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Abstract

The fate of atmospheric aerosol is currently attractingeased attention from the
scientific community because its impact on the Earth’s rageabalance and on cloud
formation is still largely unknown. To understand the ageprocess of aerosol it is
helpful to investigate heterogeneous reactions occurpigigveen organic surface films
and gas-phase oxidants. While most studies have focuseth@mliundant daytime
oxidants Q and OH, during the night-time the OH concentration is vewy &nd the
concentration of the more potent N®ecomes significant.

In this thesis insoluble organic monolayers at a planamaiter interface were used
as proxies for films on atmospheric aerosol, and the surfacess kinetics were moni-
tored in situ using a combination of neutron reflectometryrjNand ellipsometry. A
range of compounds were chosen to allow a study of ffeets on the reaction kinetics
and product formation of the chain length, type of headgraod degree of unsatura-
tion on the organic molecule as well as the type of oxidant.allow the work to be
performed several key developments were carried out: aecfinethod for NR data
analysis, the commissioning of a dedicated new miniaturepda chamber, rigorous
calibration of the oxidant concentrations and developmahna kinetic model. The
limitations of ellipsometry as a substitute for NR for theidy of pure systems were
explored, yet its potential to provide complementary infation about product for-
mation was demonstrated. Six reactions of pure organic lagarcs revealed that the
degree of unsaturation of the chain was by far the biggesofdor the reaction rate,
although other djierences were also systematically examined. Two binary unes
were investigated showing that the reaction rate is comsist lower in mixed films,
which mav heln ta exnlain discrenancies< in the literature hetween labharatorv <tudies
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Introduction

Over the last decades, aerosols have attracted more andattergion from the sci-
entific community because the impact on the Earth’s radéabialance and on cloud
formation is still largely unknown [1, 2, 3]. Atmosphericrasols derive from natural
process (e.g. volcano, blown dust, sea-spray) and from huactivities (e.g. combus-
tion, cooking). Anthropogenic emissions have heavily @ged during the last century,
and the role of aerosol particles is seen as becoming moreveord important espe-
cially in the chemistry of the troposphere.

A key feature for the aerosol behaviour is the presence @dmiogmaterial both in the
bulk and at the surface [4]. The composition and lifetime efasol particles in the
atmosphere is determined by the ageing process due to exptustrace gases, such as
O3, OH, NG;, or other oxidants (e.g. Cland Br). To study the aerosolragprocess it
is crucial to investigate the heterogeneous reaction ecaybetween the particles and
gas-phase oxidants. While homogeneous chemistry is westirdeed at the molecular
level, the study of heterogeneous reactions remains a nthpglienge. Field measure-
ments suggest that heterogeneous reactions may changéeimecal composition of
particles and in particular of their surface films [5]. Thacgons may alter important
properties of the particles like aerosol hydrophilicitgxicity and optical properties.
Most of the studies to date have investigated the heteragenesaction of organic
aerosols by @ and OH, which are the main oxidants during daytime. Duringht
time the OH concentration is very low and then the concemnabf the NG may
become significant. Therefore while OH radicals control themistry of the daytime
atmosphere, N@radicals have a similar role during the night-time [6, 7].



molecules allows the investigation of thgeets of chain length, headgroup and degree
of unsaturation on the reaction kinetics and products farme

In order to monitor the surface excess of the organic mogeduring the oxidation
reaction, a combination of neutron reflectometry (NR) arghsdmetry is used. NR
requires the use of deuterated forms of the molecules an@d¢bess to neutron beam
time is limited, but is extremely powerful for partial andlesgive deuteration. Ellip-
sometry is proposed as lab-based substitute for NR for thdiss of pure systems,
and its capabilities are investigated through the compares the results of both tech-
nigues on single-component monolayers exposed {ai@ NG;.

The study of heterogeneous reactions at the air—-waterfaders made possible thanks
to four key advances: refinement of the background treatnrenhe analysis of the
NR data, improvements in the sample environment by desighcammissioning of a
new chamber, rigorous measurements of the oxidant coreains and development
of a kinetic model to interpret the data.

The high flux and the stability of FIGARO at the Institut Lauangevin (Grenoble,
France) is exploited through the acquisition of data at tinewater interface that is
far faster than was previously possible. Also, surface &s&® down to minimal cov-
erage need to be determined precisely, and for this a refinetdhad of background
treatment is implemented.

To allow a reliable comparison between NR and ellipsometrgedicated miniaturised
reaction chamber is required. The MIMIK (Multi-Instrumen¥iniaturised Kinetics)
chamber is a next generation sample chamber which is seifabboth NR and ellip-
sometry. The chamber has a gas delivery system optimisduofmogeneous giusion.
A quantitative study of the kinetics of the heterogeneowaxtiens requires knowledge
of the oxidant concentrations used. The concentrationzos@etermined by UV-Vis
spectroscopy, while [Ng) measurements are more involved. In this caseg M oro-
duced in situ by reacting Pwith NO,; the dependence of [Npon the initial [NO;]
and [G;] is modelled. To determine the concentration of Nl®he steady state con-

centrations of NQ and NOs are measured by FTIR spectroscopy as a function of the
imitial INOL1



of the single component systems using NR and ellipsomettgrdene the possibility
to use ellipsometry as a substitute for NR in isotropic amdjlsi component monolay-
ers. The kinetic analysis of the measured surface excesyslémr six systems provides
information on the rate of the heterogeneous reaction adol@at information on the
formation of surface-active products. The results obtaifoe diferent molecules will
be discussed in relation of their chemical structures. emihore, the comparison
between Q and NG, oxidation for the MO systems only indicates to what extent
night-time oxidation is relevant to aerosol ageing.

Through the exploitation of isotopic contrast variationNiR, the relative rate coef-
ficients of organic compound in binary mixtures is deterrdirfier two systems. The
estimation of the oxidant uptake gpeient allows the comparison with literature data
on similar organic molecules that are generally studiedha tondensed-phase (i.e.
droplets or thick films). Field studies have been shown tcedeine uptake cge-
cients lower than those found for pure model systems uselhlimratory studies. The
comparison of results from field studies with the results omby mixtures indicates
if the mixing of diferent organic compounds in the surface film can help to expla¢
discrepancy.



Chapter 1

Atmospheric chemistry: an
overview

Atmospheric science is an applied discipline, which is ewned with the structure
and the evolution of the planetary atmosphere and with tluewange of phenomena
occurring within it. An increasingly important theme is adspheric chemistry [11].

Gases react in the atmosphere, and the transformation sét¢ieses in distinct re-
gions of the atmosphere are governed by their chemical betnavThe main aim of

the study of atmospheric chemistry is to understand all "Hoedrs which control the

concentrations of the species in the atmosphere [12].

1.1 Atmosphere: chemical composition

Oxygen (Q) and nitrogen (N) account for 99% of the molecules in the atmosphere;
Figure 1.1 and Table 1.1 provide the composition of the aphese. The inert gas
Argon (Ar) represents almost all of the 1% left. The remagnmortion consists of
trace gases, which attract the attention of scientistsumecéhey determine the main
features of the atmosphere, where life is possible.



Carbon dioxide -

All others

Figure 1.1: Graphical representation of the atmosphereposihion. Figure adapted

from Ref.[13].

Table 1.1: Dry tropospheric air composition at a pressurd eftm [11].

Gas Fractional concentration
by volume
Nitrogen - N, 78.08 %
Oxygen - Q 20.95 %
Argon - Ar 0.93 %
Water vapour - HO 0-4 %
Carbon dioxide - CQ 380 ppmv
Neon - Ne 18 ppmv
Helium - He 5 ppmv
Methane - CH 1.75 ppmv
Krypton - Kr 1 ppmv
Hydrogen - B 0.56 ppmv
Nitrous oxide - NO 0.3 ppmv
Ozone - Q 10-100 ppbv

Nitrogen species - NO 10 pptv- 1 ppmv

Concen-

trations of trace gases are given in ppmv, which is parts p#iom by volume.
1ppmv = 16 ppbv = 16 pptv

Ozane



or by the photolysis of nitrogen dioxide, NO In urban areas ozone production is
increased by the presence of organic gases. The great \ayiald the [O3] values,
as reported in Table 1.1, is due to thegfelient production feciencies in dferent lo-
cations in the atmosphere. In particular, urban areas presaypical concentration
of 10 ppbv, in the troposphere it is around 4 ppbv and in thatsisphere 100 ppbv
(ozone layer) [14, 11, 12]. The high concentration in theatbsphere contributes to
the reduction of UV radiation, hence any decrease @f [@this region is harmful for
the life on Earth. Parallel to this, an increase in the regignto 10km height can
have detrimentalfgects for human health and nature as it is highly reactive amat.t
[14].

Nitrogen oxides

Nitrogen monoxide, NO, is a radical. Radical molecules drerg)ly reactive because
they have an unpaired electron in their shells, unlike mdés such as Hand N,
which have only paired electrons. NO is emitted by soil, ptawombustion processes,
lightning and in chemical reactions. NO production by ligimg or combustion is due
to the high temperatures available. Molecular oxygep, iCheated at temperature of
the order of~ 2000K, dissociates thermally and produces NO following téactions
chain below:

O,—~——0+0 (R1.2)
O+ N, «—=—NO+ N (R1.3)
N+ O, «——NO+ O (R1.4)

For instance, the passage of aircraft is a known source gitbeuction of NO molecules

at high altitude. The typical concentration of NO in remobaes of the troposphere
ranges from 5 pptv at sea level to 20-60 pptv in the high trppese. In urban areas
[NO] can reach 0.1 ppmv in the early morning.

Nitrogen dioxide (NQ) is mainly produced by the oxidation of NO, and other sources
are chemical reactions and combustion processes. Thealygacentration into the



species NQ=NO+ NO,. The main sink for NQ during daytime is the reaction which
produces nitric acid, HNQ i.e. OH+ NQ + M —— HNO; + M. In the troposphere,
HNO; is easily solubilised by precipitation.

During night-time the NQ is made up of NQ only, because only the reaction R 1.5
still occurs. Furthermore, because of the absence of ligafphotolabile nitrate radical,
NO;, and the dinitrogen pentoxide,,N, can accumulate:

NO, + NO;+ M <= N,O; + M (R1.8)
N,O; reacts with water molecules rapidly following the hetenmoggus reaction:
N,O; + H,0(s) — 2HNO, (R1.9)

NO; and N,Og have great relevance in the night-time oxidation of orgampounds,
and together with NQ they are called NQ.
Once daylight appears, ®; and NO, photolyse:

NO, + hv (A < 580nm) —> NO, + O (R1.11)
NO, + hv (A < 700nm) — NO + O, (R1.12)

N,O; is consumed in a few hours, while N@n only a few seconds. As a result the life
time of NO, is ca. one day. The NQare transported on a long spatial and temporal
scale thanks to peroxyacetyl nitrate (PAN), which acts amg term reservoir because
of its low solubility in water [14].

