing at 2km and ozone

mixing ratio of 45 ppbv, 2.5 to 5.8 km a steady imixratio of 30 ppbv and at 6 to 11.8 km a
fluctuating concentration of between 50 and 70 fite steady, lower mixing ratio for ozone
from 2.5 to 5.8 km was found to coincide with highels of accumulation mode particles
(diameter 0.11 to 3.pm), these are large aerosol particles. In the regomtaining the dust
aerosol the relative humidity increased from 498586. If the relative humidity reached 60 to
80 % this aerosol could form droplets, if they @méd dissolved species which react with
ozone, then the droplets could scavenge ozonenigadlithe lower concentration of ozone
measured in the dust layer, however in this casaithwas drier and Rues et al., (2000) suggest
that the ozone is reacting with trace metals (maeg@, iron) or oxidising organic material from

the dust aerosol.

The ozone concentrations aroum@varm aqueous cloud droplet are those in the lower
troposphere at that given location. The experimintisis thesis are concerned with warm
aqueous clouds such as orographic clouds, mariimaili and continental cumuli (Squires,
1958) in the lower atmosphere within the atmosgheoundary layer at altitudes of up to 6km
(Warneck, 1988). Vertical mixing, a process in whitouds play a role by venting, can lead to
layers enriched in §when compared to the surface concentration desea(Finlayson Pitts
and Pitts, 2000). Cloud venting is the proceswhigh gaseous matter and aerosol are
transported from the lower troposphere into midgper troposphere cloud layer where the

transported matter is scavenged by the surfackofl droplets (Cotton et al. 1995). The effect
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of cloud on ambient ozone concentrations is poaslystrained, particularly the role of the
particles and droplets in ozone processing thraxgtation. There will also be oxidation by

ozone dissolved within cloud droplets.
3.6 Previous Atmospheric Studies of Oleic Acid and Ozone

Here the current literature regarding oleic acid anone by atmospheric chemists is reviewed
in brief. There is a large body of experimental kvon oleic acid films on laboratory synthetic
aerosol particles and thick oleic acid films yedrthare few studies of oleic acid monolayers,
there are two oleic acid monolayer studies utitjgieutron reflectometry by King et al., (2009),
and King et al., (2010) which were conducted wituatom synthesised fully deuterated oleic

acid molecule as deuterated oleic acid was not centially available until late 2010.
3.6.1 Laboratory Studiesof Oleic Acid Aerosol and Droplets Reacting with Ozone

Zahardis and Petrucci, (2007) reviewed the experiaielata on the ozonolysis of oleic acid
from an atmospheric perspective. The current stidkeaowledge is based upon particle phase
studies of aqueous and mixed phase aerosol anésufleic acid films reacting with ozone

at the air-water interface.
3.6.1.1 Particle Phase Experiments

Ziemann, (2005) used a thermal desorption parielen mass spectrometer (TDPBMS) to
analyse the composition of the reaction producisfthe ozonolysis of pure oleic acid
particles, liquid particles of oleic acid mixed kidioctyl sebacate and oleic acid as a
component of a solid liquid mixtures with hexadegaracid and heptadecanoic acid. High
performance liquid chromatography (HPLC) couplethwelected ion monitoring (SIM) or
mass spectral analysis (MS) was also used to deawecthe reaction products which were
primarily volatile. The loss of oleic acid due &action initiated by ozone was faster in the

liquid mixed particles than in the liquid-solid reit particles (Ziemann, 2005).

King et al., (2004) used laser tweezers to holdopldt of synthetic seawater and oleic acid and
subjected it to Raman spectroscopy to monitor iteee the droplet and the signal given by the
composition of the droplet. The oleic acid wasiiréd to be present at the surface of the
droplet, with a saline liquid core. The droplet vextdised with gas phase ozone. As the droplet
reacted it grew from 6.5 to@n owing to hygroscopic growth, nonanal and nonaaoid were
detected in the droplet. The loss of the Ramenrasiigm oleic acid from the droplet over 900
seconds was attributed to the reaction of oleid and ozone and the subsequent break down of

oleic acid allowing the ozone to penetrate to e core of the droplet which reacted with
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Br ~initiating the formation of radical species whigbuld rapidly remove the organic
component from the droplet phase (King et al. 20R#)g et al., (2004) concluded that the
oxidation of a coating of oleic acid on a droplgblzone lowered the critical supersaturation
required for droplet growth in the atmosphere drad &s the oleic acid was oxidised the droplet
became more hydrophilic so a previously inert dzbpl particle could become an active cloud

condensation nuclei.

Katrib et al., (2004) studied the reaction prodwdtsleic acid films coatings on polystyrene
latex spheres. The film was formed by condensatforaporised oleic acid. The coated films
ranged in thickness from 2 to 30 nm (Katrib e&04). It was observed that a 20 nm film was
reduced to 15 nm following oxidation and that tiheducts of the reaction of oleic acid with
ozone were volatile. There is broad agreementaditirature that the reaction of oleic acid

with ozone proceeds by the scission of the doubtel ollowed by the formation of Criegee
intermediates leading to decomposition into shartein organic acids and secondary ozonides.

The mechanism of the reaction of oleic acid witbrazwill be presented in section 3.7.6.

Kinetic measurements of the loss of sodium olea#etd reaction with gas-phase ozone were
taken by McNeill et al., (2007) who conducted aeldlew tube experiments where submicron
agueous aerosols composed of a mixture of sodieate@bhnd water were atomized and flowed
in a nitrogen at a controlled relative humidity6®-67 % to a flow tube or photochemical
reactor containing 4 ppm ozone. The aerosols varpked with a differential mobility analyser
(DMA) and an ultrafine condensation particle couf@PC). Kinetic measurements were
achieved by varying the flow rate of the reactaad. §J he oleate was detected as oleic acid using
a chemical ionization mass spectrometer (CIMS)e Haction time was proportional to the
position along the flow tube where the aerosol ingested. The sodium oleate particles were
oxidised at the surface and the reaction kinetiiteWied Langmuir Hinshelwood behaviour
where adsorption occurs at surface sites. McNedl.e(2007) calculated a reactive uptake
coefficient for ozone of ~ x 10to 6 x 10° concluding that the lifetime of a thin film of
unsaturated organic molecules on a liquid aerosoilldvbe ~10 minutes due to oxidation by
atmospheric ozone at 50 ppb. McNeill et al., (2081p note that the effect of the substrate
mineralogical composition of the solid fractionasf aerosol particle could lengthen the lifetime

from minutes to days.
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3.6.1.2 Surface Pressure and Surface Tension M easurements of Oleic Acid M onolayers

Reacting with Ozone

The reaction of an oleic acid monolayer with gaagghozone was studied from a health
perspective by Srisankar and Patterson, (1979 wslrtangmuir trough and Wilhelmy plate
balance housed in a reaction chamber. SrisankaPatterson, (1979) observed the film
contracting; to maintain a given surface presstieroN ni* the barriers on the Langmuir
trough reduced the surface area by compressionob$ervation was made that there was a
decay of the monolayer in air which was not as pomced in an oxygen only atmosphere in
which the surface pressure could be maintaine80@aninutes without compression of the

monolayer, the decay in air was attributed to tles@nce of trace quantities of ozone.

Gonzélez-Labrada et al., (2007) studied the chamtfee surface pressure of pendant aqueous
drops covered with an oleic acid monolayer sprgasiybinge within a solution of chloroform
which evaporates. Pendant drop apparatus areanatitie way of measuring surface pressure
and surface tension to the use of a Wilhelmy @atgaratus and a Langmuir trough. The
surface pressure was measured as a function dfaeaine. The surface area per molecule can
be monitored by changing the volume of the dropletreasing the volume is the equivalent of
compressing or releasing a monolayer on a Langmmaugh. The change in surface tension was
monitored with a tensiometer. The 0zone exposuok dace in a reaction chamber. Gonzélez-
Labrada et al., (2007) also measured dropletseofglction products nonanal and nonanoic
acid but no increase in surface pressure with ceagoon was observed using the droplet
apparatus or a Langmuir trough so it can be infetinat these species are not present at the
interface. The kinetic results obtained by Gonzélearada et al., (2007) will be discussed in

section 3.9.2.

The kinetics of the reaction of a monolayer of tineaturated phospholipid 1-oleoyl-2-
palmitoyl-sn-glycero-3-phosphocholine, (OPPC) with gas phasa®zvas conducted by Wadia
et al., (2000) by monitoring the gas-phase reagiroducts. OPPC has one saturated and one
unsaturated chain. The OPPC monolayer was heddl@amgmuir trough housed in a reaction
chamber from which the air was directed into ancssipheric pressure ionization mass
spectrometer (API-MS) which measured the gas pbasiicts of the reaction at the air-liquid
interface, the condensed phase kinetics were netrdmed. Nonanal was detected in the air
above the monolayer after reaction with 0.25 tord@p. The area per molecule did not affect
the yield of nonanal in a predictable manner whiidia et al., (2000) collate with the packing
of the monolayer not greatly affecting the avaligpbf the double bond to ozone. The rate

constant for the reaction of the monolayer withrazwas faster than that of a supposed gas
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phase reaction of ozone with OPPC (Wadia et alOp0adia et al., (2000) propose that the
monolayer is porous and that the ozone molecutegr@pped in the region of the hydrocarbon
chains of the monolayer, these trapped molecubes more rapidly with the OPPC than gas
phase ozone molecules colliding with a flat, impeaig#e surface (Wadia et al. 2000). Wadia et
al., (2000) also note that the reaction productinahis soluble in water so the experiment only
detects nonanal that enters the gas phase andatottiich is dissolved into the subphase, the

net yield for the production of nonanal was 54 %61

King et al., (2009) oxidised a monolayer of deuteaoleic acid on a Langmuir trough housed
in a teflon bag for some early experiments andlamiaium reaction chamber for later
experiments, with a flow of gas-phase ozone. Semglbus neutron reflectivity measurements
of the surface coverage of the monolayer were tabgether with surface pressure
measurements. The sub-phase beneath the film wiasl Weom pure water to a salinity of 33g
L™ NaCl. King et al., (2009) showed that after 25@umés exposure to 4.2 xf@nolecule cm

% of ozone, on a sub-phase of 334MaCl, a monolayer with a surface pressure of 14miN
and a surface coverage of 1.1 X®I@olecule rif remained at the air-liquid interface. A value
of the rate constant for the reaction of ozonedait acid was taken from fitting the surface
coverage to a scheme with two reaction pathwayes yaiding one soluble or volatile product
and one surface active product, another pathwagganly soluble or volatile products. The
kinetic analysis showed that the kinetics for thedpiction of products from the reaction of
oleic acid with ozone, was not affected by the cositon of the subphase. It is for this reason
that the experiments in this thesis are conduatepuoe water subphase and not saline. The
values of the rate constants from the work of kehgl., (2009) will be re-visited in the
discussion section 4.14. King et al., (2009) codelthat the remaining material at the interface
after sustained exposure to ozone was likely todmanoic acid; this is the least soluble of the
known products from the reaction of oleic acid tflims with ozone which is surface active
(McNeill et al. 2007).

Voss et al., (2007) compressed a monolayer of al@t on a Langmuir trough from starting
area per molecule of 83°AA phase transition was observed at 3Jpér molecule and prior to
collapse at 28 Aper molecule. Voss et al., (2007) took broad-badtiwsum frequency
generation spectroscopBBSFG) spectra of the intensity of the output bednmfrared

radiation versus incident infrared radiation fog thonolayer. Broad-bandwidth sum frequency
generation (BBSFG) spectroscopy is a vibrationatspscopy technique. The signal is
dependent on the number density and orientatidheofolecules at the interface. Its limitations
are that it does not give a measure of the amdumtmaterial present so cannot yield kinetic

information. It was used in-situ with the Langmurough for studying the compression of an
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oleic acid monolayer however it was not coupledlie Langmuir trough during oxidation;
instead the monolayers were prepared in petri disleasurements at 83, 51 and Z8Ar
molecule showed that at 83 Ber molecule, at 0 mNfrsurface pressure, the spectra was
relatively flat and featureless. The BBSFG spestiavs peaks for the CH groups within the
monolayer which for oleic acid on an aqueous satesticcur at 2846 ¢h(CH, symmetric
stretch), 2876 cH{CH, symmetric stretch), from 2923 (GHermi resonance) to 2941(gH
Fermi resonance) and at 3014 (CH olefinic stredcluble bond). At 51 Aper molecule and the
monolayer undergoes a phase transition from adigas state to the liquid phase, this is
evident as a series of peaks at 2850,c2880 crit and a broader peak at 2945tan the
spectra which are characteristic of oleic acid gpectra of oleic acid appeared as the surface
pressure exceeded 0 mNnAt 28 A2 per molecule at a surface pressure of 28 mithe
spectra shows a higher intensity peak at 288 and a broader peak at 2945 tthan was
observed at 51 Zoer molecule. The disordered structure of the mayelat 83 Awas shown
by the absence of peaks characteristic of the @#dib as the sparse configuration of molecules
in a gas phase monolayer is below the detectiom ¢ifthe technique. Compressing the
monolayer, packing the molecules into a more odlistate intensified the C-H peaks in the
spectra, for a well ordered film the Gpleak at 2876 cthis the largest (Voss et al. 2007).

For oxidation experiments the monolayer was spte&2® & (the equilibrium spreading
pressure, 30 mNi) in a petri dish contained in a closed cell angosed to a flow of 20ppm
ozone. After 1 minute of exposure to ozone the @&k at 2876 cthobserved optically
decreased in intensity (Voss et al. 2007). As #posure time is increased the peaks in the
spectra reduced until after an exposure time ahBlutes there was no signal from the
monolayer which had been oxidised and completediyffom the interface (Voss et al. 2007).
Voss et al., (2007) used a complimentary technajuefrared reflection absorption
spectroscopy (IRRAS), to show that the commonlyeoled reaction products from the
oxidation of oleic acid by ozone were not presernihe interface after the oxidation of oleic
acid. In addition to the spectroscopy, Voss et(2007) observed the decline referred to in this
thesis as a kinetic decay in surface pressureeasi¢ic acid monolayer on the Langmuir trough
was oxidised. In contrast to the work of King et €009) the surface pressure of the oleic acid
monolayer declined to zero mN'minder sustained exposure to 190 +80 ppm ozor@3for
minutes. No information is given in Voss et alQ@2) as to how the Langmuir trough was
enclosed for oxidation surface pressure experin@and$ the ozone concentration at the

interface.