1.1.2 Particulate matter

Together with molecules in gaseous state, particulate engtterosols) are also found



sulfate, sodium, ammonium, trace metals, chloride, nératrustal elements, water
and carbon containing compounds [14]. The carbonaceoutsdrais made up by both
elemental (e.g. graphite, carbon soot) and organic carttéh [Figure 1.2 displays
typical relative compositions of aerosol in twgferent environments, urban and rural
settings.

[__Jorganics [ ] organics
A [ lelemental C B [ lblack C
EEINH, I NH,"
N S0, = 50427
23% I other

_ I other
- O,

16%

22%

4%

Figure 1.2: Composition of aerosol particles in (A) an urkeinmass (Los Angeles)
[17] and (B) a rural setting in Hungary [18]. Adapted from RE].

Anthropogenic emissions have heavily increased duringlake century. Particulate
matter directly impacts on human health, atmosphere amiacé.

Aerosol particles directly feect the Earth’s radiation balance, either absorbing or re-
flecting the incoming solar radiation and the outgoing t&meal radiation. Since
aerosols absorb and scatter sunlight, less solar radiatanhes the surface of the
Earth. This phenomenon is believed to have a coolffece on the Earth-atmosphere
system [14].

Particulate matter provides cloud condensation nucleiNE{@ading to formation of
fog or cloud droplets, when it is in a super saturated wat@oua environment. The
chemical composition of the aerosol particles determiresrtefectiveness as CCN,
hence influencing indirectly the radiation budget [14]. Wihs®nsidering thefgect of
aerosol particle on public health, particulate matter vatdiameter < 2.5um (called
FM,.:) is generally investigated, because it can be inhaled and transported deep into



aerosols can be found as pure organic particles, or alteahatmixed with inorganic

material. These mixtures may exist as homogeneous or pHegpsg-ated mixtures.
Field studies have observed aerosol particles that seenorisist of more than one
phase or contain an immiscible surface film [20, 21]. The aante of water vapour
in most air masses results in a ubiquitous distribution afexgs droplets in the tro-
posphere. As shown in Figure 1.3, long chain aliphatic aaidsa dominant class of
organics in the troposphere. These acids are surface adtigeto their hydrophilic

headgroup (COOH) and their hydrophobic tail (aliphaticiohaT herefore, in mixed

inorganic/ organic particles the organic material can fat@ble films on the surface of
the aqueous droplet [20, 21]. Aqueous ocean spray droptetered by water insolu-
ble organics (e.g. fatty acids) from marine organisms ar@xample of these coated
aerosols [21, 22].

45
40

35 1

n-alkanoic acids

304

unidentified organics

254

aliphatic dicarboxylic acids

204

Organic composition [%]
aromatic polycarboxylic acids

n-alkanes

n-alkenoic acids
diterpencid acids

Figure 1.3: Composition of the resolvable elutable orgairicaerosol particles in Los
Angeles [17]. Adapted from Ref. [19].

This thesis focuses on reactions of organic monolayers atati-water interface with
atmospheric oxidants. A range of organics was selectedhigrwork in order to inves-
tigate the gect of headgroup, chain length and saturation degree ondtezdgeneous



— O

0 POA

Figure 1.4: Molecular structures of the fivgférent organic compounds investigated in
this thesis. OA is oleic acid, MO is methyl oleate, SA is steacid, P OA is palmitoleic
acid and AA is arachidonic acid.

saturated surfactants and an important tracer for meaticg@missions [29]. Despite
being detected at comparable atmospheric concentratatisetpopular model surfac-
tant OA, POA and its oxidative ageing has not been examineahijndetail. AA is the
most common unsaturated fatty acid in cellular membranestans impacts on the
membrane’s physical properties therelfieeting protein function and tfacking [30].
AA will partition to the surface of aqueous droplets becaak#és surfactant proper-
ties, and thus be exposed to gas-phase oxidants preseng attosphere. It contains
four double bonds that will react rapidly with all initiat®iof atmospheric oxidation
including ozone and nitrogen oxides. AA may decompose intgrdiscopic products
with particular relevance for the growth of atmosphericpglets, cloud formation and
thus climate [10, 2]. Unlike the previous organic compouyrsis is a saturated surfac-
tant, which provides provides reactive sites for H/ D-abstion by the key night-time
oxidant NG&. The H/ D-abstraction from saturated fatty acids is expeéttebe signif-
icantly slower [7, 31] than the reaction with double bondsinfaturated surfactants
like OA or MO. This expectation is based on analogy with gasge studies, but no
previaus study has shown this directly at the air-water interface.



1.2 Reactions in atmospheric chemistry

In this section a brief introduction on how to model a cherhieactions is given. The

basic principles necessary to describe the chemical kisetie provided. Chemical
kinetics is used for the calculation of the rate i@gents of chemical reactions. The
relative variation of concentration per unit time of a givesactant in a reaction is

called rate.

In the following paragraphs, two basic examples of gas-plaactions and an example
of heterogeneous reaction are described [14, 32].

Unimolecular reaction

A reaction of the first-order is written as:
A——>B+C (R1.13)
and the variation of the concentration for the species A messed by:
- dfa1= k) (L)
dt

where k is the rate cogcient for a first order reaction and its unit is's
Few reactions are of the first order. The two classical example radioactive decay
and photolysis. A typical radioactive decay 38U — 23*Th + o — particle. More
relevant to the atmosphere is the photodissociation, ot@yss, as an example of a
first order reaction. The chemical change is due to the absorpfthe photon energy
(hv) by a molecule:

A+hy — B+ C (R1.14)

In this case the rate cfieient is called . Another unimolecular reaction, occurring in
the atmosphere, is the thermal decomposition of a moleewks if the energy needed
for the decomposition is given by the collision with anotimeolecule M. Usually, M
represents Qand/or N (as seen in reaction R 1.1) and the reaction is written as:



According to Eqg. 1.2 [A] decreases by 1/e of its initial valnea timet = 1/k;. 1 is
usually called mean lifetime of A in the reaction R 1.13.

Bimolecular reaction

A bimolecular reaction, known as second order reactionglies two molecules A and
B, not necessarily of ¢fierent species, which collide giving rise to two products @ an
D:

A+B—C+D (R1.16)

The rate for reaction R1.16 is:

d

_d —_
§C1= P1= kalAIB. (L3)

d d
I A = - B =
e qi (B
where k is the rate co@cient of the reaction and usually it is expressed in®cm
molecule ! s,

To generalise, the rate for a reaction like aA + bB—¢€E + fF is:
£ Sp= K AFEP (L4)
-— dt r .

where the units of kis (cn® molecule 1)2*P~1s ! and [X] is the concentration of one
of the reactant (sign —) or one of the product (sign +).

A termolecular reaction similar to reaction R 1.15 but wiih@ecomposition is given
by A+ B+ M— AB+ M, and it can be thought of as a second order or a third
order reaction, depending on conditions. The collisiontokee molecules at the same
moment is unlikely to occur. Usually a first collision betwed& and B produces
an intermediate state AB(dagger indicates the excitation of a vibrational state),
A+ B — AB'. Therefore, to release the energy excess of ARollision with a generic
molecule M occurs: AB+ M — AB + M. In the specific case of atmosphere, M, is
again likely to be N or O, and the variation of [AB] over time is (see Ref. [14] for
more detail):

d kaks[A][B]M]

T TITART — 1 B\



Reaction 1.6 is a third order reaction and reaction 1.7 iscars® order reaction.

An atmospherically-relevant example, which can be a seaanthird order reaction
depending on the thermodynamic conditions, is the prodacbi O; via the reaction
R1.1.

Gas-Surface Reactions

In this thesis, gaseous reactions are used to produceaw@ N,O; (see Section 5.3),
however the reaction under study is the one occurring betwie gas-phase oxidant
and the organic monolayers at the air—water interface. d¢t, fdhe aim of this study is
to investigate surface reactions relevant to aqueous aleroated with organic films.
A is a molecule in the gas phase and it has a Brownian motiorhieet dimensions.
The number of molecules A colliding in a unit area per unit eifflux, ®,) is:

1 _
(I)A = —NaVa (18)
4
where rn, is the number concentration of A ang is the mean speed of the molecules

A. va is derived from the velocity distribution of Maxwell:

1
2

J
8ks T
TMa

va = (1.9)
where kg is the Boltzmann constant, T is the absolute temperatureamé&m, is the
molecular mass of A. Assuming,an aer)o?ol pa)rticle to be spdlenith radius R, the
number of collisions per second |§ NAVA 4nR§ . In the case of a flat interface, with
a well known ?urface area per unit air volume,(Amfcm™3), the rate of collisions with
the surface is %1 nava” Ap. Not all collisions lead to a reaction. Therefore an uptake
cogficient y is defined and it represents the probability of the reactiocuorence.y

is experimentally determined as the ratio of the number otio®d reactions over the
total number of collisions. Generally, depends on the type of particle and on the
temperature.

In a heteraaeneaus reaction (reactant<in different state<) the variation of concentration



1.3 Study of gas-liquid heterogeneous reactions:
experimental techniques

The study of the kinetics of a chemical reaction focuses gdlyein achieving one or
both of two main goals: (i) characterisation of the reactmoachanism, hence analysis
of the sequence of elementary steps giving rise to the dvezattion; (i) determina-
tion of the absolute rate of the reaction and/ or its indiatlelementary steps [34].
The measurement of the reaction rate is performed by mangdhe concentration of
one of the reactants or products as a function of time. Séegperimental procedures
allow the study of chemical reactions; however any kinekperiment essentially con-
sists of mixing the reactants and initiating the reactioradmmescale that is negligible
compared to that of the reaction, and then monitoring theeotration(s) of one or
more reactants and/ or products as a function of time.