Monolayers of oleic acid oxidation products, noriarazid, azalaic acid and nonanal were

prepared in petri dishes by Voss et al., (2008e®if a measurement could be obtained or if
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the product had dissolved into the subphase orceatgrl. BBSFG spectra could only be
produced from nonanal when a quantity equivaletittee monolayers was spread at the air-
water interface; this signal was not comparabliaab of a partially oxidised oleic acid film

(Voss et al. 2007). Voss et al., (2007) conclu@e there was no organic material remaining at
the air-water interface after the oxidation of dimacid monolayer with ozone, and that the
changes in the BBSFG spectra during oxidation angparable to the changes observed when
the monolayer was compressed so are a produce dirirs packing and not caused by the
production of surface active product molecules. &Wad al, (2000) observed gas-phase nonanal
above the Langmuir trough suggesting that this pebdiould not be present at the air-water
interface post reaction. Voss et al., (2007) sampiete removal of the oleic acid film under

ozonolysis, King et al., (2009) did not.
3.6.2 Issuesldentified in the Current Literatureto be Investigated in ThisWork

The experiment described in this chapter may doutei further understanding of the following

issues cited in the current literature.

« The conflicting results of Voss et al., (2007) #idg et al., (2009) as to the presence
of a monolayer following the exposure of oleic aidzone. King et al., (2009)
concluded there was a significant surface covecageaterial remaining at the air-
water interface post reaction, Voss et al., (2@@ricluded there was no monolayer
remaining.

* The structural change in the orientation of theguoles at the air-liquid interface as the
monolayer of oleic acid is oxidised.

« In chapter 2 it was demonstrated that the surfeesspre and surface coverage were
giving different information about the materialthé interface. The amount of material
present was not reflected in the surface pressassunement, when the two
measurements are correlated there is less neee tih@ expensive neutron

reflectometry technique.
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3.7 Experimental M ethodology

It should be noted that the author was not prefeerthe experiments detailed in this chapter.
The methodology is based on the notes taken bgxperimental team (Martin King, Adrian
Rennie, Amelia Marks, Christian Pfrang and Rich@aanpbell). The author processed the data,
conducted the analysis and drew conclusions fotigwihe data processing. The experimental

section is presented in the following order:

« Experimental aims (3.7.1).

» A description of the oleic acid samples used ferriautron reflectometry experiments
(3.7.2).

« A description of the FIGARO reflectometer at thetitut Laue Langevin, Grenoble,
France used for the experimental work (3.7.3). scdetion is given of the surface
measurement techniques (3.7.3.1) with an explamafithe effect of partial deuteration
on the neutron reflectivity measurement (3.7.3r®) tne method of structural neutron
reflectometry measurements (3.7.3.3).

* The generation of gas-phase ozone (3.7.4) and dldelimg of the ozone reactant
concentration in the gas-phase and in the mono(@yér.1).

« The methodology of a typical neutron reflectivitgasurement of a kinetic decay in
surface pressure of a monolayer reacting with gohase reactant is given (3.7.5) and
the materials used to conduct the experimental wogKisted (3.7.5).

« An explanation of the kinetic fitting regime whiaras applied to the surface coverage

data is given (3.7.6).

3.71  Experimental Objectives

The experiment was designed to monitor the progeedf the surface pressure and the surface
coverage of a monolayer of oleic acid4d;;COOH), at the air-water interface in real time as

the monolayer was oxidised with varied concentretiof gas-phase ozone.
The objectives of the experiment conducted on FIGA&Ere;

1. To measure the decay in the surface coverage arglitface pressure of an oleic acid
monolayer at the air-water interface simultaneodsigng a reaction with gas-phase
ozone.

2. To ascertain whether an oleic acid monolayer peasithe air-water interface under

sustained exposure to gas-phase ozone.
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3. To measure the decay of a monolayer comprisedeaf atid molecules which were
deuterated from the double bond to the termina} @iidup (in this case GJp to show
if the deuterated tail group remained at the aitewanterface after ozone has reacted
with the double bond in the oleic acid molecule.

4. To subsequently conduct a kinetic analysis of thréase coverage of a monolayer of
oleic acid over time to determine a rate constantHe reaction of oleic acid with gas-
phase ozone.

5. To model the lifetime of an oleic acid monolayettat air-water interface of a cloud

droplet under atmospheric conditions.

The aims were based on the hypothesis by King g28l09) that the cleavage of oleic acid at
the double bond would leave a surface active mgeoleomprised of shorter chain length
product molecules which would be persistent taherrreaction with ozone. This mechanism is

illustrated in figure 3.4.

Figure3.4 The Decay of Oleic Acid Reacting with Gas-phasen®zs Proposed by King

et al. (2009)
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3.7.2 Oleic Acid Samples

In order to achieve the second experimental aimethvere three oleic acid chemical samples
used for this experiment. Deuterated oleic acid m@scommercially available until 2010.
Previous experiments on fully deuterated oleic é€idg et al. 2009;2010), used fully
deuterated oleic acid {0,,CD=CDGD14,COH), synthesised by the Isotope Facility at Oxford
University (named Bfully deuterated oleic acidor simplicity). When deuterated oleic acid
became commercially available from Sigma Aldridlalyy deuterated B sample was
purchased for comparison to the King et al., (2G@8)ple, upon which to conduct further
experiments. The Oxford University Isotope Faciiggnthesised a sample of partially
deuterated (§D,,CD=CHGH,CO,H) oleic acid, (named fgfor simplicity), the sample
provided the opportunity to see which half of thelecule persisted at the air-liquid interface
during ozonolysis, and to show if the ozone attddke double bond as expected. Each sample

was made up to a concentration of 1 mg/ni_chloroform as a spreading solution.

* Dgsjoleic acid, fully deuterated: custom synthesisg&bbert Thomas at the Isotope
Facility at Oxford University. The structure is shoin figure 3.4.

« Dassoleic acid, fully deuterated: Sigma Aldrich, pratdnumber 683582, lot number
EWO0201. The structure is shown in figure 3.5.

« Dgoleic acid, partially deuterated; custom syntheasisy the Isotope Facility at Oxford

University. The structure is shown in figure 3.6.

Figure3.5 Structure of @33 Oleic Acid Molecule
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Figure 3.6 Structure of a ; Oleic Acid Molecule
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3.7.3  Surface Measurement Techniques

Both surface measurements of surface pressurefannface coverage at the air-water
interface were undertaken on a Langmuir trough Banaously as explained in chapter 2. The
neutron reflectivity measurement of reflectivityiainis fitted to give a value of surface
coveragel() was required as the work of King et al., (2008)wed that when modelling the
effects of surface tension and that of dissolvedtss in a cloud droplet according to Kohler
theory, the dissolved product material from a rieacat the surface of the droplet has a greater
effect on the critical supersaturation at whichdheplet will grow than the surface tension
effect on this process. Neutron reflectivity is tdy technique by which a measure can be
made of the hydrogen/deuterium composition of aateyrer at the air-liquid interface over
time. By substituting hydrogen atoms with deuterat@ms one can highlight a portion of a
molecule to see where the molecule breaks in dio@a@nd whether that material persists at
the air-liquid interface. The operation, calibrat@nd cleaning of the Langmuir trough were as
explained in chapter 2. The reaction chamber hgusiea Langmuir trough was custom made by
the University of Reading to fit the neutron refteoeter FIGARO and is shown in figure 3.7.
The chamber was designed as a prism trapezoid shiapduce the chamber volume, therefore

reducing the mixing time of reactant gases.
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Figure3.7 The FIGARO Aluminium Reaction Chamber which Hotlse$ angmuir
Trough on the Neutron Reflectometer Beamline @e@iWithout the Chamber
Lid

Reaction chamber Langmuir trough
aluminium walls

Quartz windows for
»
laser alignment and the @

neutron beam

3.7.31 The Neutron Reflectometer FIGARO

The surface coverage measurement of the deutesksiechcid monolayer was determined from
reflectivity measurements from the neutron reflewtter, FIGARO (Fluid Interfaces Grazing
Angle ReflectOmeter) at the Institut Laue-Langegirl), in Grenoble, Francelhe FIGARO
reflectometer differs from the SURF reflectometeiS&RF at ISIS uses a pulsed beam of
neutrons produced by spallation as explained ipten&. At the Institut Laue-Langevin a beam
of neutrons of a steady flux is produced from al@arcreactor by nuclear fission of uranium-
235. The data is comparable from both instrumesitb@ measurement of reflectivity is a
product of the momentum transfer (Q) of a pulseeaftrons of varying wavelengtrBoth
instruments measure the time of flight of a puédSIS this comes from the target as a pulse,
at the ILL the pulse is created from the beam oftmoms by choppers which produce a gap in
the beam. The reflectivity is measured on FIGARGhaschange in intensity as on SURF; once

the raw measurement is converted to R versus @dasurements are comparable.

The flux of the transmitted neutron beam and itselength distribution are tuned to the
experiment by the adjustment of two frame overlapors which remove neutrons with a
wavelength above 20 or 30 A and four disc choppéiish control the wavelength resolution
(Campbell et al. 2011) creating a pulse of neutfontime of flight measurements. The beam
then travels through two deflector mirrors whichedmine the transmitted beam angle, between
0.62° and 3.8°, for this work an angle of 0.62° waed for measuring the kinetic decay in the
surface coverage of the monolayer during a reackonstructural measurements 2 angles were
used (0.62° and 3.8°). A collimation guide remowgspecular scattering of neutrons caused

by the mirrors which are set to give the beam @&mntation close to horizontal to the sample, in
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this case the surface of the Langmuir trough. Befeaching the sample, the beam travels
through a monitor which measures the intensithefttansmitted beam. The reflected beam
intensity is then measured on a 2 aluminium mono-block multi tube detector whigh i
positioned depending on the angle of incidenc&éefeam (Hall, 2010). The neutrons position
along the tube is measured by charge division wbaetses the emission of a photon from the
electrons (charge) produced reacting with the dde. The distance from the sample to the
detector is 3 m (Campbell, 2010); a vacuum tubeaaesl interference over this distance as

shown in figure 3.8.

The measurement of reflectivity versus momentumstier is achieved by the time of flight
method which is made possible by the choppers whigke a gap in the beam so that time of
arrival at the detector can be measured. The ranty@e of arrival of neutrons travelling at
different speeds at the detector is converteddntinge of momentum transfer statistics (Q).
The momentum transfer data is plotted againstatefiey (R) data obtained from the change in
intensity of the beam due to reflection from thmpke. The data was then fitted to obtain a

value of surface coverage @s explained in chapter 2.

The measurement of the surface coverage of the lay@rovas as described in chapter 2. The
technical set up of the instrument for examplestigings of the beam choppers is different for
each instrument but the experiment as conductabebyisers of the instrument is essentially the
same for both SURF and FIGARO for this work.
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Figure3.8 The FIGARO Reflectometer
Langmuir Trough Rotating choppers create a
positioned beyond gap in the beam to enable
the monitor time of flight measurements

Beam deflector

Incoming incident

Detector neutron beam
Collimation of the neutron Frame overlap mirror which sets
beam the wavelength of the incoming
beam

Figure 3.8 was used with the permission of Richard @zeth (Dec 2010) from http://www.ill.eu/instruments-

support/instruments-groups/instruments/figaro/. Tigare has been modified to describe the set-upefnstrument
for a Langmuir trough experimerithe labels were adapted from a similar figure froleutron News article by

Harrison and Martinez (2009).

A brief comparison of the neutron reflectometeiSARO and SURF is given in table 3.1

overleaf.
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Table3.1 A Comparison of the Neutron Reflectometer SURFAGARO
Specification SURF FIGARO
Angle of the incident beam 1.5° 0.62 and 3.8° *
(0)
Beam size at sample 60 x 10Mm 40 x 10mn
Incoming beam wavelength 0.55-6.8 A 2-30 A
Detector Hé scintillation detector Hetubular aluminium
monoblock
Distance detector to sample 2m 1t02.85m
Q range 0.048to 1.1°A 0.005t0 0.3 A
Volume of aluminium 26 L or 13.3 L with
reaction chamber available to 45 L aluminium volume reducing
gas inserts

Information in the table was taken from ISIS (2)1Campbell (2010), Campbell et al., (2011).

*FIGARO was operated at an incident beam afgh€0.62° for the kinetic measurements.
Where structural measurements were taken for chapte 3.8° angle was also used. Both
angles are used to determine the scale factor thherd,O reflectivity measurement where a

range ofo values are used.

The main difference in obtaining the kinetic dechgurface coverage measurements over time
on FIGARO is that each measurement requires aeshaotinting time of 60 to 300 seconds

than on SURF where neutrons were counted for 3G0 @200 seconds.

The background signal on FIGARO is approximateky 10° R(Q) Having the instruments
collimation slits opened wider allowed a faster smeament period but increased the
background signal from incoherent scattering. Thatinent of the reflectivity data to obtain a
value of surface coverage was as described in ehaptsing the same Abelés fitting regime
(Abelés, 1950).
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3.7.3.2 The Effect of Partial Deuteration of a Monolayer on Neutron Reflectivity

M easur ements

A partially deuterated molecule produces less pesgcattering of neutrons as it contains fewer
deuterium atoms and more negative scatteringasittins more hydrogen atoms contributing

to a lower reflectivity signal than the fully detdaged molecule as shown in figure 3.9.

The partially deuterated oleic acid molecule whgkhown in figure 3.6 was used to show
whether the molecule cleaving at the double bondlgvbe visible to neutrons and if so how

long the deuterated tail persisted at the air-tiqaterface.

Figure3.9 Reflectivity Versus Momentum Transfer (Q) for anreacted Fully
Deuterated Oleic Acid and Partially Deuterated @ldicid Monolayer in an ©
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3.7.33 Obtaining Structural Neutron Reflectometry M easur ements

To determine the effect of 0zone exposure on tiokribss of an oleic acid monolayer,
reflectivity measurements were taken and the réfiec data was fitted to a model describing

the head group region and the hydrocarbon chdailoegion of the oleic acid molecule.

The incident angle of the neutron beam to the sarfijpl or the neutron wavelength determines
the range of momentum transfer (Q). In order tosueaa larger range of momentum transfer
the incident angle of the beam to the horizontaia is increased which gives a range of
higher momentum transfer neutrons reaching thecttetallowing measurement at lower
reflectivity. For a spallation source such as I8I& pulse of neutrons contains particles with
different values of momentum transfer (Q). At thie the neutron beam is continuous so
rotating discs with a gap; called choppers are tsedeate a time zero, gap in the beam for
time of flight measurements. Both instruments ojgeiratime of flight mode measuring a
reflectivity spectrum of the energy of the neutrogsching the detector versus the momentum

transfer, r(Q@), of the neutrons.