Chemical kinetics of gas-phase and liquid-phase specigs baen studied in their
separated states for over a century [35, 36]. A validatedrgtéecal framework for ho-
mogeneous reactions has been developed, and extensivedasaof kinetic parameters
are available [37, 38]. However, the study of the gas-liguéderogeneous reaction is
relatively recent and not nearly as well developed. Theserbgeneous reactions have
a higher complexity both experimentally and theoretically the 1950s, Danckwerts
presented analytical expressions describing the uptaka®fphase species by liquids
in terms of measurable parameters [39]. The introduced esgons were based on
equations of heat conduction and included tlfeat of the Henry’s law solubility on
gas uptake, liquid-phase reactions of the solvated mascw@and the mass accommo-
dation cogicient,a (defined as the probability that a molecule colliding on tiqeid
surface enters the liquid). Experimental studies of ggsidi interaction have not ad-
vanced as fast as the mathematical formulations. Howewehe last 30 years a range
of experimental laboratory techniques was developed twatheasurements of kinetic
parameters, such as accommodation and uptakp aests.

The principle of the measurement of the rates of gas—lige&ttions is simple [35, 36].
A known surface area of the liquid is exposed to gas-phase malecules, and after a con-



to study the kinetics of the reaction at gas—liquid inteef§35, 36].

Droplet train flow reactor

In a droplet train flow reactor, gas-liquid interactions atadied by monitoring the
gas-phase concentration of a trace species in contact wetheam of droplets with ca.
100 um diameter entrained in a vertical flow tube [36, 40]. Anmaisperse, spatially
collimated train of droplets is produced by forcing a liqultrough a vibrating orifice,
driven by an electrically pulsed piezoelectric ceramic.eTnoplet train passes through
a vertical low pressure (5-20 Torr) flow tube which contaims trace gas species mixed
with an inert carrier gas (helium) and vapour of the liquidngestudied. The trace
gas is introduced through one of three loop injectors lodateng the flow tube. By
selecting the gasinlet port and the droplet velocity, the-gaoplet interaction time can
be varied between 2-20 ms, allowing solubilityeets to be investigated. The lower
limit of the uptake coficient that can be measured by this technique is 1310
Changes in the droplets may be monitored with optical spsctpic techniques.

Bubble train reactor

In the bubble train reactor, the trace gas is contained inbbasbthat pass trough a
column of liquid [36, 41]. The bubble train reactor allowststudy of longer gas—liquid
interaction times in the 1 — 100 s range. The measurable eptads: cients range from
1x 103to1x 10 7. Gas bubbles containing the trace species and an inerecajas
are injected into the flowing column of liquid with a movabigdactor so that the gas—
liquid interaction time may be varied. After the bubbles §tura mass spectrometer
measures the remaining amount of trace gas. The analysis meenplex modelling,
which takes into account the change in shape of the bubkde®lting along the liquid
column and the convective mixing occurring in the liquiddayext to the bubbles.

Wetted wall flow reactor

In a wetted wall flow reactor, uptake is measured on a layeqofd coating the inside



Aerosol flow reactors and aerosol chambers

In an aerosol flow reactor, aerosol particles are introduoéd a laminar flow tube
similar to the ones used for the wetted wall flow reactor ekpents [36, 43]. Parti-
cle concentrations and size distributions are measured avit optical particle counter
or with a dfferential mobility analyser/ condensation particle counrg@mbination in
order to determine the condensed-phase surface area exposke trace gas species.
The chemical composition of the aerosol particles befoikafter exposure can be mea-
sured with an aerosol mass spectrometer to yield informaaioout condensed-phase
reaction products. The trace gas species is introducedititra movable injector so
that the exposure time can be varied. The density of the tgasecan be monitored
with mass or optical spectrometric techniques. Typicalosxpe times are 10 to 100
s, resulting in a lower limit of measurable uptake fiagent of 10 4.

If the aerosol particles are introduced into a static chambe aerosol chamber ex-
periment can be performed. The residence time can be up ty faurs, enabling
the study of slow gas-liquid reactions. The trace gas spaae be introduced into
the chamber or generated in situ. Fourier transform infiesgectroscopy is used to
monitor the trace gas concentration.

These two techniques allow the study of small aerosol dteplhich simulate more
closely real atmospheric aerosols.

Single-droplet techniques

Several techniques have been developed to measure theqgas-+hteractions on a

single droplet. The basic principle of these technique®israp a single droplet and
then expose it to the trace gas. The change in droplet sizeoarbemical composition

is monitored respectively with optical and spectroscophniques. The dimension of
the aerosol droplet is determined by the method of trappfag,example acoustic

levitation can trap droplets of diameter ranging from 40 poy2imm [44]. For smaller

droplets (diameter 5—- 12 um) optical tweezers have been 4se®, 46].



determination of a tentative reaction mechanism both fourseted and unsaturated
surfactants. The SAM on the solid substrate mimics the dogeaating on solid inor-
ganic aerosol particles, while to study the organic coatingaqueous aerosol particles
the water should be used as substrate.

Studies on organic monolayers at the air—-water interfaces lieeen performed in a
modified flow cell introduced by Knopf et al. [42]. Several ggof organics have been
investigated and the JDs uptake cof cients were determined [48, 49]. Wadia et al.
[50] studied the kinetics and gas-phase products of thetlimaof O; with an unsatu-
rated phospholipid at the air—water interface. Thompsoal.ef51] studied the surface
excess and surface pressure of the phospholipid monolmstead of monitoring the
gas phase species as in the work of Wadia et al. [50]. The agprof Thompson et
al. was used to investigated oleic acid monolayers exposddiQ, [52] and to Q [53]
by King et al..

The real-time monitoring of the surface excess of an orgaranolayer at the air—water
interface by neutron reflectometry (NR) measurements altestudy the kinetics and
the fate of the monolayer as a function of the gas-phase okidancentration. NR is
sensitive to changes in deuteration state of the sample.exammple, the mechanism
of the reaction can be investigated by changing the pariateration scheme of the
molecule. Relative rate cfiecients in binary mixture may be studied by NR, using a
deuterated molecule mixed with an hydrogenated one.

The detailed treatments of NR and ellipsometry, which aeetdchniques used in this
thesis to study the oxidation reaction, may be found in Chagtand Section 3.3.1,
respectively.



Chapter 2

Neutron Reflectometry

2.1 Introduction

The reflection of neutrons was demonstrated by Fermi and BAhalmost seventy
years ago. Neutron reflection follows the same fundamergahgons as optical re-
flectivity but with diferent refractive indices. Neutrons interact with nucleidehe
neutron refractive index, .n depends on the mass number, A, (proton and neutron
number) instead of the atomic number, Z, (i.e. electron nemnlas for X-ray. Dif-
ferent isotopes have affirent strength on the scattering of neutrons. This ability o
the nucleus to scatter neutrons is quantified and definedadsesmg length, b. The
refractive index of any material is a function of the scairigrlength densityp, of its
constituent nuclei and the neutron wavelength,

}\‘2
2=1-"p. (2.1)
T

n
For almost the following forty years, neutrons were usech@pially to determine the
scattering lengths of nuclei. In the last twenty years, nautreflectometry, NR, has
emerged as a powerful technique for the investigation ofdtinecture of the interface
itself, composition features and magnetisation [55]. Aghwight, total reflection may
occur when neutrons pass fram a medium of higher refractive index to one of lower



study of interfaces, with respect to other techniques, nak@ important technique.
For example, a resolution of a fraction of a nanometre can dieesed because of
the short wavelengths available. The sample is not desirbyethe neutron beam,
and buried interface can be investigated, because of thegegetration of neutrons
into certain materials. Furthermore, the technique ofopat substitution allows one to
achieve large contrasts in scattering length density. Aitkdt description of theoretical
principles of neutron scattering in general can be foundeilerences [55, 56, 57]. In
the following sections a brief overview of the theory stlyatelated to NR is presented.

2.2 Neutron reflection

In order to perform a neutron reflection experiment the ¥alhm components are
necessary: a radiation source, a wavelength selector pparpa system of collimation,
the sample and a detector system. The neutrons are prodittent by a nuclear

reactor (continuous neutron beam), or a spallation soysaéséd neutron beam). A
specular neutron reflection experiment is performed to mweashe reflectivity as a

function of the wave vector perpendicular to the reflectingace, g, usually called the
momentum transfer, see Figure 2.1. Given qmes#h(0)/ A, the g-range can be probed
either by changing incident angle while the neutron wawgtlans fixed (monochromatic
mode) or by varying the wavelength while the incident angldixed. The second

approach is called time-of-flight (TOF), as the wavelengétedmines the time taken
for the neutron, with a given energy, to go from the sourcehe tetector (pulsed
beam) or from chopper to detector (continous beam). For TGfasurements, the
resolution in q is related to the resolutionfimnd in time:

0 g 0 0
5q 2 50 2 ot 2

= — +

: ; s (2.2)

wheredt is the pulse time width and t is the time-of-flight of the paildn principle
the resolution of the time binning at the detector is also@dabut in practice this
is chosen to be much smaller than ot. Even if the TOF methad is less effi cient than



is of the order of 10" when water in present in the sample environment.

Modelling of the data

To conclude this section, an introduction to neutron reiliigt data analysis is pro-
vided, and a detailed description may be found in Section &&ually, in order to
analyse the specular reflection data a model of the intena@®nstructed, for in-
stance a series of parallel layers of homogeneous matdteth layer is described by
three parameters: scattering length densgitfythickness d and surface roughness
These features can be used to calculate a model reflectivafiigoby means of the
optical matrix method [58]. A boundary may be smooth but watie material dif-
fused into the other therefore real interfaces between nasemay be rough over a
large range of length scales. It turns out that in both thehoand dfuse cases the
specular reflectivity is reduced by a factor%e”, wheres is a characteristic length
scale of the layer imperfection, i.e. the surface roughn#tss in efect similar to the
Debye-Waller factor, which describes the attenuation oéx-scattering or coherent
neutron scattering caused by thermal motion [59, 60]. Thelddmethod [61] allows
the inclusion of the surface roughness in the model R(q). iWteexternal layers of
the series of interfaces are considered seminfinite withdfs@attering length density.
The calculated profile is compared to the measured profilethedjuality of the fit is
given by using g2 in the least-squares method. Since one profile may not beidedc
by a uniqgue model, the use offirent isotopic contrasts together with physical and
chemical constraints of the system can lead to the achiavenfe more unambiguous
model of the interface.