When obtaining structural measurements,@ Bubphase is used as opposed to null reflective
water in order to increase the reflectivity sigaalDO acts like a mirror and reflects all the
incident neutrons giving a larger number of coumtdéhe detector. This optimises the scattering
from the partially deuterated monolayer, using,® Bubphase and measuring at a higher
incident angle gives the reflectivity at higheruwed of momentum transfer which allows a more
accurate structural fit to be obtained as the sgag length density of the deuterated sample

can be better constrained. Measurements were tdkamincident anglé) of 0.62° and 3.8°.

The structural neutron reflectivity data was fittedhe program ‘Lipid’ that allows the head
and tails of the molecule to be treated separatbbn inputting fitting parameters to the model
which can fit several data sets simultaneouslyctiipally the scattering length density for the
head and tail can be fit individually taking intoccaunt mixing with the solvent / subphase
(Rennie, 2011). The fully deuteratedsgPoleic acid sample was measured on a subphase of
null reflective water; the [3 sample was measured on a subphase of deuterid® E&%0) to
obtain a higher signal as this molecule contaimseef deuterium atoms therefore scatters

neutrons less efficiently.
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Figure3.10  The Four Layer Model Which the Lipid Fitting RegiRits the Reflectivity to
for Both Contrasts of a  Subphase and a Null Reflecting Water Subphase

Air
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D
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Null Reflecting Water subphas
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For structural measurements reflectivity data wakected at a constant surface pressure of 19

mNm* and temperature of 24°C showing a comparisonefefectivity of the Oxford Isotope

Facility fully deuterated oleic acid and the pdlyigleuterated sample synthesised at the same

laboratory. The reflectivity data were fitted gltipdall data sets fit simultaneously) using the

physical properties of the molecule shown in t&to gain information on the thickness of

the film (head and tail combined), the variatiorttia fit was in the parameter: scattering length

density (head). The resulting fits to the refleityidata are shown in figures 3.38 and 3.39 in

the results section (3.8).
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3.74 Generating Gas-phase Ozone

The chloroform used for the spreading solutions@edning of the Langmuir trough was
Sigma Aldrich, Chromasolv plus for HPLC 99.9% wéthanol stabilizer, catalogue number:
650471.

The Langmuir trough liquid subphase was made up fiteuterium oxide which is recovered
from the nuclear reactor at the ILL and from Midie 18M?2 cm resistivity pure water to form
null reflecting water (NRWWwhich has mole ratio of 0.088 mole®in H,O (Penfold and
Thomas, 1990).This solution produces no specuflacteon (Lu et al. 2000), so does not
contribute to the change in signal produced bydthgerated monolayer during a reaction. Null

reflecting water has a scattering length of zenodotrons.

Bottled oxygen manufactured by Air Products of 98 Burity was flowed rate of 5 L/minas
monitored with a ball and valve flow meter, througflon tubing and stainless steel Swagelok
connectors to an ozoniser creating a dilute flol@pin O,. The ozone / oxygen mixture flowed

into the reaction chamber housing the Langmuirghou

A UVP mercury pen ray discharge light source ozagererator, model 97-0067-02 was used to
generate ozone. The ozoniser functions by emitthayt wave 185nm radiation which
photolyses the oxygen flowing past the lamp geimggatzone, by reaction 3.8 and 3.9. The
concentration of ozone was varied by shieldingigestof the lamp reducing the intensity of
radiation that the flow of oxygen was exposed tee ©zoniser and flow meter were calibrated
by Christian Pfrang of the Department of Chemistrthe University of Reading. The ozoniser
was calibrated by measuring the absorbance at @5dma U.V. visible spectrometer, of the
ozone produced at different levels of shielding icell. Royal Holloway University did not
possess a U.V. visible spectrometer of adequattsély to calibrate the ozoniser for these

low concentrations of ozone.
0,+hv—-0+0 (R 3.8)

0+0,+M->0;+M (R 3.9)

210



The Oxidation of Oleic Acid Monolayers with Gas-Phase Ozone | Chapter
3

3.7.4.1 Determining the Concentration of Ozone

The concentration of ozone in the reaction chamlzer determined by calculating the flux of
ozone into and out of the reaction chamber allowe@igulation of the concentration within the
chamber. The concentration of gas phase ozone ichthmber was then used to calculate a

mixing time for ozone in the reaction chamber.

Calculating the volume of the reaction chamberlatsé to the gas phase ozone requires the
subtraction of the volume of the Langmuir Troughl &s fittings. For the FIGARO beam line
Langmuir trough the volume of the trough was edtiitido be 20 L and the volume of the
chamber available to the gas phase ozone was 26Thé flow of gas within the chamber

could not be assumed to be plug flow where the eatnation would build up across the
chamber from the entry point, instead the flow wagsidered to be a well-mixed reactor where
the flow out of the chamber produces a well-mixeehsirio where there is no significant
concentration gradient within the chamber. The abahneaction between the ozone and the
monolayer consumes very little ozone so was nduded in estimating the gas phase ozone
concentration. The first order differential equatidor calculating the ozone concentration
within the reaction chamber are included in theesypolix; item 1, solving these equations results

in equation 3.1.

It was assumed that the gas phase ozone reacttheithonolayer rather than dissolved ozone
which has entered the subphase. The air-water egehat a gas is slow without agitation

which was not present in this system. When the iseoiis not engaged the reaction observed in
the surface pressure data ceases in less thanioatersuggesting that any dissolved ozone in
the subphase is not contributing to the decay®ftbnolayer.To calculate the concentration

of Os in the reaction chamber the following equation wssd from Smith et al, (2002):

Ft
[03]chamber = [03]ozonizer (1 —€ V) (E 3-1)

WhereF is the flow rate of @into and out of the chamber (5 L ifjnF was kept constant for
each experimeniO3;] ozonizeriS the concentration of ozone in the fléwaken from the ozonizer
calibration, which was varied for different expeeints.V is the volume of the reaction chamber

minus the volume of the Langmuir trough and fit§r{@6.2 L).

The time taken for the concentration of @ the chamber to reach 38%e characteristic
mixing time ¢mi) was determined by dividing the volume of the cham(less the volume of
the Langmuir trough) of 26.2 L divided by the floate which was 5 L mih (equation 3.2).

The characteristic mixing time was 314 secondss Vhiue is important for the kinetics as fits
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should be taken after the characteristic mixingetil314 seconds is a long mixing time
suggesting that for future work it would be besatw the mixing process, for the work detailed
in chapter 5 the volume of the chamber was redused hollow aluminium boxes which fitted

around the Langmuir trough, reducing the charasttenmixing time.

toiy = —— (E 3.2)

Frate

For the kinetic analysis the concentration of ozaftikin the film region was calculated by

equation 4.11.
03film = [03chamber]H6film (E 3.3)

The ozone concentration in the film regiOgsm is equal to the gas phase ozone concentration
in the chamberds chambe) Multiplied byH, the Henrys law constant for ozone (11.75 molecule
cm® (molecule cri)™), multiplied by the thickness of the monolay&s.{), 15 A. The ozone

concentrations in the film region are listed inl¢a®.3

Table3.3 The Ozone Concentration in the Monolayer Tail Regis Calculated From
Equation 3.3, and the Calibration of the Ozoniser.
Ozone Gas Phase Ozone Gas Phase Ozone Ozone Concentration in

Concentration Concentration Concentration the Monolayer Region

from the Ozoniser [03]chamber [03]chamber [03]fitm
[03]ozonizer ! ppb / (10* molecules crf) / (10° molecules cm)
/ ppb

26.6+ 5.04 4.62 +0.88 11.6 £2.20 0.204 + 0.039

37+ 9.03 6.43 £ 1.57 16.1 £3.94 0.284 + 0.069
51.94+ 14.75 9.02 £ 2.56 22.6 £6.43 0.399 £ 0.113
67.4+ 22.86 11.7 £ 3.97 29.4 £ 9.97 0.518 £ 0.176
119.94 5.19 20.83 £ 0.90 52.3+2.26 0.921 £ 0.040
154.1+ 19.61 26.77 £ 3.41 67.2 £8.55 1.18 £0.151
225.54 43.22 39.18 +7.51 98.3+18.8 1.73£0.332
298.54+ 8.92 51.86+1.55 130 + 3.89 2.29 £ 0.069
384.8+ 83.91 66.85 + 14.6 168 = 36.6 2.96 + 0.645
680.3+ 73.22 118.19+12.7 297 £ 31.9 5.23 £ 0.563

The gas-phase ozone concentrations in parts pkorbére provided for comparison to atmosphericrezaoncentrations.
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3.7.5 TheExperimental Methodology of a Typical Neutron Reflectivity Experiment with

a Gas-phase Reactant

As explained in chapter 2 the neutron surface @geeand Wilhelmy plate surface pressure
measurements were collected simultaneously usirapngmuir trough housed in an aluminium
reaction chamber which was fitted to the neutrcamtigne. The Langmuir trough used for the
experiments was the FIGARO beamline Langmuir trougtich is a custom model
manufactured by Nima Technology. Its dimensionsawdepth 0.5 cm, width 20 cm, length 50
cm. The aluminium reaction chamber is shown inrgg8L.7, its dimensions were: maximum
height 18.5 cm, width 39 cm, length 64 cm.

The Langmuir trough was cleaned and calibratedrdouog to the procedures explained in
chapter 2. The Langmuir trough was filled with 600 of null reflective water and a 40 pL
monolayer of deuterated oleic acid was spreadesaitawater interface using ajd0capacity
Hamilton syringe. The film was spread drop by dabgifferent points across the surface by
placing the needle very close to the surface butauzhing it and allowing the drop (at the end
of the needle) to make contact with the surfacejrfial surface pressure reading was 12
mNm*. The area per molecule was 43 7phior to compression for a monolayer of 40of

fully deuterated oleic acid.

The subphase temperature was maintained at 24+26@ a temperature controlled circulating
water bath which was attached to an integratedrogelstem in the base of the Langmuir
trough. pH papers were used to monitor the pH ehthll reflective water (pH 5.5). Oxygen
was flowed at 5L min from a bottle through Teflon tubing via the UVPhgay ozoniser which
at this point had its lamp fully shielded so was pr@ducing ozone. The oxygen flowed from
the ozonizer into the reaction chamber throughnigilvith Swagelok connectors. The flow
entered the chamber through a tube which was positi above the Langmuir trough facing

away from the monolayer.

The monolayer was spread and then compresseditfeaes pressure of 25 mN InWhen the
monolayer was at the desired surface pressureatinieis were held, the chamber lid was fixed
on to provide a gas tight seal and the neutromunegnt was started ready to take measurements
of surface coverage. There is a short delay betweeatart of the surface pressure
measurement and the time when the first neutraachréhe sample to accrue a surface coverage
measurement whilst the radiation shielding intdeliscengaged prior to the neutron beam

reaching the sample.
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Once the initial surface coverage had been recdateal monolayer the ozone supply was
activated by reducing the shielding covering tmgdaThe ozone was flowed through the same
tubing as the oxygen at the same rate, into thetioeachamber to react with the oleic acid

monolayer.
3.7.6 Kineticsof the Reaction of an Oleic Acid Monolayer with Gas Phase Ozone
3.7.6.1 The Decay M echanism

The decay in the surface coverage of a monolaydeuwferated oleic acid at the air-water
interface follows exponential behaviour wherebydbeay curve shallows exponentially as
observed by King et al., (2009).

The rate expression for the reaction of a deutdralic acid monolayer with gaseous phage O

is;
C1gD330,H + O3 — products (E 3.4)

—d[C15D330,H] _

at k[C15D330,H]*[03]" (E 3.5)

Wherea andf are exponents which are determined experimentallysum of which
determines the order of the reaction. The readtias pseudo first order. The same expression
is appropriate to the partially deuterated moleasl¢he kinetics were not affected by the
deuteration. The change in the surface concentrégiarface coverage) of oleic acid is

described by equations 3.6 to 3.8:

dloleic acid] _ dr

dt T dt €3.6)
= = k[I[0s] (E 3.7)
X = kI[04] E 3.8)

dat

It is assumed that the concentration of ozonernistamt during the reaction. Solving equation

3.9 gives the rate of change in the surface coeenath time.

k' = k[05] €3.9)
dr _ .,

prie k'r € 3.10)
Tt = Tfina + roe K (t=to) € 3.11)
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3.7.6.2 The Method of Kinetic Analysis

The surface coverage data was fitted to an expiaheleicay mechanism which allows the start
point of the reaction to be defined after the mixiime for ozone in the reaction chamber had
been reached. The kinetic decay data of the sudaeerage of the deuterated monolayer

material with reaction time was fitted to equat® 1.
Tt = Tfina + roe K (t=to) € 3.11)

Wherer; was the surface coverage at the air-liquid interfat timet, ry;,,, Was the surface
coverage at the air-liquid interface at the enthefreactionr, was the surface coverage at the
air-liquid interface before the reaction ddadvas the first order rate constant for the decéaién
surface coverage of the deuterated material aitHeguid interface. In chapter 5 for the
reaction between a methyl oleate monolayer angblgase ozone an alternative kinetic regime
was used which incorporated an estimation of thengitime for ozone in the reaction
chamber. The reasoning for using a different fiftiagime for the data in this chapter to that

used for the experiments in chapter 5 is giverppeadix item 3.

From the results of the neutron reflectivity expents it was decided that the behaviour of the
system was pseudo first order where oleic acideeaegith ozone producing reaction products
which were soluble or volatile and did not peraisthe air-liquid interface so an exponential
decay could be fit to the data. This was in conti@she kinetic analysis of King et al., (2009)
where there was material remaining at the air-tignterface after the reaction of ozone with

the monolayer.

A simple exponential was fitted to the decay insbgace coverage of d-oleic acid at the air-

liquid interface, these fits fall into three categs.

1. A simple exponential fit to the decay curve of deated oleic acid with time as
deuterated oleic acid is lost from the interface.

2. At low ozone concentrations a shallowing of theagecurve occurred mid decay which
is referred to as an inflection feature herein.ekponential fit was made to the first
part of the decay curve prior to the inflectionttea in the surface coverage data. A
subsequent exponential was fitted to the decayecafter the region of inflection.

3. The oleic acid monolayer was allowed to decay engtesence of ozone and was
subsequently recompressed to show whether theiioitefeature was related to a
chemical change or a structural phenomenon. Arairkponential fit was taken of the

first decay curve, and then after recompressighesurface coverage decayed again
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an exponential fit was taken before and after éggon of inflection in the surface
coverage data.