Isotopic contrast variation is based on the fact thgftedent nuclei scatter neutrons
with diferent amplitudes, and sometimes, as in the case of prot@hdeuterons, with
opposite signed scattering lengthsifo = - 0.56 x 105A™ %; pp,o = 6.35x 105A™ 7).
By combining hydrogenated and deuterated materials, thectiity profile of a sys-
tem can be substantially changed while keeping the sameichkstructure at the
interface. Furthermore, by adjusting the H/ D ratio, sotgernat are contrast matched

taothe meditim throiiadh which netitronce nace hefare reachina the interface can he nre-
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Figure 2.1: Reflection of an incident beam from two ideal flatterfaces. kand k are
the incident and the reflected wave vectors, with an@les6, in the incident plane; qis
the momentum transfep; is the scattering length density of the seminfinite substrat
andp, is the one for the thin layer. The scattering length densityfile as function
of depth is shown on the right.

Specular neutron reflectivity is a tool to study the struetnormal to the interface.
In particular, it is an accurate, precise, sensitive ane@aiimethod to determine the
surface excess as long as the surfactant is available iredstgtd form. In this specific
case, the model used to describe the system is made up by @mndyer with a
refractive index dferent to that of the subphase. The refractive index dependb®
scattering length density and the neutron wavelength (spe E1), andp is given
by =, bn;, where bis the scattering length and, mhe number density for the i-th
species. Usually n< 1 (n;.,ir = 1) hencep > 0, given that the neutron beam can be
totally reflected ifg; < 6., whereb., = arccos p/ n;.,ir, called critical angle; the angle
of incidence,9;, is the one formed by the incoming beam at the surface (seeZ1y.
As an example, if we consider an air;O interface, which has a total reflection below
a critical g value, an absolute value of reflectivity can beed@ined.

Our interest is addressed to a specific case: deuteratedcsant at the air-liquid
interface, where the liquid is a mixture of,8/D,0 with p = OTA_Z, known as air
contrast matched water (ACMW). For this situation the isignof the reflection is
strictly related to the presence of deuterated materiahatinterface:

Imml Imml



surface excesd,, is given by:

= 1 _ pd
NAV Ahg NAvb

(2.4)

where Ay is the area per molecule andsNis the Avogadro’s number. By comparing
Eqgs 2.3 and 2.4, it is found that at low g the reflectivity ispoctional to the square of
the surface excess, R I'2. A fundamental feature df is that its value is insensitive
to the model chosen, even if the valuepaind d are model-dependent; in fact, at low
g they vary in an inverse way giving the same product.

At first sight, the technique is very powerful, but it is nezas to be careful and
consider all possible sources of errors in the calculatidnlmased on neutron reflectivity
data. The accuracy d@fis related to the accuracy of the instrument calibrationhte
background determination and to the statistical qualitihef data. The calibration of
neutron intensities, in theory, should give rise to neglgierrors, because below the
critical angle (feature of any air-liquid interface) thdleetion is total (i.,e. R = 1)
and this allows one to scale all the data. In fact, the systeed dor the calibration
is air-D,O. Once the normalisation factor is determined, it is ambtie all the data
based on the assumption that the neutron flux from the reactmnstant throughout
the experiment. The reflectivity of clean,O is easily reproducible and the instrument
set up as well (errors on the order of < 2% are expected). Tdreréhe error on the
calibration is expected to be small, especially becausexpeement where ACMW
is present the background value is roughly 2@nd its subtraction or determination
tends to be the main factor when taking into account the tneat of reflectivity data
for low surface excesses.

2.4 Neutron Reflectometer

All the NR data presented in this manuscript have been d¢elteon FIGARO. In this
section a brief description of the instrument is given.



strike the interface from above or below in a wide g-range.ti\an incoming beam
of wavelengths comprised between 2 andA3@t is possible to attain a g-range from
0.0045 to 0.4 * by using two incoming angles of 0.62 and 3.8

Guides covered with Ny/'T1 sup ermiriors

Sample position

o
=
n beam

Figure 2.2: Side view of FIGARO, adapted from Ref. [64].

One useful feature of FIGARO is the ability to relax the resmn to increase and have
maximum of flux at a very low incident angle where the refleti@g of a monolayer is
high. Hence the instrument is extremely well suited to thedgtof kinetic processes
with time slices possible on the order of 1s. The first compore the instrument
is a choice of two frame—overlap mirrors to remove neutroits wavelengths above
20 or 30A. Four choppers follow, with carbon fiber discs of 800 mm déer and 45
aperture, independently rotating at a speed of up to 2000 rpmere are dferent
distances between ferent pairs of discs such that 6f@rent wavelength resolutions



active and passive anti-vibration systems and x-y-z tietnst axis. A two-dimensional
multitube detector is positioned at a distance of 3m from shmple. It can move
up and down to detect the reflected and direct beams at alesngl consists of an
aluminium plate with 64 square holes of 7— mm internal sizd @+ mm resolution
along the 250 - mm height.

2.4.2 FIGARO settings for kinetic experiments

The concentration change of a deuterated monolayer of qania at the air—rACMW
interface due to oxidation was followed by NR. The settin§she instrument were
adjusted to record R(q) profiles in few seconds, typically e g-range was restricted
t0 0.007 — 0.0A™ ! by choosing an incident angle of 0.62nd a wavelength interval of
2 - 20A. The resolution of. was fixed to 7%, in order to maximise the neutron flux
at the sample, which allowed the quantification of surfaczss down to a few percent
of a monolayer (see Section 4.2). All the kinetic data repdrin Chapters 7 and 8
were collected with these settings. A slightlyfdrent setup was used for the structural
characterisation of the deuterated monolayer at the aiMAGinterface (Section 6.2).
To determine the thickness of the monolayer, a wider g-ravageneeded, and the R(q)
profile was also acquired at an incident angle of 3.8he acquisition time for these
static measurements was set to 10 minutes for the first afge’) and 30 minutes
for the second one (3:8.

A dedicated reaction chamber was designed to perform thetikirexperiments on
FIGARO, which is described in detail in Chapter 5. To recoie t(NR data, the
chamber was fixed on the FIGARO sample stage and then aligfigd 2.3).



Figure 2.3: FIGARO sample position with MIMIK reaction chher mounted on the



Chapter 3

Other technigues

3.1 Introduction

This chapter introduces the various techniques used tcacharnse the chemical sys-
tems and to gain complementary information to NR. The orgaoated aerosol surface
has been modelled as an organic monolayer at the air—waienface. The thermody-
namic properties of this film have been investigated by meaguhe pressure isotherm
as a function of the surface area with a Langmuir trough. Tpigcal properties of
the organic film were investigated using Brewster Angle Msaopy (BAM) and ellip-
sometry. The oxidation of the organic monolayer was drivgrekposure to N@ and
O3, which were produced in situ. The concentrations of the amid were determined
from spectroscopic measurement, such as UV-Vis and FTIRtspscopy.

3.2 Air—water interface

In order to mimic the aerosol surface and to focus on the r@adtappening at the
surface, floating monolayers were chosen as the model system

Amphiphilic molecules of atmospheric interest are, fortarsce, oleic acid, stearic acid,
palmitoleic acid and arachidonic acid [45, 65, 66, 10]. Tremmmon features are the
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Figure 3.1. Surfactant molecules arranged at an air—waiterface. Some molecules
of water are displayed as well.

surfactants film formed at the air—water interface is caftesholayer when it is a one-
molecule thick layer. Depending on the solubility of thefagtants, the monolayers
formed may be divided into two categories: ‘Gibbs monolayésoluble) and ‘Lang-
muir monolayers’ (insoluble) [67]. The amphiphiles usedms work form Langmuir
monolayers. The formation of insoluble monolayer is comipatone by previously
dissolving the amphiphile in a volatile solvent such as bflrm and then spreading
some drops of solution on the surface [67]. Once the solvemparated, the monolayer
Is left at the air—water interface.

3.2.1 Langmuir trough

In order to study the thermodynamic behaviour of the morexag surface film balance
called a Langmuir trough is used [67]. It consists of a siwalgdrophobic trough with
hydrophobic barriers that are usually constructed of foégrafluoroethylene), PTFE,
and is equipped with an electronic device for measuring thiase tension (details in
Ref. [67]). In order to record a pressure—area isothermgtiegh is slightly overfilled
with water and the barriers, lying across the trough, ditlteavailable surface and are
used to restrict the area of a monolayer spread on the watfrceu The monolayer is



The decrease in surface tensign,is usually reported as surface pressuie,
M= vy~ Ym (3.2)

wherey,, is the surface tension for pure water apgd is the surface tension of the
water with the monolayer. As stated previously the Langnitough allows to record
isotherms, which may be used to reveal phases and phaséitvas®f the monolayer.
The principal film phases are: gaseous phase, liquid-exgaptiase, liquid-condensed
phase and solid phase. Often monolayer may not exhibit &lghases described,
because of narrow ranges of thermodynamic quantitiesabailin practice.

3.3 Interaction of light with an interface

Light travels at speed c in vacuum, where the refractive xnae is defined to be 1.
The refractive index of any other medium is higher than 1,deethe speed of light
results smaller by a factor of 1/ where n, is the refractive index of the medium.
A plane wave, travelling at the speed ¢/and impinging at an interface between two
media of diferent refractive index, may be transmitted through the methianging
the speed to c/nor reflected back into the incoming media. On the assumpttan t
two media are isotropic and the interfaces are sharp, we sarthe Fresnel's model
[58] to describe the variation in electric field of the planave.

The electric field of a plane wave is divided in two componeigperpendicular to the
incidence plane and Farallel to it. The incidence angbe and the transmission angle
0 are related through Snell's law [58]. The variations of &d E, due to reflection
are given by the Fresnel's cfieients [58]:

.- E, _  nycosh — ngcosh (3.3)
= n, cosb, + N, cosd; '
E{ _ njpcosh — nycosh

= n; cosd; + N, cosd



In summary, given a generic incident wave, it can be decomgbod o p- and s-polarised
parts. The polarisation state of the reflected wave can baabedthrough the appli-
cation of the previous formula, and the optical properti€she interface are then
revealed.