The exponential kinetic fitting to the surface cage data is plotted over the surface coverage
data in the results section (3.8).
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3.8 Experimental Results

The experiments were conducted at a range of gasepbzone concentrations to facilitate the
calculation of a bimolecular rate constant fromshegace coverage measurements. The decay
in the surface coverage and surface pressurelpfdeuterated and partially deuterated oleic
acid samples were monitored in order to determihetiaer the decay kinetics were

significantly different enough to show whether theic acid molecule was broken at the double
bond leaving a product film that was persisterihatair-water interface as hypothesised by
King et al., (2009).

Surface coverage data was collected for fully sautigdly deuterated monolayers on a pH
altered subphase to show whether OH radical forragg result of ozone dissolving into the
subphase was causing the observed loss of olelcStructural neutron reflectivity
measurements were also taken of each oleic acidledor comparison between samples and to

measure the monolayer thickness.

The simultaneous neutron surface coverayye@fd monolayer surface pressure measurements
(I1), will be presented in the following order witmkiic fits of the surface coverage

measurements to equation 3.11 shown with the retexeutron reflectometry data.
The surface pressure and surface coverage datesisrped together in the following order:

* Fully deuterated (R) and partially deuterated (§) oleic acid monolayers with high
gas-phase ozone concentrations of (130 + 3.89)3midlecules ci to (297 + 31.9) x
10" molecules cri representative of a polluted urban air mass (B.8.1

« Fully deuterated and partially deuterated oleid adnolayers with low gas-phase
ozone concentrations of (11.6 + 2.20) **I@olecules criito (98.3 + 18.8) x 18
molecules cii representative of a marine or rural environmera.g3.

* The decay of fully and partially deuterated oles@anonolayers in oxygen (3.8.3).

e The surface pressure and surface coverage ofdntlypartially deuterated oleic acid
monolayers on a pH adjusted subphase exposed-futhgas ozone (3.8.4).

* A summary of the surface coverage and surface ymesseasurement results (3.8.5).

« The results of structural neutron reflectivity ma&snents of fully deuterated and
partially deuterated oleic acid monolayers at ihevater interface (3.8.6).

« Kinetic analysis and results (3.8.7).
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3.8.1 The Surface Pressure and Surface Coveragefaflly Deuterated Oleic Acid Monolayers

Exposed to High Concentrations of Gas-phase Ozone

Three experiments were conducted on fully deutdrakeic acid monolayers at high gas phase
0zone concentrations in order to measure the dadhg surface pressure and surface coverage
of the monolayer. The surface coverage and sufexssure data for these experiments are
shown in figures 3.11 to 3.14. The correspondirgyease ozone concentration and the

concentration of ozone in the tail region of thenmlayer are listed in table 3.4.

Table 3.4 The Concentrations of Gas-Phase and Monolayer ReQaone Used in the

High Ozone Experiments

Gas Phase Ozone Ozone Concentration in the
Concentration / 10" Monolayer / 16 molecule
molecule cm® cm?
130 + 3.89 2.29 £ 0.069
297 £31.9 5.23 £0.563

The kinetic fits to the surface coverage data arengin figures 3.15 to 3.17.
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Figure 3.11 A Comparison of the Surface Coverage Data fronHigh Ozone

Concentration Experiments
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At high ozone concentrations the decay of thg(Bigma Aldrich) monolayer exposed to 287
31.8 x 16° molecules ci decayed to a surface coverage of 0.5 % dlecule rif
approximately 110 seconds faster than thenbnolayer exposed to the slightly lower ozone

concentration of 138 3.89 x 1&? molecules cii.

The D oleic acid (Oxford Isotope Facility) monolayer espd to a gas phase ozone
concentration of 138 3.89 x 16° molecules ciidecayed in an identical fashion to thg D
monolayer until the surface coverage reached @&%molecule rif at which the B

monolayer decayed slightly further to a lower rasicsurface coverage of 0.3 x*4fholecule
m2. The deuterated products of the reaction may eanging the decay curve from 500
seconds onwards differ where the partially deuéeraleic acid has decayed but there is still a

signal above zero, so there is still deuteratecriztpresent at the air-liquid interface.
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Figure 3.12  The Surface Coverage and Surface Pressure Data iyg Oleic Acid
Monolayer Reacting with (29¥ 31.8) x 13° molecules ciiGas-Phase Ozone
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The most rapid decay in the surface pressure atficsucoverage of an oleic acid monolayer
was measured at the highest ozone concentratiamnsindigure 3.12. The partially deuterated
oleic acid monolayer left a residual surface cogeraf ~0.4 x 18 molecule rif even when

reacting with a very high concentration of ozone.
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Figure 3.13  The Surface Coverage and Surface Pressure Data g Oleic Acid
Monolayer Reacting with (130 +3.89) x fanolecule cii Gas-Phase Ozone
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At an ozone concentration of (1303.89) x 1¢” molecules ciithe surface pressure data
appeared to follow the decay in surface coverapge.slope in the decay of surface pressure and
surface coverage is very similar at this conceiatnabr both isotopologues of oleic acid. Both
the fully deuterated and partially deuterated mayet leave a residual surface coverage of

deuterated material at the air-water interface twismot reflected in the surface pressure data.
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Figure 3.14  The Surface Coverage and Surface Pressure Data By Oleic Acid
Monolayer Reacting with (130 +3.89) x fanolecule cii Gas-Phase Ozone
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In both the surface pressure and the surface cgeelata it can be seen that a steeper decay
occurred at the highest ozone concentration. Remsamg the Langmuir trough barriers after

a reaction did not produce a rise in the surfaesgure which remained at zero.

It was concluded that the ozone concentration beeel was not ideal for kinetic analysis as
there were few points to fit to before the reactbozone with the oleic acid monolayer was
over. Kinetic fits of equation 3.11 to the surfacwerage data are shown in the following plots.
As shown in figure 3.15 to 3.17 the kinetic fit tsbonly be achieved for part of the decay curve
which consisted of few measurements as the reaptmreeded too rapidly at high ozone

concentrations to achieve a good kinetic fit.
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Figure 3.15 A Kinetic Fit of Equation 3.11 to the Kinetic Dedaythe Monolayer Surface
Coverage of B} Oleic Acid Exposed to (297 +31.9) xfolecule crh
Ozone in the Gas-Phase and a Concentration of (562836) x10® molecule
cmi? Ozone in the Monolayer Tail Region
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Figure 3.16 A Kinetic Fit of Equation 3.11 to the Kinetic Dedaythe Monolayer Surface
Coverage of B} Oleic Acid Exposed to (130 +3.89) xnolecule crh
Ozone in the Gas-Phase and a Concentration of @@97) x 16 molecule
cmi? Ozone in the Monolayer Tail Region
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Figure 3.17 A Kinetic Fit of Equation 3.11 to the Kinetic Dedaythe Monolayer Surface
Coverage of B Oleic Acid Exposed to (130 +3.89) xnolecule crh
Ozone in the Gas-Phase and a Concentration of 2@287) x 16 molecule

cmi? Ozone in the Monolayer Tail Region
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3.8.2 The Surface Pressure and Surface CoverageFaflly and Partially Deuterated Oleic Acid

Monolayers Exposed to Low Concentrations of Gas-pls® Ozone

The lower experimental ozone concentrations useéxperiments of fully deuterated and
partially deuterated oleic acid are given in ted In total for both B and Qg oleic acid
monolayers seven experiments were undertaken ajasvphase concentrations of ozone. The

surface coverage and surface pressure data is shdignre 3.18.

Table 3.5 The Gas-Phase and Monolayer Region Concentratib@zone Used in the Low

Ozone Experiments

Gas Phase Ozone Ozone Concentration in the
Concentration / 10° Monolayer Region / 16
molecule cm® molecule cn?
11.6 £2.20 0.204 +0.039
16.1 £3.94 0.284 + 0.069
29.4 £9.97 0.518 +0.176
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The decay of the fully deuterated monolayer appiesle faster with increasing gas phase
ozone concentration. In figure 3.18 the surfaceecage data for both the partially and fully
deuterated oleic acid monolayer are shown togétiheromparison. The rate of the kinetic

decay is explained and discussed in section 3.8.7.

Figure 3.18 The Kinetic Decay in the Surface Coverage gfdhd Dg Oleic Acid

Monolayers Exposed to Low Concentrations of GassBl@zone
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Figure 3.18 shows at a surface coverage of ~2"%mélecule rif a shallowing of the kinetic
decay in the monolayer surface coverage for a gteoivd followed a subsequent continuation
of the decay of the monolayer. The feature is rmposounced at the lowest ozone
concentration and is referred to as an inflecteatudre in the analysis of these results. It can be
seen in figure 3.18 that the inflection feature wegseatable at low ozone concentrations. The
individual experiments are shown over the followpages with kinetic fitting of equation 3.11

to the surface coverage data.
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Figure 3.19 The Kinetic Decay of Fully Deuterated Oleic AcidcamAtmosphere of (67.2 +
8.55) x 1G*molecule crhO;
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Figure 3.20 The Kinetic Decay in the Surface Coverage oga@eic Acid Monolayer
Exposed to (29.4 9.97) x 1G°molecule crii Ozone in the Gas-Phase
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At a gas -phase ozone concentration of 29.9.97 x 16° molecule cri a kinetic fit of
equation 3.11 could only be achieved for the regioine decay curve beneath the inflection
feature.
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Figure 3.21  The Kinetic Decay in the Surface Coverage oga@eic Acid Monolayer
Exposed to (16.% 3.94) x 1G°molecule crii Ozone in the Gas-Phase
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Figure 3.22  The Kinetic Decay in the Surface Coverage oga@eic Acid Monolayer
Exposed to (16.% 3.94) x 1G°molecule crii Ozone in the Gas-Phase
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Figure 3.23  The Kinetic Decay in the Surface Coverage oga@eic Acid Monolayer
Exposed to (11.6 2.20) x 1G°molecule crii Ozone in the Gas-Phase
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Figure 3.24  The Kinetic Decay in the Surface Coverage ofig@eic Acid Monolayer
Exposed to (16.% 3.94) x 1G°molecule crii Ozone in the Gas-Phase
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Figure 3.25 The Kinetic Decay in the Surface Coverage ofig@eic Acid Monolayer
Exposed to (16.% 3.94) x 1G°molecule crii Ozone in the Gas-Phase
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With decreasing ozone levels the behaviour of tirase pressure was very different to that of
the surface coverage, the surface pressure shomedearapid, smooth featureless decay than
the surface coverage. At (11.6 + 2.20) **¥folecule crif ozone the surface coverage showed
a longer inflection feature appearing later inkimetic decay from 2000 to 3700 seconds, than
at (16.1 + 3.94) x 18 molecule crif 0zone where the plateau appeared at 1100 seani69®
and 1800 seconds. The repeat measurement of alfutgrated oleic acid monolayer exposed
to (16.1 + 3.94) x 18 molecule crif 0zone showed more variability in the length of the
inflection than the partially deuterated monolawbich repeatedly lasted for 800 seconds. It
would be desirable to obtain further repeats o theasurement but this was not possible in the

time allocated on the FIGARO instrument.

The fully deuterated monolayer was recompresseddovhether the inflection of the kinetic
decay as seen at an ozone concentration of (18.94} x 18> molecule crif was a feature of

the oleic acid molecule breaking up or whethemtindecules were lying horizontally at the
surface producing the change in the rate of det#yecsurface coverage in the middle of the
experiments. By recompressing by closing the Larnigtrmugh barriers, the molecules in the
monolayer are re-orientated with the chain intoaines an ordered monolayer. If the chain had
been broken by ozone oxidation then the decayrposimpression could be expected to be

different in shape to that of the initial decaytloé oleic acid monolayer. The decay of the
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recompressed oleic acid monolayer was similarabghior to recompression and the pattern in
the surface coverage of two distinct slopes irkthetic decay was repeated as shown in figure
3.26.

Figure 3.26  The Recompression of Fully Deuterated Oleic Acichdlayers with Exposure

to Ozone
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The recompression was started when the surfacsymeseached 0 mNtand the monolayer
was recompressed up to18 miNat a speed of 50 ¢ma minute. The first five surface coverage
measurements were taken with ang@s flow in to the chamber. From the sixth poimvards

the monolayer was exposed to (16.1 +3.94) ¥ hfiblecule ciiO;.
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Figure 3.27  The Kinetic Decay of a Monolayer of Fully Deuteth@leic Acid (Oxford
Isotope Facility sample) in an Atmosphere of (1#63194) x 10" molecule
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The fully deuterated Oxford Isotope facility samplas exposed to (16.1 + 3.94) x40

molecule crif ozone in the gas phase, which was a concentratih284 + 0.069) x 10
molecule crif in the tail region of the monolayer. As in the wof King et al., (2009) the

surface coverage did not decay to zero. The ozoneentration was increased to (297 + 31.9)
x 10" molecule crif in the gas phase above the monolayer and (5.2368Px 16 molecule

cmi® in the tail region of the monolayer, the surfacearage did not decrease indicating that the
remaining molecule was not oxidised by ozone tloeesivould be a saturated molecule. The

kinetic exponential fit was taken to the decayhatlbwer ozone concentration.

233



The Oxidation of Oleic Acid Monolayers with Gas-Phase Ozone | Chapter
3

Figure 3.28 The Kinetic Decay of a Monolayer of Fully Deutech@leic Acid with an
Exponential Fit of Equation 3.11 to the Decay Cudl®wing the Effect of
Recompressing the Monolayer Exposed to an Ozonee@tmation of (16.1 +
3.89) x 1G°molecule criin the Gas Phase and (0.284 +0.069) ¥rmdlecule

cmi‘in the Tail Region of the Monolayer
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Figure 3.29  The Kinetic Decay of a Monolayer of Fully Deutech@leic Acid with
Exponential Fits of Equation 3.11 to the Decay @uBhowing the Effect of
Recompressing the Monolayer Exposed to an Ozonee@tmation of (16.1 +
3.89) x 10°molecule cniin the Gas-Phase and (0.284 +0.069) * fitblecule

cmi‘in the Tail Region of the Monolayer
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A repeat of the recompression shown in figure 3l&®ws a rise in surface coverage between
two slopes in the decay post recompression. Frigrbdhaviour it was concluded that the
inflection feature seen in the low ozone conceiutnatinetic decays was a result of the packing
of the molecules in the monolayer and not the tedd chemical effect of product molecules

building up at the air-liquid interface.
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3.8.3  The Surface Pressure and Surface Coveragekaflly and Partially Deuterated Oleic Acid
Monolayers in Oxygen

Figure 3.30 The Kinetic Decay of Partially and Fully Deuteratéteic Acid in Oxygen

35 IIII|IIH|IIII|IIIIIIIII]IIII]IIII]IIIIIIIII[IIII|IIII|IIIIIIIII|IIII|IIII 25
B —/— T D4 oleic acid, O, |4
30\ —O— T D43 oleic acid, O, |4
‘e TN —— II Dygoleic acid, O, |
o — — II Dg;oleic acid, O,[1 20
° 2.5 4 s
£ - i )
w© Lo @
€ _“‘ 1 3
— L — o
= 20} i ]
- o
D ] 5
~ r E jam
— r i —_
15+
o o — 10
g - : =
) L
> L - 3
3 1o0F ] =
3 N N p 3,
g - \ K
=1 L \‘ 4
?  o5f \, ]
L .
0.0 -||||I|||||||||I|||||||||I|||||||T:Th | + } PRI FRATAROTTE ATY 0

0 2 4 6 8 10 12 14

Time /10°s

The fully deuterated oleic acid monolayer appe#&oa@act with oxygen. This was in contrast to
the results of King et al., (2009). This result tedhe conclusion that there was a problem with
the sample used by King et al., (2009) and theipiiss of contamination was investigated by
the comparison of the three samples used for #peremental work as shown in section 3.9.1.
The decay of the oleic acid monolayer in oxygen slager than when the monolayer was
exposed to the lowest concentration of ozone (E@i23) showing that ozone was also
oxidising the monolayer and in a different way kygen. Following the decay measurement
the Langmuir trough barriers were closed to séeeife was any material left on the surface.
After the decay of fully deuterated oleic acid kygen a surface pressure rise was from 0 to 0.5
mN mi* when the barriers were closed to the minimum sertaea of 336.31 drwas

observed.