3.3.1 Ellipsometry at the air—water interface

As shown in Section 3.3 a light beam reflected at an interfaltelwange its polarisation
state, i.e. the light polarised perpendicular to the refiecplane (s-polarised) reflects
diferently from the light polarised parallel to the plane (degg®ed). The relative
amplitude and the phase of the p and s components vary ffarefit amounts. The
attenuation, calle, and the phase shift, known As depend on the optical properties
of the surface and the angle of incidenég, These values are related to the Fresnel
reflectivity cogh cients, , and r;, parallel and perpendicular components respectively
[68],

%: tan(®) exp(ir) = Re(r) + ilm(r) (3.6)

S
Ellipsometry is widely used to study adsorption at soligeld and solid—vapour in-
terfaces, because of the large contrast due feréint refractive index of the two
components. For a transparent air-liquid interface a kewytéition is that¥ is very
insensitive to the optical properties of the layer in thentfiim limit (d < L). There-
fore measurements af only are usually related to the properties of the layer [68].
Manning-Benson et al. [69] have exploited the sensitivitylbpsometry to study the
dynamic adsorption at an expanding air—water interfaceravhkey carefully exam-
ined the relation between ellipticity, and surface excesk, Without going into many
details, their approach is described in the following text.
For the reflection of light at a transparent dielectric madler, is minimised at the
Brewster’s angle, g = arctanﬂ—i, see further details in Section 3.3.4). Furthermore,
Re(r,/rs) = 0 and the ellipticity co cient € is given by Im(r/rs). For a monolayer
at the air—water interfaceis related to the relative permettivity [62]:

N



wherey is the surface tension. Becausgo = 1.78 ath = 632.8nm [71]nr IS negative
and the contribution te is positive. By assuming an optically isotropic materiaéth
valuens is given by: [

o E@ = UE@) - anol

&(z)

wheree (z) is the profile of relative permettivity along the normalthe surface. Given
that the value of for liquid hydrocarbon is 2.05 [72};s is positive and the contribution
to € negative.
In the specific case where a uniform isotropic layer of hydrbon-based surfactant
iIs adsorbed at the air—water interfaeg, can be thought of as independent of the
surface excess (i.e. weak dependence on surface tengioand thenns will vary
linearly with T" in the thin film limit. As a result, the ellipticity will be linearly
proportional tol'. In this context, a single measurementl'oat a given concentration
can be used to calibrate the ellipticity [73]. The greatedbtamtage of ellipsometry is
its high sensitivity to an adsorption layer. The measurds@&an also be extremely
fast (~ 10" 2s), although most instruments acquire data in a timescale &fs, and
the probed surface very smak- (mn?). It is a suitable technique to follow dynamic
adsorption processes.
However, when the surfactant monolayer is not opticallyrigpic, other contribution
to the ellipticity will be added [74]. These uncertaintiesnplicates the evaluation of
€ (z) and usually require additional calibration by using pdementary techniques.
The ellipsometric signal can exhibit temporal fluctuatidrthe sample has lateral
inhomogeneities, for example domains of aggregates. Thetiative analysis of these
data is not obvious, however information may be obtainechfthe qualitative analysis,
as discussed in Section 7.8.1.

(3.9)

3.3.2 Beaglehole Picometer Light Ellipsometer

Instead of a light standard null ellipsometer, with a robgtpolarising element, Pi-
cometer Light ellipsometer in the Partenership for Soft @eamsed Matter was used in
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Figure 3.2: a. Scheme of a traditional nulling ellpsometler. Scheme of the phase—
modulated ellipsometer.

operation of the instrument requires no moving parts andeiges a continuous signal
readout [75], however it is possible to measure with the tiatpanalyser in order to
decrease systematic errors. This approach is somewlfateht from traditional null
ellipsometry.

The birefringence modulator consists of an isotropic gklab (fused silica) of thick-
ness d (10mm). It is set into longitudinal oscillation at iesonance frequenay at a
wavelength of vibration of 2L, with L the length of the slabh&@ mechanical oscillation
is driven electrically by the piezoelectrigect using a quartz crystal of the same length
L that is attached to the glass slab. The periodic uniaxiedistd(w) which is pro-
duced in the centre of the glass slab results in a periodinghan the refractive index
for light polarised parallel to the oscillation directiof.his is called the photoelastic
efect. It leads to a periodic variatiohn(m) in the refractive index dhierence for light
polarised parallel and perpendicular to the oscillatiorection given by

AN, ) = ad(w) (3.10)

with a the piezo-optic constant. This strain-induced birefrimge gives a phase shift
between the light polarised in the two directions of



The signal from a phase—-modulated ellipsometer is moreelgloglated to Re(r) and
Im(r), but these parameters are still not measured diredilye parameters x and y
have been introduced to describe the phase—modulatedagtigtry signal [75]:

— \ 2
x = Re(ny Re(rf+ Im(r)2 (3.12)
2
y = Im(r)

1+ Re(rf+ Im(r)?

The Picometer Light ellipsometer measures x and y direetiy for this reason they
are used as the standard representation parameters fangtrisment. Data measured
with a phase—modulated ellipsometer can also be convea¢de traditional parame-
ters¥ andA. While the conversion fron¥, A to Re(r), Im(r) is straightforward (see
Eqg. 3.6), the reverse conversion has ambiguities:

tan¥
tanA

Re(r? + Im(r)? (3.13)
Im(r)/ Re(r)

The choice of the quadrant of the angisand A is a convention (see Ref.[75] for
details). At the Brewster angle for a bare substrate, Re(f), andA = 90.

Since at the air—water interface the ellipsometer is nosisiee to¥, we just consider

variations inA. The presence of a thin film at the air—water interface chanige value

of A with respect to the clean interface. From this variation andthe assumption
of a fixed refractive index for the layer, we can calculate thigkness using a model.
In particular, | have used the software package Film Wiz¥#rdFigure 3.3 shows the
results of the thickness calculations based on the measalad ofA - Ay,0 and the

refractive indices of the surfactants used in this work.nfricalculation of the thickness
of the layer, the surface exceds,is found through equation [77]:

d(n - N{,0)
= molliz;lzuledn H,O (3'14)
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Figure 3.3: Calculations to demonstrate that the measuakee\ofA — A 0 depends
on the thickness of the monolayer at the air—water interfaaon the refractive index
of the amphiphile molecules. Even a small variation in n, éga — Npoa = 0.0023,
results in a measurable changeAn- A y,o.

Parallel to this approach, which needs to assume a refertdex for the organic film,
we can calibrate the ellipsometric data against the suréxcess obtained from NR
measurements. The data shown in Chapters 7 and 8 were ashalgependently from
the NR data. Nevertheless, good agreement with the NR dasdonad.

3.3.4 Brewster Angle Microscopy, BAM

The total reflection of light, occurring at the Brewster’'sggmwhen the p-polarised
electromagnetic wave comes from low refractive index,medium to one with p> ny,

may be used to obtain information on the structure and mdoglgoof a monolayer
at the air—water interface. Henon and Meunier [79] devetbpt the beginning of the
nineties a microscope sensitive to the surface density anthé anisotropy due to



Is at the air—water interface, the reflection can arise fromeé diferent sources: the
monolayer thickness, interfacial roughness and the mgeolanisotropy. Firstly, ifthe
two media are separated by a layer with a thickness, d, witbfractive index n(z),
the intensity of the reflected wave can be approximated asi®did [81]:

rp(Osr) = 1rs(0sr)e, (3.17)

where (6g,) is the reflection intensity of a Fresnel interface for andaapised wave
(the phase shift oft/ 2 between p and s polarisations is indicated by the imaginar
unit 1). The ellipticity,e, can be calculated as:

n nd+n3 ** (22— ndn(2)? - ng
A nZ-n3 n(z)?

- o0

dz. (3.18)

This equation is correspondent to Eq. 3.7 becaysean be assumed to be unity and
then rf = g.. Eqg. 3.18 shows that a variation in thickness can be deteoeeduse
the layer thicknessfects the value of n(z).

The contribution of the interfacial roughness for a monetagt the air-liquid interface
is due only to thermal fluctuations [70]. Because the surfacesion for a monolayer
spread on a free water surface is large, fluctuations giveghgrse contribution at the
first order approximation. This approximation introduceseror on the monolayer
thickness calculation around 3A.

As it is well known, the coexistence of several phases in a aotayer gives rise to
anisotropy. This phenomenon can strongly increase thagiteof the reflected light
and this increase can be calculated by the 4 x 4 matrix met82|d [For an optically
anisotropic monolayer without a vertical axis of symmethg intensity of the reflected
wave is a function of the orientation of the molecules in thenwlayer plane (Fig.
3.4.d).

Nanofilm EP 3 Brewster angle microscope

The Nanofilm EF2 Brewster angle microscope is made up by twao arms, one where the
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Figure 3.4: A series of sketches are shown. a.: the Brewstglegg, for the free air—
water interface is drawn and the green arrows show the behawf a p-polarised light
incident atfg. b.: a film at the air—water interface of refractive index hfzoduces
a reflected light (dashed line). c.: schematic represemadf the components of the
BAM instrument. d. the two angles describing the positionaomolecule at the
interface are shown, whekgis the polar tilt angle and is the azimuthal orientation
angle. The head of the molecule is assumed to be in the pqift @D of the coordinate

system drawn.

The monolayer is inclined with respect to the objective akeen the focused image
will be just a narrow stripe. In order to obtain a complete gmaseveral stripes are
focused successively and then the software reconstruesntage. By an accurate

calibration of the intensity scale, for a dense and

thick olayer, djferences of the

order of 5— 10% in the thickness or in the surface density cadibtinguished. Known
this. the reflected intensitvy allows to distinouish domains with difFerent thicknesses



the great advantage of this technique is the absence of iceme probes, such as those
used in fluorescence microscopy. The development of a mpeoknd its domains can
be followed thanks to their flerent reflection properties. Furthermore, if an analyser
in the reflection arm of the BAM instrument is provided, itaas one to vary the
contrast between flerent domains and to investigate if and how molecules (thbug
as rod-shaped) are tilted with respect to the normal at theel An appropriate
calibration can allow one to relate the intensity of the aigio the tilt angle [83, 84],
however this capability was not used in the work presented.

The BAM imaging was useful to understand if the organic filmes@visotropic or not,
in order to interpret correctly the ellipsometric data wgsanlinearI’(A) assumption.
Furthermore, the miscibility property of the binary mixeuhave been determined.
The results of those measurement are shown and discussettinrs6.2.

3.4 Absorption Spectroscopy

This section introduces briefly the two techniques used tersi@ine the oxidant concen-
trations: UV-Visible (UV-Vis) and Fourier Transform InfrRed (FTIR) spectroscopy.
Both techniques are based on the absorption of electromiggresdiation by atoms
and molecules.
Absorption spectroscopy is employed as an analytical chtggntool to determine the
presence of a particular molecule in a sample and, in mamscas quantify its amount
[85]. The most common arrangement is to direct a beam of texhiaf given intensity,
lo, at a sample and detect the intensity of the radiation thasgmthrough it, | (Fig.
3.5). The transmitted intensity, I, can be used to calculateabsorbance, A, which
is defined as log@/1). According to the Beer—Lambert law, A is proportional tttoe
absorber concentration, c and the path length, |, as
DI U
A = log TO = g(¥)cl (3.19)

whereg, which is the molar absorption c@i€ient or extinction co@cient is a func-
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Figure 3.5: a. An absorption experiment: i the initial intensity of the radiation, |

is the transmitted radiation and | is the sample path lengjth An absorption band
with absorption cog cient e,x, Where c is the concentration of the absorbing material
in a liquid or gaseous phase (schematics adapted from Rsj. [8

of inner shell electrons in atoms are investigated by X-ragaaption. These changes
can also be combined (e.g. rotation-vibration transitjpresading to new absorption
lines at the combined energy of the two transitions. The gnhasssociated with the
guantum mechanical change determines the frequency oflis@rjation line, but sev-

eral types of interactions can result in a shift of the linecequency shifts can be
caused by external electric and magnetic fields and by iotenas of the absorbing
molecules with neighbouring molecules. For instance, giigan lines of a gas phase
molecule can shift significantly when that molecule is inquid or solid phase, since
the interaction with neighbouring molecules is stronger.

Absorption lines of an experimental spectrum always havedihwand shape, which
are determined by the instrument used for the observatiomntaterial absorbing the
radiation and the physical environment of that materialgénmeral, lines are found to
have the shape of a Gaussian or Lorentzian distributions Hlso common to char-
acterise solely the intensity and width of the line insteddh® entire shape. The
spectrometer used to record the absorption lines may datertheir width. In fact,

the ecnectrometer haces an inherent limit on bow narrow a line can he recolvved and <o



thanks to the specificity of the absorption spectra. A wideets of applications rely
on the use of absorption spectroscopy [86]. For instandeared gas analyzers can
be used to identify the presence of pollutants in air, dgtishing the pollutant from
nitrogen, oxygen, water and other natural air constitug8its88]. The identification
of unknown samples is possible by comparing a measured speavith a library of
reference spectra. In many cases, it is possible to detergpuralitative information
about a sample even if it is not in a library. An absorptioncipegm can be quanti-
tatively related to the amount of material present using Beer—Lambert law (EQ.
3.19). Determining the absolute concentration of a comploraguires knowledge of
the compound’s absorption gbeient. The absorption cgecient for some compounds
is available from reference sources, and it can also be oed by measuring the
spectrum of a calibration standard with a known concenvratf the absorber.

Principle of operation

The most straightforward approach to absorption specbpysis to generate radiation
with a source, measure a reference spectrum of that radiatitd a detector and then
re-measure the sample spectrum after placing the matdriateyest in between the
source and detector. The two measured spectra can then hmmoednto determine
the material's absorption spectrum. The sample spectrumneais not sgcient to
determine the absorption spectrum because it will fected by the experimental
conditions, such as the spectrum of the source, the absorgpiectra of other mate-
rials in between the source and detector and the waveletigplendent characteristics
of the detector. The reference spectrum will geeted in the same way by these
experimental conditions and therefore the comparison eftthio spectra yields the
absorption spectrum of the sample.

3.4.1 UV-Visible spectroscopy

The visible region of the spectrum comprises photon engrgiel.8 eV to 3 eV
(A = 400 - 700nm), and the near ultraviolet region, out to 200 extends this energy



as a graph of absorbance, A, versus wavelengjthAs described previously, the ab-
sorbance of a sample will be proportional to the number obdliag molecules (e.g.
their molar concentration in the sample tube). It is alsoessary to correct the ab-
sorbance value for operational factors if the spectra féEnt compounds are to be
compared in a meaningful way. The absorptionfcoent is particularly useful when
comparing the spectra offferent compounds and determining the relative strength of
light absorbing functions (chromophores). From the Beamhert law,g, is defined

as:
A
e =

cl
where A is the absorbance, cis the sample concentration antdhé light path length
trough the sample.
UV-Vis spectroscopy was used to determine the concentmadidd; produced by ex-
posure of Q to a UV lamp (Section 6.3.1).

(3.20)

3.4.2 IR spectroscopy

The infrared region of the electromagnetic spectrum cosgsrphoton wavenumbers
of 13300cm ! to 10cm * (corresponding energy between 1.6 eV and 1.2 meV &and
between 750 nm to 1 mm). Vibrational motions of most molestdddl into this region.
Absorption of IR radiation increases the vibrational statehe molecule, and can
also change its rotational state, but it does nfea the electronic state [85]. The
IR region is further divided into three sections: the near(18300 — 4000 cm?), the
mid-IR (4000 - 400cm?) and the far-IR (400 — 10cnt). Composition, arrangement
and binding type giect the types of vibrations possible for each molecule. The a
sorption will appear as a series of characteristic peaksesihe vibrational states are
quantised. A molecule with n atoms can show 3n — 5 (linear)ror3 (non linear)
vibrations. Not every vibrations leads to absorption. Iderto have IR absorption
the vibration must change the dipole moment of the molecindzigure 3.6 the CQ
possible vibrational modes are shown, out of the 4 availafddes, just 3 are IR active.



to the radiation. IR spectroscopy was generally considéoedle able to provide only
qualitative and semiquantitative analyses of common saspgkpecially when the data
were acquired using the conventional dispersive instrus{@b]. However, the devel-
opment of reliable FTIR instrumentation and strong compaée data—processing
capabilities have greatly improved the performance of gitlative IR work [90]. Thus,
modern infrared spectroscopy has gained acceptance asaledlool for quantitative
analysis. Deviations from Beer—Lambert law occur morerofteinfrared spectroscopy
than in UV-Visible spectroscopy. Both instrumental and glengfects cause these
deviations. Instrumentalfects include insfi cient resolution and stray radiation. In
dispersive IR instruments [90], the resolution is closellated to the slit width, while
for FTIR spectrometers it is associated to the optical paifferetnce between two
beams in the interferometer. Stray light levels in FT ingtamts are usually negli-
gible. Sample gects include chemical reactions and molecular interastisunch as
hydrogen bonding. The Beer—Lambert law deviations resu#t nonlinear relationship
for plots of absorbance against concentration. It is tloeeed good practice to obtain
calibration curves that are determined empirically fronown standards.

A brief overview of the FTIR spectrometer is given in the negttion.

FTIR spectrometer

Compared to the classical IR dispersion spectrometer {B@]FTIR spectrometer has
many advantages. The principle of operation is based on ritexference between
two beams of IR radiation, one reflecting on a fixed mirror ameg @n a movable
mirror. The sum of the two beams creates a sequence of catsteland destructive
interferences, which passes through the sample producainmt@rferogram (Figure
3.7). The Fourier transform converts the interferograno iat spectrum, changing

Interferometer

Sample
position

Source




in all the frequency range. The resolution can reach valeésab0.001 cm?, allowing
effi cient discrimination of the absorption lines. The signafise ratio can be highly
improved by summing electronically many scans of the spauotr

The FTIR spectroscopy measurements were performed to dyéime concentration of
NOs, which was produced in situ. Direct measurement of JIN® not possible in the
IR region. However, modelling the chemical reactions usegitoduce NQ (Section
6.3.2) provided the relation among the compounds. The mieasents of [NQ] and
[N,Os] permitted to calculate [Ng) (see Section 6.3.2).



Chapter 4

Data analysis

4.1 Introduction

This chapter describes the two main data analysis procedused and optimised
over the course of this PhD project. In Section 4.2 the tresitnof experimental data
recorded with NR is presented. Special attention was paitie¢dackground treatment
(Section 4.2.3) in order to allow a careful quantificationtloé surface active material
left after reaction. In Section 4.3, the model developed ¢scdibe the heterogeneous
reaction is illustrated. In particular, it is shown how theface excess profiles recorded
by both NR and ellipsometry can be interpreted to gain kimgtiormation about the
surface reaction.

4.2 NR data

The NR data acquisition provides a two-dimensional timeflight (TOF) detector
image. Figure 4.1 shows an example of raw data recorded fayreolayer of deuterated
oleic acid at the air—rACMW interface. On the x-axis the wangjth is reported, which
is calculated from the TOF. The y-axis represents the vartigis of the detector, hence
it provides the position and the width of the specular peake fiorizontal position of
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Figure 4.1: 2D TOF detector image shows the specular refiegtpeak due to a
monolayer of deuterated oleic acid at the air—rACMW inteefa€he x-axis reports the
neutron wavelength, the y-axis reports the detector pirel ghe color (from blue to
red) corresponds to the neutron counts.

the reflectivity. Another important ancillary measuremantis the reflectivity of O,
which shows a total reflection, i.e.,NN; = 1, below a critical q value as it is needed to
correct the overall normalisation. Most of the data presérin this thesis have been
recorded at an angle of 0.62vhich leads to a g-range between 0.007 to @®O07. This
low angle ensures a strong signal, allowing a very high timsolution necessary to
reveal the kinetic features of the heterogeneous reactialemuinvestigation, e.g. data
shown in Fig. 4.1 were recorded in 5s.

The g-range can be extended to higher value changing theéentiangle, for example
recording data at 3.78the maximum q is 0.2B" % A change in the incident angle
implies corresponding changes of other settings, such aslithwidths. It is necessary



function of g, taking into account the calibration to theident wavelength distribu-
tion and the detectorfeciency. COSMOS can correct the specular peak subtracting
the background and then calculates the reflectivity.

10°¢

T
——high T
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air-ACMW |

| | | | | | |
100 120 140 160 180 200 220
y—detector / pixel

Figure 4.2: The neutron counts are displayed as a functiaghefletector y-position.
The black line refers to a complete d-methyl oleate monolatfee red line refers to
a few percent of d-methyl oleate monolayer and the blue lafers to the clean air—

ACMW interface (i.e. with no monolayer present).