Unsaturated compounds can undergo autoxidationxpgem in the air as the spread monolayer
is vulnerable to this (Gaines, 1966) this explaimesrapid initial loss in surface pressure of
approximately 3 mN fhwhen the oleic acid is spread at the air-waterfate in air. It was the
experience of the author that this initial losdbBized and was distinct from the decay in

surface pressure caused by the reactant ozone.
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Figure 3.31  The Kinetic Decay of a Monolayef Fully Deuterated Oleic Acid in an,O

Atmosphere Fitted to an Exponential Decay Function
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The kinetic fits were made to as much of the caw@ossible whilst maintaining a reasonable
margin of error for the fit. The data in figure B.8nd 3.32 was fit to the exponential decay

mechanism.

The decay is visibly different between fully deatexd oleic acid in ©@where there is an

inflection at 4100 seconds and for partially deatied oleic acid where there is no inflection
during a decay of 12400 seconds. This impliestti@bxygen reaction involves the head group
or the hydrocarbon chain up to the double bondthatlis why the inflection can only be seen

for the fully deuterated molecule.
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Figure 3.32  Partially Deuterated Oleic acid in an A\tmosphere Fitted to an Exponential
Decay Function
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3.8.4  The Surface Pressure and Surface Coveragefaflly and Partially Deuterated Oleic Acid

Monolayers on a pH Adjusted Subphase exposed to Gabase Ozone

The pH of the null reflecting water subphase was this was measured using pH papers as the
wet bulb pH meters give a slightly elevated readitgn deuterium oxide is present. The pH
was lowered to 2 by the addition of phosphoric &eigPQy) and for a further experiment it was
altered with hydrochloric acid (HCI), also to a pilue of 2. The purpose of altering the pH

was to eliminate the formation of hydroxyl radi¢@H) in the subphase which could if present
be responsible for the decay of the oleic acid rayms. If the monolayer decayed despite the
pH being highly acidic then this would show thatiés ozone which was oxidising the oleic

acid monolayer.

Figure 3.33  The Pressure-Area Isotherm ofsland Dig Oleic Acid on a Subphase of pH 2
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The pressure-area isotherm of the Sigma Aldricly fiduterated oleic acid oleic acid had a
slightly larger area per molecule on a pH 1.5 smBphase than on a pH 5.5 subphase. The
pressure area isotherm of the partially deuteraltgid acid sample from the Oxford Isotope

Facility on a subphase of pH 2 was near identw#hat on a pH 5.5 subphase.
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Figure 3.34  The Kinetic Decay of Fully and Partially Deuterat®teic Acid Monolayers on
a Subphase of pH 1.5- 2 in Comparison with a KmBecay at pH 5.5. The
Monolayers Were Exposed to a Gas-phase Ozone Caten of (16.1 +
3.94) x 13°molecule cm
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It can be seen in figure 3.34 that the kineticageaf fully deuterated oleic acid was not altered
significantly by the elimination of OH radical atifl.5 to 2, thus it can be assumed that the
reaction observed is primarily the result of theiobhcid monolayer reacting with gas phase
ozone molecules. The kinetic decay in the sur€aserage of the partially deuterated molecule
was also not significantly different on a subphaispH 1.5 to 2 compared to a subphase of pH
5.5.
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Figure 3.35 The Kinetic Decay of a Monolayer of a Fully Deated Oleic acid in an
Atmosphere of (16.1. +3.89) x ¥amolecule ciO; in the Gas-Phase and
(2.29 £0.069)x 10° molecule cfi O; in the Monolayer as Fitted to Equation
3.11. The Subphase pH was Adjusted to 1.5 with HCI.
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Figure 3.36  The Kinetic Decay of a Monolayer of a Fully DeutethOleic Acid in an
Atmosphere of (16.1. +3.89) x ¥molecule ciiin the Gas-Phase and (2.29
+0.069) x 10° molecule crfi O; in the Monolayer with a Kinetic Fit to
Equation 3.11. The Subphase pH was Adjusted taith5H;PO,.
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Figure 3.37  The Kinetic Decay of a Monolayer of a Partially Denated Oleic Acid in an
Atmosphere of (16.1. +3.89) x ¥amolecule cilin the Gas-Phase Above the
Monolayer and2.29 + 0.069) 10° molecule cr Os in the Tail Region of the
Monolayer as Fitted to Equation 3.11. The Subplpk$evas Adjusted to 2 with
H3PO;.
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The decay of an oleic acid monolayer on a pH 2 sab@ was not measured without ozone due
to time constraints as the kinetic measurementiseoflifferent deuterations of oleic acid were
the priority within the limited neutron time avdila.
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3.8.5 Summary of the Surface Coverage and Surfaced3sure Measurement Results

At higher ozone concentrations the surface pressateefollowed the surface coverage data
however at lower ozone concentrations an infledieature was observed which was not
reflected in the surface pressure measurementwidssinknown before as the deuterated oleic
acid has only recently become commercially avadaol there are few neutron reflectometry

studies of its behaviour.
In summary the experimental results are;

« Both deuterations of oleic acid show the same dbelaviour. The oleic acid film is
lost from the interface almost completely when esqabto ozone and the double bond is
known to be reacting and breaking first on the torger measured in this experiment.
The ozone is selective and reacts at the doublé bitz

» The decay in surface coverage and surface predaar® ozone reacting is visibly
faster than the decay of an oleic acid monolayaniatmosphere of oxygen, however
the oleic acid monolayer is not stable at the fatar in an oxygen atmosphere so there
is a reaction taking place between oleic acid atygjen.

« Ata concentration of 16.1 + 3.89 x*¥folecule cri ozone in the gas-phase a
flattening of the surface coverage value or araaftgction can be seen mid decay,
behaviour which when the film is recompressedegeated suggesting that this is a
structural phenomenon.

* Area per head group increases as a result of #otiea with ozone.

e The surface coverage versus time decay for ozoelait acid is dependent on the
o0zone concentration with a change in the surfagerege related to the packing of the
monolayer at the air-liquid interface.

« Altering the pH of the subphase did not alter tiietic behaviour of the decay in
surface coverage showing that OH radical produatiaa not influencing the kinetic
decay.

* As expected from the literature the oleic acid ntayer was removed from the air-
liquid interface during the reaction with ozoneisTtesult is in contrast to the results of
King et al., (2009).

The implications of these results will be discusiseskection 3.9
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3.8.6  Structural Neutron Reflectivity Measurements of Fuly Deuterated and Partially

Deuterated Oleic Acid Monolayers at the Air-Water nterface

Structural reflectivity measurements were takethigymethod explained in section 3.7.3.3. The
thickness of the monolayer is equal to the monaolayeace coverage per molecute (

multiplied by the total scattering length of thelewule p), divided by the molecules scattering
length density/) (equation 3.12).

6="2 €3.12)

From the global fit to the neutron reflectivity datonducted by Adrian Rennie the monolayer

thickness was calculated as 15 A.

To elucidate whether the fully deuterated oleiclazsimple from the Oxford Isotope Facility
was contaminated, neutron reflectivity data at tamssurface pressure at 25°C, was fitted
using the ‘lipid’ fitting program which is a moreiled model than the program ‘mono’ and
allows the head and tail group scattering to betéi separately and for modelling of mixing
between the defined layers in the model. The redigg curves are shown in figure 3.38 and
figure 3.39.

Three structural reflectivity measurements wereeuntadten:

1. Fully deuterated oleic acid (Oxford Isotope Fagjliotn a subphase of null reflecting
water at 19 mNm at an incident beam angle of 0.62°.

2. Fully deuterated oleic acid (Sigma Aldrich) on &hase of null reflecting water at a
surface pressure of 19 mNrand at an incident beam angle of 0.62°.

3. Measurements of the reflectivity of a monolayepaiftially deuterated oleic acid
(Oxford Isotope Facility) on a subphase gfat 19 mNrit at an incident beam angle
of 0.6° and at 3.8° in comparison to a contrastmegsurement of the same sample on a

subphase of null reflecting water at 0.62° and.3.8°

Adrian Rennie ran two global fits, the first incorpting the partially deuterated monolayer data
on two different contrasts of subphase@and NRW) with no ozone. This fit gave a
monolayer thickness of 12 to 13 A. The secondfibiporated the [ partially deuterated data
from the two contrasts as well as thg flly deuterated monolayer data from the Oxford
Isotope Facility sample, when fitting the threeadseét simultaneously the thickness of the
monolayer was 15 A with a slightly lower scatterlaggth density showing a difference in the
properties of the molecules comprising the monalaike fitting parameters are shown in table
3.3.
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Figure 3.38  The Reflectivity Curve for Deuterated Oleic Acic&urface Pressure of 19
mNm'at 24°C as Fitted to the Scattering Length of tieéeRant Deuteration of
Oleic Acid

Q/A?

x denotes the partially deuterated Oxford Isotoeikty sample on a subphase of null

reflective water measured at two incident beamesm.62 and 3.8°).

° denotes the fully deuterated Oxford Isotope Hscilample measured on a subphase of null

reflective water measured at one incident beamea(®62°).

+ denotes the partially deuterated Oxford Isotoeility sample on a subphase of@®
measured at two incident beam angles (0.62 and.3.8°

The green line in figure 3.38 is where the reflagtiof a monolayer fully deuterated oleic acid
should plot according to the reflectivity valueggicted by the lipid program model. In figure
3.39 it can be seen that the reflectivity of thiéyfdeuterated oleic acid sample purchased from
Sigma Aldrich did plot on this line. This resultosts that the fully deuterated Oxford Isotope
Facility sample is not oleic acid and given thauhssof King et al., (2009) where a residual film
was left after the reaction with ozone and the ssameple, the sample may contain a saturated

deuterated molecule which was not as reactive to@z
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Log; Reflectivity

Figure 3.39  The Reflectivity Curve for Deuterated Oleic Acic&urface Pressure of 19
mNm'at 24°C as Fitted to the Scattering Length of tieéeRant Deuteration of
Oleic Acid

e e e

Q/A?

+ denotes the reflectivity of the Oxford Isotopeifity partially deuterated oleic acid sample

on a subphase of D at an incident beam angle of 0.62 and 3.8°.

° denotes the Sigma Aldrich fully deuterated odmicl sample on a subphase of null reflective

water at an incident beam angle of 0.62°.

x denotes the Oxford Isotope Facility partially dexated oleic acid sample on a subphase of

null reflective water at an incident beam angl®d2 and 3.8°.

When the reflectivity curve at a surface pressirs9anN m' is contrasted between the three
structural reflectivity measurements it can be gbanthe fully deuterated Oxford Isotope
Facility sample reflectivity sits close to thattbé partially deuterated monolayer. The
reflectivity of a fully deuterated oleic acid samghould produce a higher curve on the same

subphase as a partially deuterated oleic acid mi@ete to the higher deuterium content.
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3.8.7 Kinetic Analysis and Results for the Decay in the @face Coverage of Oleic Acid

Monolayers Reacting with Gas-Phase Ozone

The pseudo first order rate constamkjsdetermined by fitting equation 3.11 to the surface
coverage datas displayed on the plots in the experimental teselction, and the resulting
bimolecular rate constants’)from the division ok by the ozone concentration in the

monolayer are given in table 8%

From table 3.6 it can be seen that the blank exyari on partially deuterated oleic acid with a

5 L min™ flow of oxygen into the chamber produced rate tamts of 1 to 2 orders of magnitude
slower than the experiments conducted with expasutiee lowest @concentration. Where

the decay in the monolayer surface coverage waseslat low ozone concentrations the kinetic

fits are labelled upper and lower or upper, middid lower depending on the regime.

The surface coverage of the fully deuterated (Sigidaich), oleic acid film declined faster
with higher concentrations of ozone. The surfaceetage of the partially deuterated oleic acid
film declined at similar rates for different ozotencentrations, the fastest decay of 0.0255 s
was achieved through doubling the ozone conceoirafin extreme change in the ozone

concentration was necessary to alter the decagigtédicantly.

When comparing the rate of decay in the surfacerame of s and 3; oleic acid monolayers
exposed to ozone it can be seen in figure 3.34thieatate of loss of deuterated material from
the air-water interface is roughly the same fohlaguterations of oleic acid. When reacting
with ozone the whole molecule is lost from theiifgtee, if a deuterated reaction product had
remained at the interface then the rate of decalyeoD g oleic acid monolayer would be
different to that of the R oleic acid monolayer. The rate was the same theamibe confirmed
that the reaction product(s) produced by ozondirepwith oleic acid are not surface active

and are lost from the air-water interface.
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To assess whether there was a relationship betiheasoncentration of ozone reacting with the
monolayer and the rate of the reaction betweeneaond oleic acid as shown by the decay in
surface coverage, the pseudo first order rate antsstvere plotted against the concentration of
ozone in the monolayer tail region and a line vithsd to the plot (figure 4.41). The gradient of
the line is the rate of change in the surface @@k during the reaction of a monolayer of

oleic acid with ozone over a range of ozone comations.

A second order plot of the rate constirfbr the first order loss of the surface coverafje o
deuterated material versus the ozone concentrigtittre monolayer was produced to fikd
from k'=k[O4] . As shown in figure 3.40 the valueldffitted to the entire decay at high ozone
concentrations and to the initial region of decagmnto the inflection feature at low ozone
concentrations was (4.5295 + 0.676) x't@nf molecule 8. The rate constants measured
from the Oxford Isotope Facility {9sample were not included in the plots as the &irat
reflectivity measurements showed the sample behdifiedently to the s oleic acid sample

from Sigma Aldrich and the {goleic acid sample.

Figure 3.40 The Second Order Plot of the Pseudo First OrdeeRainstants with

Increasing Ozone Concentration
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The errors on the points are the statistical erfimm the fitting of equation 3.11 to the surface
coverage decay experimental data. The restrickedie of concentrations was a result of the

limited amount of time available on the neutrodaetbmeter.
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A further second order plot &f fitted to the post inflection decay in surface aage at lower

ozone concentrations is shown in figure 3.41.

Figure 3.41 The Second Order Plot of the Pseudo First OrdeeRainstants for the Lower

Decay after the Inflection Feature, for Oleic AaidLow Ozone Concentrations
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The bimolecular rate constant for the surface readtf the oleic acid monolayer with gas-
phase ozone is defined a&’ divided by the concentration of ozone in the moyela[Os] fim)
(equation 3.13).

[03](Fitmy

€ 3.13)

The bimolecular rate constaivas obtained from fitting a line to the second oglet (figure
3.40) and taking the gradient of the line to gitmdieculark, the rate of decay of surface
coverage. Bimoleculdrwas 4.53 + 0.68 x T8cn? moleculé s*. Fitting to the low ozone
concentration rate constants gives a value of mmdérk of 4.33 + 1.07 x1G" cnf moleculé'
s'as shown in figure 3.41. Fitting to the lower deednjch occurs after the inflection feature in
the low ozone experiments was not possible asdtewlas collected at only two ozone
concentrations of 1.18 x 4folecule crhO; and 0.284 x T0molecule crhiO;, taking an
average of the rate constant pseudo first dr@gve bimoleculak for the decay in the surface
coverage of the film post inflection as 5.27 + 2:500"" cn? moleculé' s* which within error

is that same as that obtained from the decay fwitire inflection feature. In the discussion,
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section 3.9.2, a comparison of this value will bedento those obtained in other studies of oleic

acid reacting with ozone.

The reaction of an oleic acid monolayer with oxygene a reaction rate constant of (0.0835
0.00072) x 18 s* which was two orders of magnitude slower than dfidhe lowest ozone

concentration reacting with an oleic acid monolayer
In summary the results of the kinetic analysisthag:

* The decay rate constankg) (for an oleic acid monolayer reacting with gasgghazone
observed at higher ozone concentrations were the 8a those observed under low
ozone conditions within error.

e At lower ozone concentrations the decay featureddistinct regions of decay with an
inflection region between them. It was concludeat this was a structural feature; the
rate constarit’ for the decay post recompression of the monolaxarvery slightly
slower than the decay prior to recompression. @keconstant for the decay after the
inflection was within error, the same as the ratestant prior to the inflection however
the rate constant for the post inflection decay based on only two ozone

concentrations so further work would be requireddofirm this.

To consider if the surface coverage measuremeat®athe reaction of ozone with oleic acid
or if transport of ozone is contributing to the ddiics the time taken for ozone to diffuse to the
monolayer and to reach a stable concentratiomgfring to complete) was calculated. The
characteristic time for the diffusion of ozongs(sion) iN the gas phase was calculated from
equation 3.14 (Seinfeld and Pandis, 2006; Kind.€1G09) wherel is the thickness of the
monolayer, (15 A) also known as the characterdisitanceDy is the gas phase diffusion
constant for ozone (1.80 x 1@ s*) (Seinfeld and Pandis, 2006; King et al. 2009).

dZ
Tdif fusion = @ € 3.14)

The characteristic diffusion time for ozone to difé to the monolayer was 3.13 x'48.

The characteristic time taken for the accommodatifoozone at the interface or interfacial
equilibrium was calculated according to equatidtb3vhereD, denotes the diffusion constant
for ozone in an organic liquid (1 x 1@n* s") (Seinfeld and Pandis, 2006; King et al. 2009).

dZ
Tinterfacial = 72D, €. 3.15)

The accommodation time was 2.28 x'46.
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The characteristic time taken for the reactionzgre with oleic acCidgeacionWas determined by
the following equation 3.16, whekes the bimolecular surface reaction rate constatwéen
oleic acid and ozone, the valke/as taken as 4.5 x 1bcn? moleculé' s*. The surface
concentration of oleic acid (surface coveragg). of 3 x 16°molecules i was taken from the
experimental data.

1
k Toleic

€ 3.16)

Treaction =

As equation 3.16 is dependent on the starting vafliliewhich was not consistent it has been
calculated for a surface coverage of oleic aCig;f) of 2 x 16® molecules i and for 3 x 18

molecules i giving results of 1 x 1Hs and 6.8 x 1®s respectively.

The uptake coefficieny) for ozone on a cloud droplet or aerosol parfpdesessing a
monolayer of oleic acid can be estimated using &gu&.17 from Hearn et al., (2005). Where
H is the Henry’s law constant of 480 mofrmtm’, Ris the gas constant of 8.204 x°1&tm n{
mol* K, T is the temperaturé,is the average molecular speed of gas phase ¢860am $),

3 is the thickness of the film (15 x 1m). For this equatiok is taken in units of concentration
over time at a value of 2.7 x%fol* s* (4.5 x 10" cnf moleculé' sY).

4HRT
Y =—=—06k i € 3.17)

c
The uptake coefficients, are given in table 3.7

Table 3.7 The Uptake Coefficients for Ozone to an Oleic Admholayer Coated Droplet

rx10° T x10°mol 5/ A yatT=293 yatT=278 yatT=293
molecule n¥ 'm? K (~ 20°C) K (~ 5°C) K (~ 0°C)
/ x 10° / x 10° / x 10°
2 3.32 15 1.7 1.6 1.6
2 3.32 20 2.3 2.2 2.2
3 4.98 15 2.6 25 2.4
3 4.98 20 35 3.3 3.2

What this analysis shows is that the charactefifiime of the reaction of an oleic acid
monolayer with gas-phase ozone is much slower ttiaxiffusion of ozone to the air-water
interface and the interfacial accommodation of eztirerefore the measured results of surface
coverage are valid for the reaction between theatager and ozone and are not measuring the

process of diffusion or accommodation rather tienréaction of the ozone with the monolayer.
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3.9 Discussion
The discussion will focus on the following aspeafteny work;

« The experimental surface coverage and surfaceyeesssults for an oleic acid
monolayer reacting with gas-phase ozone at theater interface compared to other
studies.

* The contamination of the fully deuterated oleicdagample used by King et al., (2009).

« Discussion of the kinetic results.

« Discussion of the ozone uptake coefficient.

» Discussion of the reaction mechanism for an oleid monolayer reacting with gas-

phase ozone.

The plateau and slight surface coverage rise sean atmosphere of 16.1 + 2.20 molecul&®cm
O; was interpreted as a structural phenomenon whermblecules comprising the film would
be in a more ‘gas-like’ configuration, potentialjyng down thus increasing their area at the
interface and the film thickness which leads toeater value of. To test this theory the film
was recompressed to a higher surface pressuréen r observe whether the decay of the film

from a liquid compression state would repeat tieesbehaviour. The behaviour was repeated.
From the results of this work the following conctuss were inferred;

1. The presence of ozone causes the oleic acid mekecamprising the film to change
orientation leading to the appearance of a surdagerage rise as effectively in laying
horizontally the molecule has increased what werref as its area per head group,
which is used to calculate the surface coveragesuamement. This was shown not to
affect the kinetics as when the monolayer was recessed following this feature the
subsequent decay in the surface coverage wasgmificantly different.

2. Sustained ozone exposure causes the oleic acidlayenat the air-liquid interface to
nearly all decay away, reaching surface coveralyesaf approximately 0.5 x 10
molecules per fa Recompression does not produce a surface pressadiag. At a

surface coverage of 0.5 xf@nolecules per fithe monolayer is unlikely to be intact.

The second result is in contrast to the findingKiof et al., (2009) whom using the Oxford
Isotope Facility fully deuterated sample showed tha surface coverage og{bleic acid

almost halved, decaying to a surface coveragexof@® molecule per funder sustained
0zone exposure, a coverage at which it was infeh&dthere was an intact product monolayer.
The work of King et al., (2009) also stated tha&t ¢heic acid monolayer did not react with

256



The Oxidation of Oleic Acid Monolayers with Gas-Phase Ozone | Chapter
3

oxygen in contrast to the findings presented heneguthe Sigma Aldrich sample. The rate
constants however are in agreement within two st@hdeviations in this study (4.5 + 0.7 X 10
en? moleculé' s1), and the King et al., (2009) study which reporeaimolecular rate
constant of 7.3 + 0.9 x Tcn? moleculé' s™.

The difference in the two sets of experimental lkedtom the experiment shown here and the
experiment detailed in King et al., (2009) showeat bne of the samples was contaminated, a
deuterated impurity was found in the sample symkdsor the King et al., (2009) work. The
genuine result for the reaction of oleic acid vgdseous phase ozone is that detailed in this
work, where the monolayer rapidly decays to a Venyvalue of surface coverage or entirely

away when exposed to gas phase ozone.

The atmospheric implications of the results of thesk with the Sigma Aldrich deuterated oleic
acid are that a thin organic film of an unsaturaegbhiphile on a cloud droplet would be
oxidised away by ozone from the air surroundingdtuplet. The products from this reaction
must be volatile or soluble as they are not obskatehe air-liquid interface (Voss et al. 2007;
Wadia et al. 2000); the signal from the deuteratetecule is lost from the interface in this

work.

3.9.1 The Contamination of the Oxford Isotope Faaty Fully Deuterated Oleic Acid

Sample

The Dssfully deuterated oleic acid was found to be conteated with a deuterated impurity
present from its synthesis. The surface pressususearea isotherm for the three samples of
oleic acid used in this work is shown in figure.3though the surface pressure-area isotherm
is featureless in that the phase transitions argisible in the surface pressure data, a contrast
can be seen between the area per molecule ofltheléwterated (Bs) monolayer synthesised
by the Oxford Isotope Facility and that purchagedifSigma Aldrich. The partially deuterated
(D4g) oleic acid sample synthesised by the Oxford [s@téacility was in agreement with the

fully deuterated Sigma Aldrich sample.
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Figure 3.42 The Pressure-Area Isotherms of the Oleic Acid Sesnpsed in this work. O.I.F
stands for Oxford Isotope Facility and S.A. fagn®a Aldrich

30 LI I L L L L L L L L LB

H - — Partially deuterated oleic acid (O.I.F.)
| —— Fully deuterated oleic acid (S.A.)
| — - Fully deuterated oleic acid (O.I.F.)

25

-1

20

15

Surface Pressure [T/ mNm

10

’

PSR SN T N T T TN N T T T T T [N T T T A S

0 A NS RS RS RN N NS N

0 20 40 60 80

Area per Molecule / A

From figure3.42 it can be observed that the fully deuteratedpte obtained from the Oxford
Isotope Facility did not follow the isotherm foredt acid whereas the patrtially deuterated
sample from the same facility and the Sigma Aldsample were in agreement. When
compressed from the same starting pressure asittielly deuterated sample, at the same
barrier speed of 25 ¢nimin the slope of the isotherm was shallowerdating that the
molecules were not packing in the same way. Thefxsotope Facility B sample had
previously been used by King et al., (2009) to rtarthe kinetic decay in the surface coverage
of oleic acid monolayers at the air-water interfadeen exposed to gas-phase ozone. When
conducting isotherms King et al., (2009) had ndtaeal the isotherm to be different to that of
non-deuterated oleic acid (King, 2012) so it isugjiat that the sample had deteriorated between
the their experimental work and this. Further défeces were observed in the neutron
reflectivity data. The effect of this impurity cae seen in figure 3.18 where that surface

coverage does not decay to zero during a reactidnozone.

To further investigate the Oxford Isotope Facilitylly deuterated sample composition an NMR
profile and GC-MS spectra was taken by Chu ChaumgDat the Oxford Isotope Facility of the
fully deuterated oleic acid sample produced thiengas found to have a surface active

deuterated impurity that was inert to ozone agliindt contain a double bond.
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3.9.2  Comparison to Previous Studies of Oleic Aciat the Air-Liquid Interface: Discussion of

the Kinetic Results

The oxidation of oleic acid at the air-water intexé has been studied by several authors (Voss
et al. 2007, Gonzalez-Labrada et al. 2006;2007g i€iral. 2009). The findings of King et al.,
(2009) with regard to the persistence of a monalafter the reaction of oleic acid with ozone
were juxtaposed to the work of Voss et al.,(20@8@)yever the conclusions of King et al.,

(2009) were based on a contaminated sample sormawdeen discounted.

In this chapter a bimolecular rate constant of#067 x 10" cn? moleculé' s* was taken from

the change in surface coverage during the reaofian oleic acid monolayer at the air-liquid
interface with gas phase ozone. Gonzalez-Labradk, €2006) studied the reaction of a
monolayer of oleic acid with gas phase ozone oltgia bimolecular rate constant of 4.9 x 10

1 enf moleculé's™; this figure is in agreement with that obtaineshirthe experiments in this
chapter. In the work of Gonzélez-Labrada et aDP@) the oleic acid monolayer was spread on

a pendant droplet of water and the change in stiffaessure, surface area of the droplet and the
droplet volume were monitored; the surface pressaeconverted to a surface concentration

of oleic acid. The monolayer was exposed to 71 % 1G° molecule crif gas phase ozone.

From the experimental results it can be seen ltlesetappears to be a reaction with oxygen
occurring (figures 3.31 and 3.32). Although thealeis faster in the presence of, @the oleic
acid monolayer is not stable in the presence tfva &f oxygen under dark conditions. The
decay in oxygen gave a rate constaaf (0.0035+ 0.00072) x 18 s* compared to (0.2

0.06) x 10 s* with the lowest concentration of ozone ((0.208.039) x16 molecule crif in

the monolayer) reacting with the fully deuteratéel®acid film. As the value df for the

reaction of the oleic acid monolayer with ozone wes orders of magnitude larger the oxygen
decay was ignored for the purpose of kinetic anmslgsd was not modelled as part of the

monolayer atmospheric lifetime calculation giverséttion 3.10.
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3.9.3 The Mechanism of Ozonolysis of an Oleic Acionolayer

A chemical mechanism for the ozonolysis of an cd@icl monolayer at the air-water interface
is given which is based on this work and the figdiof other studies (Ziemann, 2005, Zahardis

and Petrucci, 2007) of oleic acid reacting withrezat the air-liquid interface.
The proposed reaction would take place in sevézpbks

1. Ozone adds oxygen to the double bond of the o@ttraolecule forming an unstable

primary ozonide.