Figure 4.2 shows the projection of the 2D TOF image, where decular peak is
clearly visible and it is centred around pixel 128. The dete@area exposed to neu-
tronsis restricted to 85 — 226 pixels, which results in theacldrop of neutron counting
outside this interval. Figure 4.2 reports the comparisosigrials recorded with (i) a
d-methyl oleate monolayer, (ii) a few percent of a d-metHghoe monolayer and (iii)
a clean air—ACMW interface (i.e. with no monolayer presenEpcusing on the re-



4.2.2 Obtaining surface excess from R (Q)

Once the reflectivity profiles are obtained from the raw datditting procedure is
necessary to obtain physical information about the samgieh as the monolayer
thickness, the surface excess and - in the case of multicoemgsystems - the surface
composition. Several programs are available to analysg.RNBptofit [93] (program
running on Igor Pro, Wavemetrics, Oregon) was chosen becaluiss high versatility.
The fitting procedure can be divided into two steps: the tégoal calculation of R(q)
based on the Abeles formulation [61] and the least squarnasdibf the experimental
data. The parameters for the reflectivity calculation argrnojged in order to get the
best fit to the experimental data, and errors on parameterstarained. In order to
calculate the theoretical R(qg) using the Abeles matrix mdt[61], the sample has to
be modelled as a stratified medium. Figure 4.3 shows the moskal to analyse the
experimental data: a monolayer characterised by thickmeseattering length density,
p and roughness;. Both air and ACMW have = 0. During the reaction the layer

p Air

Reflected
beam

Incident
beam

p Layer d I

p ACMW

Figure 4.3: Model used for reflectivity fitting.

can change both and d, since we do not have reliable information on d becatideeo
low g range (0.007 - 0.0°1X‘1), this parameter is kept fixed. This choice is acceptable



andp was the free parameter (see blue squares in Fig. 4.4). The fal d = 4A was
chosen assuming the shape of the organic surfactant to bénalery which may lie
down at low coverage, hence the layer has a minimum thicko@sgsponding to the
diameter of the cylinder. The resulting surface excessegmere in agreement within
errors, hence we decided to use the first approach, sincesitasa time consuming.

X 1018

O dvariable (d > = 4A), p fixed
O d = 4A fixed, p variable
A d=21A fixed, p variable
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Figure 4.4: The surface excess decay as a function of timalcsilated using the two
different fitting approaches described in the text and in thenkg&8oth approaches
lead to the same results. Error bars were within the symimoédsions and are omitted
for clarity.

4.2.3 Background treatment for low signal

A typical reaction experiment has initially a well charadsed layer of fatty acids with
deuterated tails, and oxidation of the film is expected taultem loss of intensity



product yield estimation. To address this issue, | devalopenew approach in order
to avoid the introduction of systematic errors due to overunder-estimation of the
background level.

In Fig. 4.4 an example of a surface excess decay is shown. Aehgratter in the data
when approaching low (< 2 x 13" molecule m?) can be noticed. Thisfect was due
to the low counting rate and the introduction of artefactslagkground subtraction.
Furthermore, the analysis of NR data, recorded with a cleaA&MW interface, lead
to a surface excess of 3.6 x ®@nolecule m 2, which correspondsto 1 — 2% of an initial
monolayer ¢ 2 x 108 molecule m?) (see red circles in Figure 4.5). The new approach
provided a surface excess of about“rfolecule m?, corresponding te- 0.01 % ofl’
of a full monolayer (see blue squares in Figure 4.5), whiclows enough to allow the
careful quantification of surface active products. COSM®@&cpssing for background
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Figure 4.5: Surface excess values obtained from the NR datalean air—ACMW



raw data including the subtraction step in COSMOS. The wdtlerused for calculating
the background value were optimised in order to result inravde surface excesses for
ACMW:-only measurements as low as possible. Once the reddata were obtained,
the reflectivity as function of the momentum transfer (q) igised in Motofit [93].
Because of the noise in the low coverage data (see Fig. 4.8med the background
subtraction process resulted in some cases in negativetreflg values, which are
physically unrealistic and therefore cannot be modelleprapriately using any fitting
program. In fact, any fitting packages, when loading a raflégtprofile with negative
points, do not take those points into account leading toriremb results. Systematic
errors are propagated into the surface excess calculatioith are negligible at high
coverage but they start to became important at low coverage.

In my approach, in order to avoid negative reflectivity valughe reduction step was
performed without any subtraction of the background. Pdalsi meaningful reflec-
tivity profiles were obtained, which are suitable for anyifig program. Out of the
programs available, Motofit was chosen, because of the Ipitissito perform they?
minimisation, weighted by the errors in the reflectivity dgtoints. At this stage a
non-zero value for the background was used in the fitting gddace. The background
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for each value the surface exceBswas calculated. Figure 4.6 shows the results of this
systematic analysis of the clean air—rACMW data. A suitallei® for the background

of 3.4 x 10 ° was refined and used for the fitting of all the reflectivity plesfirecorded

in the same beam time. This second approach resulted in Ewdnce excess values
(~ 0.01% of thel’ of a full monolayer) and in less scattered data compared €o th
standard procedure (see Figure 4.5). For each beam time,XClslta were recorded
and treated as described above to obtain the backgroune,vatuich can slightly
change due to the instrument settings and the neutron beamsst

The background treatment described above is necessary ddeing with very low
reflectivity, i.e. close to the background level. This maguwcwhen dealing with fully
deuterated surfactants at low surface excess or with gigrdauterated surfactants.
So far, NR was used to investigate the surface excess of gdete monolayer at the
air—ACMW interface and the interfacial composition of mixés, with an expected
precision of 5- 10% [94, 62, 95]. In this work, the precisiomguested was much
lower, and the demand was met thanks to the background metkeiuced and the
capability of the FIGARO reflectometer. The instrument saj$ of FIGARO allowed
to record R(q) for the g-range 0.007 — 0A7!, which ensures a good signal even at
low surface excess (see Section 2.4).

It isimportant to remember that in these extreme condit{oes quantifying precisely
a negligible surface excess at the air—rACMW interface) tkg Rata are very scattered
with at least 10% statistical error. Furthermore the abisolalues of the reflectivity
are very low ¢ 10 °) compared with the initial signal given by a deuteratedyfattid
monolayer ¢ 10 2?).

This process of refining the background treatment togethr the low-q strength of
FIGARO may allow the use of a partially deuterated samplesvan hydrogenated
ones, where the contrast is much weaker than in fully detédranonolayers. Fur-
thermore, it may also be feasible to investigate if the oridaare incorporated into
monolayers at the air—water interface. Moreover, this aysttic study has already
proved to be useful to other FIGARO users to perform a moreirate analysis of



the kinetic behaviour.

The techniques used to follow the surface reactions (seg@t@h& and Section 3.3)
provide the surface excess of the organic surfactant asai@mof time,I'(t). In the
following sections | describe the approaches to analysed ppoofiles and their validity.

4.3.1 Surfactant exposed tozO

The first system studied during my PhD was methyl oleate, M®osed to Q [33].
Even ifit is not the main topic of my project, it is closely aééd to it, and | have been
centrally involved in all of the experiments, the data as@lyand the kinetic fitting.
In order to fit the surface excess decay, we need to describeddction mechanism.
We assume that eachs@nolecule can attack just one methyl oleate molecule:

MO + O, —— products (R4.1)

In terms of concentrations, we can write the followingreliential equation:

_ dMO]
dt

= ksurf;MO;Oa[MO][o 3]S (4-1)

[MO]is the surface excess of MO (generally callédin molecule cm?) and k. mo: o,
is the rate cogcient (in cn? molecule s 1). [Os]s (in molecule cm?) is the coverage
of ozone that dissolves into an organic layer at the air—mmterface corresponding to
[Oz]chamber (in molecule cm ®) in the gas phase. K} is calculated assuming that the
surface concentration is constant in time and is equal tayehaw solubility (see Eq.
6.2). The gas phase concentration of ozone during the rawtas not constant owing
to the gas volume above the trough and the mixing of the addedeo Assuming
that the chamber acted as a well stirred reactor with cotsiad matching input and
output flows the concentration of ozone in the chambeg]{@"°¢’ may be calculated
as: [ O ]

[Oz]¢a™Pe" = [O3], 1- exp _Vt (4.2)
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The fitting function has been implemented in the Curve Fgtioutine of Igor Pro
and each decay has been analysed individually. A weightast Isquare fitting was
chosen in order to take into account the error bars on theseréxcess values. For
each [Q]s used, a k was obtained and a;{Os]s) profile has been plotted and fitted
with an orthogonal distance regression line to obtain tloerse order rate cgecient

ksun‘; MO; O3+

4.3.2 Surfactant exposed to NO

Organic oxidation driven by N©shows several reaction channels, which are not well
described by the approach used for MO 4 §stem. Dferent mechanisms need to
be taken into account in order to fit the experimental datap@écgic model has been
developed for the heterogeneous reaction at the air—waterface. This model builds
on the formalism and terminology of the PRA framework [96].id a combination of
KM-SUB and K2-SURF, and it has been adapted to the planar gagm

KM-SUB and K2-SURF were introduced by Shiraiwa et al. [97] &Bd in the last
years they have been applied to describe several experahdata and conditions,
e.g. Refs [99, 100]. Both models describe the evolution efkimetic parameters of an
organic droplet exposed to oxidant. | adapted the model taoaamolecular organic
layer at the air—water interface. The oxidant loss due tordeetion and transport
to the bulk water has been taken into account. The organictaeés used in the
experiments show a very low solubility and slowfdsion in water, hence the loss
due to transport to the bulk could be neglected. Since thelysbbranching ratio
of the heterogeneous reaction is not known, and the tecksigged cannot identify
individual products, | divided the products into three gatrges: volatile, soluble and
surface active species. The distinction between solubdevatatile species is made on
the basis of the product yields known for bulk reaction andsmbering their vapour
pressures and solubilities. Because of the method useddaupe NQ (see Section
5.3.2) the ratio [NQJ [NO3] increases from 10to 10' as [NG;] decreases from 20
to 1 moleculecm?. Since the NG can adsorb and desorb from the organic layer
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Figure 4.7: Kinetic model for an organic layer at the air—@ainterface.éx, anddy,
are the thicknesses of sorption and surface layey. is the mean free path of;Xn
the gas phase. The red arrow shows chemical reactions. Teem girrows show the
transport fluxes.

evaporation into the gas phase.
The evolution of the gas species surface concentratigh, ean be described by taking
into account the following processes: adsorption, desonpttransport and reaction.
From the kinetic theory, the flux of colliding ;Xmolecules with the surface can be
expressed as

x;