Figure 3.43  Formation of a Primary Ozonide from Oleic Acid &@done

Oleic acid

OH

Primary ozonide

260



The Oxidation of Oleic Acid Monolayers with Gas-Phase Ozone

Chapter
3

2. The primary ozonide decomposes cleaving the mategiithe site of the double bond

in the original oleic acid molecule forming an @gdi Criegee intermediate and a

carbonyl as depicted in figure 3.44.

Figure 3.44
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3. Depending on where the molozonide structure irptiteary ozonide is cleaved there
are two subsequent reaction pathways denoted lawga®\ and pathway B.

Figure 3.45 Pathway AThe Cleavage of the Primary Ozonide Produces agéee

Intermediate (I) and 9-oxononanoic Acid
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% OH
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+ O-
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(e (@] \/\/\/\/)\
\/\/\/\/Y + H
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+ /O 0
o ‘ W
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Stabilized Criegee intermediate (I) Nonanoic acid
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Figure 3.46 Pathway B. The Cleavage of the Primary Ozonide &ted a Criegee
Intermediate (II) and Nonanal
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The Criegee intermediates | and Il are in a thegnedcited state. The Criegee intermediates
can be stabilized from collisions with the subphssgent giving a stabilized product molecule
which can then react with other product moleculethe subphase solvent, isomerised (change

structural configuration) or decompose.

The combination of a stable carbonyl molecule asthhilized Criegee intermediate forms a
secondary ozonide molecule as depicted in figut@.3 he diperoxide then decomposes
forming two carbonyl molecules and oxygen as degiat figure 3.48 and figure 3.53. The
combination of stabilized Criegee intermediatedaéarm oligomers (Zahardis et al., 2006)
but the oligomer would be present as islands rdttar a monolayer so would not be seen in

the reflectivity data collected for this work.
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Figure 3.47  The Formation of Secondary Ozonides from Criege=imediates and a Stable

Molecule
+/O—
Criegee intermediate (l)
Azelaic acid

n Ozonde:/\/\/>( ><\/\/\/

Criegee intermediate (1l) Nonanal

%W

Secondary ozonide (I1)

+ O o) o)
(0]
o~ \\/\/\W + Y\/\/\/\f
OH OH OH
Criegee intermediate (l1) Azelaic acid

WW

Secondary ozonide (l11)

265



The Oxidation of Oleic Acid Monolayers with Gas-Phase Ozone | Chapter

3

Figure 3.48 The Formation of Diperoxide from Two Stabilizedegee Intermediate (11)
Molecules. The Diperoxide Decomposes into 9-oxamoicaAcid and Oxygen

Qs o] + /O (e}
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OH OH
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Figure 3.49 The Formation of Diperoxide from Two Stabilizedegee Intermediate (1)

Molecules. The Diperoxide Decomposes into Two Nairidolecules
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If a stabilized Criegee intermediate reacts wittalmiehyde a secondary Criegee intermediate |l
is formed. The secondary Criegee intermediate @ogsrdecomposition to form a diperoxide.

The diperoxide decomposes forming two 9-oxononaaoid molecules which are volatile.

Following stabilization of isomerisation the resudt potential products would be nonanal,

azelaic acid, nonanoic acighacyloxyalkyl hydroperoxides, or oligomers.

3.9.4 The Fate of the Potential Reaction Products

After considering the reaction mechanisms the steddction products will be highlighted and
an explanation given for why there is no mateeahaining at the air-water interface after the

reaction of an oleic acid monolayer with gas-phasme.

Figure 3.50 Nonanoic Acid (¢ [CH3(CH,);COH]

OW

OH
Nonanoic acid has a vapour pressure of 6.2°%Tiir at 20°C (Gilman et al. 2004 after Yaws
1994, Lide, 2004) and a solubility of 2.8 x@ L™ at 20°C (Voss et al. 2007; Yalkowsky and
He. 2003). Gilman et al., (2004) found that in pinesence of a longer chained saturated
molecule such as stearic acid (vapour pressur&d® S orr, solubility 0.00029 gt at 20°C
(Gilman et al. 2004 after Yaws 1994, Lide, 200/)pre volatile species could have a
prolonged residence time at the air-liquid integfa¢oss et al., (2007) concluded that nonanoic
acid was soluble in an aqueous subphase. Nonatidigvauld not be expected to reside at the

air-water interface.

Figure 3.51  9-oxononanoic Acid [OCH(CH,COH]

O

N Y
ANSeSA
9-oxononanoic acid has a solubility of 19 §at 20°C (Voss et al. 2007; King, 1938). Voss et
al., 2007 concluded that 9-oxononanoic acid woelddluble in an agueous subphase of water
and saline water due to its solubility, however wiid test the theory with 9-oxononanoic acid.
There is little data available on this chemicahat air-water interface but from its structure it

would not be expected to reside at the air-waterfiace.
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Figure 3.52 Nonanal [CH(CH,);CHO]

@)

W

H
Nonanal has a solubility of 9.6 x 4@ L™ at 25°C (Voss et al. 2007; Yalkowsky and He. 2003)
Voss et al., (2007) report that nonanal would evaggoand not persisit at the air-water
interface. Wadia et al., (2000) measured nonartflérgas phase after reacting ozone with the
lipid OPPC which has a cis configuration tail whisltomposed of oleic acid, on a Langmuir
trough. Our observation is that if it was a pradndhe neutron experiments it did not persist at

the air-water interface thus this study is in agreet with Voss et al., (2007) and Wadia et al.,
(2000).

Figure 3.53  Azelaic Acid [HQC(CH,);CGO,H]

0]

o]
NN
OH OH

Azelaic acid has a solubility of 2.4 g'lat 20°C (Voss et al. 2007; Yalkowsky and He. 20G3)

is very soluble and would not persist at the @uildl interface; it would dissolve into the

subphase of the Langmuir trough if formed.

The stable reaction products, based upon theingddysdata would be either soluble or volatile

thus are lost from the air-water interface.
3.95 Discussion of the Mechanism

King et al., (2004) studied the loss of an oleicdiém from a water droplet using Raman
spectroscopy. The results of the work presentddisnchapter are in agreement with the
findings of King et al., (2004) in that the monatayf oleic acid in the experiment explained in
this chapter was lost from the air-liquid interfaas the oleic acid was lost from the Raman
spectra in the King et al., (2004) experiments) #hsit the products of the reaction of ahd

oleic acid were either volatile or soluble. Thdyfuleuterated oleic acid monolayer was lost
from the air-liquid interface of the Langmuir trduin approximately 3000 to 4000 seconds.
The ozone concentration was given as sub-piconmoliie King et al., (2004) study so was
much lower than in this experiment. The oleic ditid would have been much thicker than a
monolayer yet the signal declined more rapidly. Kirgy et al., (2004) study gives evidence for

the product nonanal being initially soluble asatg spectra from the droplet phase.
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Voss et al., (2007) observed no significant vaoiain the results of oxidation of an oleic acid
monolayer on a water subphase or that of a 0.6dvusochloride solution using sum frequency
generation vibrational spectroscopy to observedhetion products and a Langmuir trough to
study surface pressure at the air-water interfiacéne Langmuir trough experiments an ozone
concentration of 477 + 201 x ¥anolecule critwas reacted with the film. The Voss et al.,
(2007) kinetic decay of oleic acid on a subphaseaiétr took 1500 seconds to reach a surface
pressure of zero when reacted with ozone. The ragablsed for the neutron experiments
presented here was exposed to far lowgcddcentrations and took 2000 to 3000 seconds for
the surface pressure to decay to zero. Voss €2aDy) found no oleic acid remained at the air-
water interface following exposure of the monolalyeozone a result which our work is in
agreement with. Voss et al., (2007) observed agiganthe spectra from that of oleic acid after
a few seconds of ozone exposure. The change ialsigrs found to be a result of a change in
the order of the monolayer and was not due to mtsdef the reaction residing at the air-liquid
interface, this finding is in agreement with thfiéntion feature observed in the experiments
detailed in this chapter. Voss et al., (2007) poirttan implication of the reaction causing
disorder in a cloud droplet film as this would allthe underlying aqueous subphase of a
droplet to evaporate or separate into smaller dtepMorris et al., (2002), noted that smaller
droplets have a larger uptake coefficient, so cdoutich have a smaller droplet size
distribution may have a more rapid kinetic regimethe reaction of an organic film with gas
phase ozond his could be one of the pathways by which a clecavenges ozone in the

troposphere.

Voss et al., (2006) studied the reaction of gaselmzone with a deuterated oleic acid
monolayer spread in a petri dish observing theti@agvith sum frequency generation
spectroscopy where overlapping laser pulses obadowavelength are used to produce a
spectrum of signal intensity versus incident irdthsignal which shows peaks of C-D groups
and C-H groups, the peak is sensitive to the mtdecwientation and the number density of
molecules at the interface. This study found thatgroducts formed from the reaction of oleic
acid and ozone were soluble or volatile and didpeosist at the air liquid interface. A further
study by Voss et al., (2007) found that when odeiicl was oxidised at the air-water interface
and the air-saltwater interface that loss of oéiidl and its products occurred from the interface
to the gaseous phase or the bulk liquid phasewilke presented in this chapter supports these
findings as we also observed the loss of oleic &oith the air-water interface concluding that
any products formed must be volatile or solublesd/et al., (2007) did not observe nonanoic
acid or azelaic (nonanedioic) acid as they areligbluble and are expected to dissolve into

the aqueous subphase.
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Zahardis et al., (2006) measured the high molecugght products from the reaction of
particle phase oleic acid with gas phase ozonehbyoglectron resonance capture ionization
spectrometry (PERCI-MS). The PERCI-MS measurestingposition of the particle surface.
The reaction products measured were secondarydesyrand diperoxides, polymer formation
at the particle surface was also observed. Zahatdik, (2006) propose that the polymer
formation occurs when a Criegee intermediate coatbinith oleic acid forming-acyloxyalkyl
hydroperoxide which then receives further additioh€riegee intermediates resulting in the
formation of a polyanhydride when the intermediatdecule dehydrates. The addition of four
Criegee intermediates to an oleic acid molecule agerved by Zahardis et al., (2006) which
increases the polarity of the molecule, so it cqudtentially persist at the surface of the oleic
acid particle in contrast to the findings of thisnkwand that of King et al., (2009) with an oleic

acid monolayer on an aqueous subphase.

Tedetti et al., (2007) investigated the atmosphghienomenon of sensitized photooxidation of
unsaturated hydrocarbons and fatty acids wheresopmduced by photochemistry with

volatile organic carbon and nitrogen oxides, in#$athe oxidation process, then aqueous phase
OH radical continues the oxidation of the prodymtsduced by oleic acid reacting with ozone.
The secondary products where dicarboxylic acidskviiedetti et al., (2007) measured with gas
chromatography and flame ionization spectroscopy. dominant secondary product was a
stable G dicarboxylic acid, the secondary products rangechfG to G,. Tedetti et al., (2007)
note that there was no bromide present and thatbiild inhibit the agueous OH production in
a saline droplet or aerosol but the chemistry shiswalevant to fresh water droplets such as
rain droplets. In this work oxidation by OH radieeds not observed in the experiments where
the pH was altered which would inhibit OH radicedgiuction the decay of the monolayer and
the pseudo first order rate constant was not mérkifierent from that where OH radical

production would occur.

The change in the uptake of water in the presefaa oleic acid thin film subjected to gas
phase ozone was investigated by Asad et al., (2004) uptake of water by a thin film of oleic
acid deposited on a gold coated quartz crystahsarnivas measured using a quartz
microbalance which measured mass at the crystal Tdee crystal was held in a chamber within
a controlled atmosphere where the relative humubiyld be increased so that the particle mass
increased as water uptake took place, the crystialfivn was then exposed to a flow of ozone

in a separate chamber. After ozone exposure thelpdrecame more hydrophilic, uptaking
more water suggesting that the chain length ofribkecule had decreased. With increasing
exposure times to ozone a rapid uptake of waterolvasrved followed by a plateau, after an

exposure time of $®seconds to a concentration of“i® 10° molecules cil ozone Asad et
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al., (2004) concluded that all the oleic acid woliddve reacted and increasing the exposure time
did not lead to an increase in the water uptake. grbducts measured in the work of Asad et
al., (2004) were consistent with cleavage of thebibond of the oleic acid molecule

producing volatile nonanal with lower vapour pressproducts which would remain in the
condensed phase and that these product react foatg with ozone producing the plateau
behaviour. Asad et al. measured an infrared spmotviich indicated that azelaic acid was not

a dominant condensed phase product and that tliewesad phase product(s) were more
oxidised suggesting that 9-oxononanoic acid (Kadtibal. 2004, Asad et al. 2004) was the

dominant condensed phase product from the reastiomone and oleic acid.

The lipid OPPC (1-oleoyl-2-palmitoyr-glycero-3-phosphocholine) has o@3 unsaturated
chain which in isolation has the structure of olsied. The other chain has a saturated structure
which does not react with ozone. Wadia et al., @@@ed a Langmuir trough to measure the
surface pressure and an atmospheric pressuretionizaass spectrometer (API-MS) to analyse
the gas phase products of the reaction of ozorte@RPC at the air-water interface. In the
Wadia et al., (2000) study the monolayer was npbs&d to ozone until 5 to 30 minutes from
spreading as the equipment set-up dictated. Thtioagproduct nonanal was measured in the
gas phase from the decomposition of the unsatuchigich of OPPC, a peak consistent with
hydroxyhydroperoxide was also observed, gas phase/& not observed. Flow tube
measurements of the reaction of oleic acid withezay Broekhuizen et al., (2004) showed a

loss in volume of the aerosol droplet consistettih Wie evaporation of nonanal.

Wadia at al., (2000) suggest a more rapid readia@zone with OPPC, at high ozone
concentrations of 1880 x ¥molecule crif to 2510 x 1& molecule crif ozone the reaction is
over in 5 minutes. Wadia et al., (2000) suggedttti@production of products from the
monolayer, in comparison to studies in the gasehbasld be a result of the penetration and
retention of ozone in the monolayer structure wiiichld make reaction with the double bond
more favourable. No trend in the data was obsenitdtaltered area per molecule / packing of
the film, at an ozone concentration of 627 **1fiolecule crii the reaction time was slower at
11 minutes. In the experiments comprising this térajhe packing, which changed as the oleic
acid film reacted, did affect the kinetics as atdo ozone concentrations that reaction was
slower, however further experiments would be reglio reliably establish this behaviour. It is
probable that a lipid monolayer would react diffeheto a monolayer of a fatty acid as the
head group of the lipid is more hydrophilic and tie would pack differently at the air-water

interface.
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In my work the inflection feature which was likedye to the orientation of the molecules which
could be lying at a more horizontal angle to thdiquid interface as the chain is shortened,
appeared only at lower ozone concentrations. Thig Ine because at a higher concentration of
ozone the inflection is not measured as it wouldnoee rapid and may be missed in the neutron
measurement of surface coverage on the time otaeniah FIGARO had been set up to

sample at. Alternatively it could have been thathiigher ozone concentration was causing a
different chemical mechanism to be followed howetersimilar bimolecular rate constants
before and after the inflection does not suppadst thwould be possible to test this hypothesis

in a future experiment.
3.9.6 Discussion of the Ozone Uptake Coefficient

In the experiments presented in this chapter aakeptoefficient was calculated by the method
of Hearn et al., (2005), for the reactive uptakezine in a layer and that dissolved into the
bulk which then reacts with a layer, this analgsshown in equation 3.18 was used by
Gonzélez-Labrada et al., (2007) and by King et(2009) for the reaction of gas phase ozone
with an oleic acid monolayer. The uptake coeffitikn ozone reacting with a monolayer of
oleic acid was 1.72 x 10n the experiment detailed in this chapter. Kihgle (2009)

calculated an uptake coefficient of 4 x®ff@r gas phase ozone reacting with a monolayer of
oleic acid which was higher than that observedisiwork. The difference in the finding of
King et al., (2009) and this subsequent work mag besult of the saturated impurity in the
molecule used by King et al., (2009) which wouldéna straighter tail potentially allowing
faster penetration of the tail region of the mogetao ozone molecules prior to ozone reacting
with the unsaturated molecules in the monolayee. ddncentration of ozone delivered to the
reaction chamber was lower (4.2 to 16 **tfolecule crii) and the starting values of the
monolayer surface coverage were also lower (0.894.25 to 2.06 + 0.227 x ¥0molecule cr
%), and the measured thickness of the layer was2®A in the King et al., (2009) study
compared to 15 A in this work. The King et al., gD study was conducted in a Teflon bag
rather than an aluminium reaction chamber. It ssgale that there would be different flow
conditions within a bag that would be more diffidl model so the ozone concentration in the
monolayer region could be inaccurate. A larger keptaoefficient implies a more reactive
system, it would be expected that a monolayer mibthe saturated molecules would be less

reactive, this will be investigated in chapter 4hamixed monolayer’s of stearic and oleic acid.

The study of a monolayer of oleic acid on an aqagmndant drop by Gonzéalez-Labrada et al.,
(2007) gave an uptake coefficient of 2.6 3 ithich is in agreement with the results of the
work in this chapter and with that of King et #2009).
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The study of submicron aerosol droplets of oleid agacting with ozone was measured with
aerosol flow mass spectroscopy by Morris et a02). The mass spectrometry techniques
measure the loss of the organic substrate (Zahandi$etrucci, 2007) from which an uptake
coefficient can be calculated. Moise and RudicB0@) calculated an uptake coefficient of 8.3
+ 0.2 x 10" for ozone reacting with liquid oleic acid coatiog the walls of a flow reactor/tube,
a similar experiment by Thornberry and Abbatt, @0froduced an uptake coefficient of 8.0 =
1.0 x 10" for ozone reacting with an oleic acid coating hbibtese studies related the magnitude
of the reactive uptake coefficient to the presesfaensaturated bonds (Zahardis and Petrucci,
2007). Morris et al., (2002) calculated the reactiptake probability for ozone on oleic acid of
1.6 + 0.2 x 13 based on the measurement of the consumption iofaded from particles of
size 200, 400 and 600 nm. Morris et al., (2002natbthat oleic acid was consumed more
rapidly by ozone in a population of smaller padschnd that the consumption of oleic acid is
slower when the aerosol is of a larger size. Thdyshotes that it is difficult for oleic acid to
replenish at the surface of a droplet if thereadse saturated molecules present such as in an
atmospheric droplet setting so the atmospheridiglof the uptake coefficient is limited, there
was no water present in the Morris et al., (2002)\z The work presented here in chapter 3

will show the effect of the presence of saturatetecules on the uptake coefficient.

The effect of ozone oxidation on droplets of 2-@nog@ and oleic acid droplets in an aerosol
flow tube coupled with single particle mass spaugtyy was measured by Smith et al., (2002).
The particle size decreased through reaction vathpgase ozone. Smith et al., (2002)
concluded that the rate of oleic acid diffusion dat limit the reaction rate. Smith et al., (2002)
used a size range of particles (2udbto 680 nm) which was similar to that in the Msret al.,
(2002) study. Smith et al., (2002) obtained uptdefficients for individual particles of 0.99 +
0.09 x 10°t0 7.3 + 1.5 x 18.

The uptake coefficients obtained from particle beeseperiments are larger than those obtained
from monolayer experiments. Zahardis and Petr2607) note that particle based methods

that do not account for secondary chemistry andyme an artificially large uptake coefficient.
The monolayer neutron surface coverage methodmmgsake into account the secondary
chemistry of species that would react with oleiiclaghich may explain the difference in the
uptake coefficient value when compared with aerpadiicle studies which do giving a larger
figure as the potential for reaction is greatethim presence of a secondary reactant species such
as a Criegee intermediate. It may also be thatuhe=d aerosol particle/droplet surface allows

an orientation of molecules in the film which makies double bond more accessible to the gas
phase ozone molecules allowing more rapid reacéisihe films in the particle studies are not a

monolayer there would also be rapid replacementest acid at the air-droplet interface. Any
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replacement of oleic acid molecules at the air-wiaterface is unlikely to be as efficient in an
atmospheric droplet as it would be expected tretthjority of amphiphiles would already
reside at the air-water interface and the presehsaturated amphiphiles would potentially
lower the uptake coefficient although this was sen in the work of King et al., (2009) where
a saturated impurity was present, it may be thatrtipurity was a small mole fraction, in the
atmosphere it is likely that the saturated compboéa monolayer would be more abundant
depending on the abundance of OH radical whichtseaith the saturated molecules. Moise
and Rudich, (2000) studied the reactive uptakezofie with self-assembled monolayers and
with organic liquids showing that the uptake caméfint for ozone reacting with an alkene per

reactive site was 9 x T®cn? moleculé'.

Atmospherically aged aerosol has a higher satu@ieghonent but oleic acid has been
observed in aerosol that is a few days old. Smaydad von Glasow, (2007) state that only a
small fraction of the organic surfactants foundnarine aerosol react with ozone and that the
majority reacts with hydroxyl radical and nitrat@slked on the modelling of organic surfactant
films on marine aerosol. The same work statesahassue to be resolved to accurately model
organic films on atmospheric aerosol is to study ktosely packed the molecules are to
influence the mass exchange of material into tlepldt phase. Without this being quantified
the uptake behaviour cannot be accurately modstiddhowing the density of the film is
essential to model the mass exchange which intirgoterns the rate of loss of gas phase
oxidant species reacting with the organic film ($dwn and von Glasow. 2007). A Langmuir
trough and neutron reflectometry study of the eftéanonolayer packing on reactive uptake
could provide this information although the resoltsny work showed that once the monolayer
was re-orientated by compression of the barriersthibsequent decay kinetics were not

significantly affected.

It should also be noted that the time scale of omessents is important as the reactive uptake
coefficient will decrease with time as the reacsites are depleted and as water adsorbs
competitively at the air-liquid interface (Smoydand von Glasow, 2007). This work and that
King et al., (2009) has a measurement period otitaBywhereas the particle studies using mass
spectrometry takes measurements on a time scakrohds. The measurement of surface
pressure by Gonzélez-Labrada et al., (2007) woeldrba similar time scale to that of the mass
spectrometry yet this study had a result that wasgreement with the work in this chapter and
that of King et al., (2009).
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3.10 The Atmospheric Monolayer Lifetime

The lifetime of a cloud droplet film is an importasomponent in atmospheric modelling. A
calculation of the lifetime of an oleic acid mornyda when exposed to a concentration of 40 ppb
gas phase ozone, the background level in the tpbyos which translates to 1.76 10

molecule crif ozone in the monolayer, was made according totiuua.18.

1

Toleic = o5l am €. 3.18)

The bimolecular rate constant for the loss of odiid isk. When calculated with the
tropospheric ozone concentration in the film atilifie for an oleic acid monolayer on a cloud
droplet exposed to gas phase ozone from outsidértipdet is 3.54 hours based on the kinetic

data obtained in this chapter at an ozone condaniraf 40 ppb.

For comparison, using the value of the bimolectdée constantBom King et al., (2009) in
equation 4.26 yields a lifetime of ~ 1.3 hoursdaratmospheric ozone concentration of 50 ppb.
The data in King et al., (2009) was taken fromdkeay of an oleic acid sample which

contained a saturated impurity and which was catedlto have been exposed to a higher ozone
concentration in the monolayer tail region. Theetale was calculated as being 20 A in length
in the King et al., (2009) study, for the datahistchapter the molecular length was taken as 15
A from a structural neutron measurement. Shoulkihg et al., (2009) data have been
calculated for a molecular length of 15 A the fiifetime value would be closer to that

achieved in this study. The King et al., (20095gtalso used a higher ozone concentration in

the film region.

Oleic acid has been found in aged atmospheric akromeat cooking emissions by Rogge et
al., (1991) days after emission. The results & #xiperiment show that oleic acid is rapidly
removed from the air-liquid interface meaning thet longer lifetimes reported for particles of
atmospheric aerosol must be the result of partitgio the bulk of the aerosol where the oleic
acid is protected from oxidation or due to the pnee of more resistant saturated film
components. This work has shown that the rate cdydef oleic acid as a monolayer leads to an
atmospheric lifetime of hours and that in consisyenith the work of Wadia et al., (2000) that

the decay of a monolayer is more rapid than thaéoded in particle phase experiments.

Morris et al., (2002) attribute the longer lifeémfound in atmospheric samples to the mixture
of oleic acid with saturated fatty acids such asist and palmitic acid after the findings of
Schauer et al., (1999) that ozone reacts rapidiydififuses at a length of <10 nm and the

diffusion of oleic acid to the surface of a pasdic slow (Morris et al., 2002). Ozone reacts with
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the molecules at the interface meaning those tleduather into the particle or tightly packed
with saturated molecules could be less vulnerabteidation by ozone (Morris et al., 2002)
and could replenish the film at the interface. ©kid and stearic acid are emitted from many
of the same sources so it is feasible that thecomopounds will be found together. This theory
was tested in chapter 4 where ozonolysis of a mstealric acid and oleic acid film was

undertaken.
3.11 Conclusions

The oxidation of an oleic acid monolayer on an aggesubphase by gas phase ozone resulted
in the removal of the monolayer from the air-wakgerface. The kinetic decay of the oleic acid
monolayer was exponential with a repeatable infbedieature at lower ozone concentrations.
The inflection feature in the decay of the oleidanonolayer was related to the packing of the
film at the interface as the feature could be reggeby recompressing the monolayer. In an
atmospheric setting the lifetime of a cloud drofilet composed of oleic acid would be
approximately 2 minutes based on this experimehicinis shorter than that calculated from

particle phase studies.
3.12  Suggestions for Further Work

To further investigate whether the inflection regabserved in the decay of fully deuterated
oleic acid at 16.1 + 2.20 molecule é®@; was a structural phenomenon caused by the
orientation of the molecules of oleic acid at tirdiguid interface or a chemical phenomenon
caused by the shortening of the chain of the @eid molecule, a series of structural neutron
measurements with a wide range of momentum tramafaes could be taken before and after
exposure to @ These measurements would show the effect of oaprke thickness of the
film. Studies of the reactive uptake coefficient é@one with the monolayer of oleic acid taken
with neutron reflectometry at different surfacegares to investigate the effect of the

molecular packing on the uptake coefficient wouloMde useful data for aerosol modelling.
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4 The Oxidation of Mixed Composition Monolayers
4.0 Abstract

Thin films on atmospheric aerosol are likely todoeposed of a mixture of insoluble surface
active molecules. In the chapter presented herexidation of oleic is studied in the presence
of other insoluble surface active molecules. Thiéase coverage and surface pressure of mixed
composition monolayers composed of stearic acidodeid acid, one molecule deuterated and
one non-deuterated, were monitored at the air-viaterface of a Langmuir trough as the
monolayer was exposed to gas-phase ozone. Theaeatstearic acid, mixed with non-
deuterated oleic acid, monolayer did not decay whgrosed to gas-phase ozone, a finding
which contrasted with a very similar study of réac$ occurring within the tail region of the
POPC molecule. An atmospheric monolayer of a moadposition of both saturated and
unsaturated molecules could be resistant to ozoti@ed oxidation, but OH radical as shown

in chapter 2 will remove such a film.

41 I ntroduction

A monolayer on an atmospheric cloud droplet morerlayould have a mixed composition of
surface active organics at the air-water interfhee to the highly varied composition of such
compounds in the troposphere. Experiments werduwaiad with mixed stearic acid and oleic
acid monolayers of varying mole fractions of eadaaic acid. The mixed monolayer oxidation
experiments enable a better understanding of tlyamwathich a cloud droplet monolayer would
be oxidised by ozone initiated processes when gatiirated and un-saturated molecules were

present at the air-water interface and to studihetics of this process.

4.2 Aims
The aims of this experimental work were:

« To monitor how the reaction between ozone and &dnikm composed of saturated
and unsaturated fatty acids proceeded at the ae@rwaerface.
* To measure the surface pressure and surface cevefrdige monolayer in real time to

enable kinetic analysis.
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4.3 Background

The model of a cloud droplet film as defined by snanthors (e.g. Ellison et al. 1999; Vaida et
al. 2000; Elaison et al. 2003; Gilman et al. 2008& Donaldson and Vaida 2006; Tervahattu
et al. 2002, 2005) is always comprised of a mixed compositilom of surface active
compounds found in the atmosphere. To study theerutiated oxidation of a mixed
composition monolayer as a proxy for a cloud drofille, stearic and oleic acid monolayers
were studied with neutron reflectometry under expeso gas-phase ozone. Stearic acid
CH3(CH,);sCOOH was chosen as a saturated molecule and aidi¢cis-9-octadecanoic acid)
CHs(CH,);CH=CH(CH,);COOH was chosen as representative of an unsaduratkecule film
component as both fatty acids have been samplettfre troposphere and they occur in the
same location and had been independently studidw air-water interface in chapter 2 and 3.
Zahardis and Petrucci, (2007) stated that the stfidhyternally mixed particles and coatings in
th