Jcoll;xi = T [Xi]gs (4-4)
where [X]gs is the near-surface gas concentration that is assumed tbdeame as
the gas phase concentration. As a result of the finite timeired to fill the chamber,
as detailed irz Section 4.3.35, the gas-phase concentratitmeichamber is described as
Xilgs = Xilv 1- exp =" 'where f is the flow rate, v is the volume of the chamber
and [X]v is the oxidant concentration measured by IR spect(f)scmfsection 6.3.2
for details). wno, is the mean thermal velocity given byy, = 8RT/aMy,, where
My, is the molar mass of XR is the gas constant and T is the absolute temperature.
The flux of aas malectiles ad<arbed an the araanic laver i< exnre<ced hv



The surface coverage is defined as the ratio between the laghgdathe maximum
surface concentration value of the gas specigsfx, = [Xils/ [Xils:max= ox; [Xils-

The adsorbed molecule can thermally desorb back to the gaseptiDesorption can be
described by a first—order rate goeent, k;.x,. which is assumed to be independent
of 6s.x,. The flux of desorption of gas-phase molecules can be exgiess

Jdes;)Q = kd;Xi[Xi]s = Td_)%i [Xi]s (4-7)

The desorption lifetimey. x, is the mean residence time on the surface in the absence of
surface reaction and surface bulk transport. ForzM@ assume to have two desorption
lifetimes, 4. no,: 1 @Nd1y. Nnos: 2, Which are combined to give arfective desorption time
Td;N0s;ef Weighted by the organic surface covera@g= [Y]sd [Y]ss;0as

-1 _ -1 -1
Td:NOs; ef ~ OssTq:nogi 1 T (1= 0s9) g N0, 2 (4.8)

This change in desorption time is related to the change ehbaition of the organic
molecules at the interface, i.e. for a highly packed moreiaye reactive site is as-
sumed to be less accessible, and the oxidant has jes#tyafor other parts of the
molecules hence the desorption is faster. When the organface coverage decreases
the reactive sites become more accessible and the desoristislowed down. For
NO, we considered a single desorption lifetimg,no,. Once adsorbed to the surface,
the gas-phase molecules can be transported to the bulk \&aigervice versa. The
corresponding fluxes can be expressed as

Jsb;xi = ksb;Xi[xi]s (49)
Jbsix. = Kos;x [Xilb (4.10)

where ks.x in cms ! is a transport cgecient and can be regarded ggeetive trans-
port velocity. The bulk dfusion cogicient, D,.x,, can be used to estimate this trans-
port velocity, ks.x, =~ 4Dp.x,/ T Ax,, Whereky, is the average travel distance from the
near-surface bulk into the sorption layer. To estimaigexk the rate coff cients for



ksurf;Y;N03:
I—surf;Y;N03 = I(sun‘;Y;Nos [Y]SS[NO3]S (4-12)

The evolution of the N@ and NG, surface and bulk concentrations can be described
as follows:

d[NO

| dt L = Jads;Noa ~ Jdes;Nay — Lsurf;v:nos + Jbs;No; = Jsb:nos (4.13)
dINO A

[ dts]b = (Jsb;nos — Jbs;N%)v (4.14)
d[NO

| dt 2k = Jads;Ng ~ Jdes;Ng t Jbs;No, = IsbiNo, (4.15)
dINO A

[ dtZ]b = (Jsbino, — JbS;NOz)V (4.16)

where A is the water surface area and V is the total water velum
The reactant, Y, can be lost just through reaction withsN®the surface, hence it is
described as:

d[Y]ss

dt
The products of the heterogeneous reaction can not be faehtndividually by the
experimental techniques used, hence we divided them iretimagn categories: surface
active (%), volatile (Zs) and soluble () species. The surface active products will
remain at the air—water interface, and the surface-bulkdpart is neglected:

= - ksurf; Y;NO3 [NO3]s[Y]ss (4.17)

diz
[ dj]ss = o Keurtov:noy INO3Js [¥]se (4.18)

where g is the branching ratio relative to the surface active praducl he volatile
products will leave the surface depending on their vapowsgures, but with a lack
of information on the chemical composition, we decided te asfirst-order loss rate
codficient, koss:, to describe the overallfect, hence the gerential equation for &

IS:
d[ZG]ss

dt

= G ksurf;Y;N03 [NO3]S [Y]ss_ kloss;G[ZG]ss (4-19)



product concentration is expressed as:

d[Zz

[d?:]ss = CB ksul’f;Y;NOS [NO3]S [Y]SS+ kaS;ZB [ZB]b - kssb;ZB [ZB]SS (4-20)
diz A

[di]b (Kssb; z [ZBlss = Koss:z [ZB]b) V2 (4.21)

where ¢ is the branching ratio relative to the surface active praduc

The dfferential equations 4.13-4.21 describe the evolution ofvidréous species. This
system of equations cannot be solved analytically, hene€XBE solver of MAT LAB?
[101] has been used for numeric solving. In order to fit i{g), provided by NR and
ellipsometry, a minimisation of the value pf has been performed with the use of the

fminuit package [102].



Chapter 5

Multi-Instruments Miniaturised
Kinetics (MIMIK) chamber

5.1 Introduction

Organic monolayer at the air—water interface have been lyidudied in the last
decades. Considerablgfats have been made to understand the interactions and
physical properties of such systems in a static state (emtsturface area). Recently,
the study in non-equilibrium conditions has also attractlee attention of many sci-
entists, and interesting features have been pointed o@ @, 105, 106].

Our interest is focused on the atmospherically relevanimibal reaction happening
at the aerosol surface, which involves an insoluble orgaménolayer and gas-phase
oxidants. In the literature we found several studies of tieas of organic droplets
exposed to oxidants [45, 10, 107, 108], but no satisfyinga®solution of the surface
reaction from the bulk reaction has been achieved [99, 109].

A very powerful technique to study interfaces is neutroneatthmetry (NR). Neu-
trons are non-destructive for biological and soft-orgamaterials, and by selective
deuteration of monolayer components they give access tiaddl information, being
sensitive to the scattering length densities. Using a wieani footprint, NR experi-
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Figure 5.1: Photograph of the MIMIK chamber installed on FH&E ARO sample stage
where a neutron window (side), laser alignment window (tagdljpsometry windows
(sloped) and gas inlet (front) are visible.

compared to 25drof a previous chamber containing a commercial Langmuir ghju
ensures much faster build up of the concentration of thepdse oxidant, which is
crucial for kinetic studies. NR and ellipsometry allow tatelenine the surface excess
of the surfactant as a function of time. For accurate kinamnalysis, it is very im-
portant to minimise the time between switching on the oxtdidow and reaching the
steady state concentration; this mixing time can be takem account in the analysis
[33], but it limits accuracy and time resolution of the measuent. Another source of
error for kinetic studies is a non-homogeneous ggsisipn. To minimise this we paid
particular attention on designing the internal geometryhs# chamber and the gas
delivery system, taking advantage of fluid dynamics simotag [110, Priv. Comm.].
The experience gained with our previous reaction chamhfralsle for neutron reflec-
tometry only, was crucial to develop the MIMIK chamber. ThBMIK chamber is
compact enough to be easily handled, flexible and light toritmoost sample stages.
Improved gas isolation also ensures a precise control ofcgasentration and flow,



out two single block of aluminum in order to minimise the pbgdgy of gas leakage.
A custom-made trough is fixed at the bottom of the chamber dgmgcrews. The
neutron windows are rectangular (90 x 40 x 3 rand made of sapphire, while the
ellipsometry windows are circular (25 mm diameter) and mafisilica glass, which
has good transmission of polarised light.

162 mm
| O-rings
T ‘ | Ellipsometry
b window

Alignment
window

Gas outlet

132 mm

water '\

Teflon trough | Neutron
B window

Figure 5.2: Schematic cross section of the MIMIK chambere Gheen arrows indicate
the path of the neutron beam and the yellow ones the path ofades beam. The
incident angle for neutron has been exaggerated for clafibe chamber is constructed
out of aluminium, and the trough made of Teflon.

Two o-rings for each window, one on each side, ensure gds$-sgaling, as a result of
clamping by window frames fixed by stainless steel screwse ihket and outlet ports
for the gas flow are placed diametrically opposite on thetshails of the bottom part;
the relative position of inlet and outlet has been chosenpttendse the homogeneity
of the gas dfusion. The custom-made stainless steel gas connectorsrsge right
hand side in Fig. 5.1) consist of a thin—walled stainles®lstebe (1/8inch outer
diameter), which is inserted in and welded to a drilled hexed stainless steel screw.
On the outer wall a 1/ 4inch tube is welded to the small tubé, @amthe inner part it is
connected to a custom—made Teflon injector; see detailettigéien in Section 5.2.1.
The features of the injector can be tuned to allofedent ranges of flow rates (see



the error introduced by evaporation was found to be nedégimd automatic height
adjustment was thus not required.

5.2.1 Maximising the homogeneity of gasfdision

Once the main design for the MIMIK chamber was completed, pbsition of the

inlet and the outlet for the gas was carefully chosen. Inipaldr for the gas inlet, a
specific injector had to be designed and constructed. Tleetiof is a piece of Teflon
tube (O.D. 1/4inch, I.D. 1/8inch) with 11 holes of diametanth in a straight line

parallel to the main axis of the tube; the distance betwedesh® 1cm. The end of the
tube is closed with a Teflon cap. This injector can be rotatediiad its axis in order
to change the flow direction with respect to the chamber whhe orientation angle
has been fixed to 45after several tests performed with a fluid dynamics simolati
package available on SolidWorks [111].

Figure 5.3: Velocity field in the MIMIK chamber representegddstreamline plot. The
holes are oriented at 45with respect to the horizontal plane and the air forms whirls
reaching the water surface with only a low velocity. Adapteasm Ref. [110, Priv.
Comm.].



pressure gradient of only 2 x 1®mbar, hence the water surface is minimalfjeated
by the gas flow (see Figs 5.3 and 5.4).

Figure 5.4: Pressure contour plot for the plane just aboeewater surface showing
a very weak change in pressure, 2 x iMmbar, suggesting that the water surface is
minimally afected by the gas flow.

5.2.2 Suitability for NR and Ellipsometry

The ability to use the same sample environment for NR anpselinetry measurements
is extremely important for our kinetic experiments. In arde make the chamber
suitable for both techniques, apart from dimension conistsathe main issue to be
resolved was to allow geometrically the incidence of nensrand the laser beam to
the interface. The neutron beam impinges on the interfaceet low angle (0.62).
Sapphire windows were chosen because of their high neutrgmsinission and placed
on the wall without any particular tilting angle. The poked light for the ellipsometry
measurements arrives at the surface with an angle oftéGhe surface normal (Fig.
5.5). In order to avoid any loss of polarisation, the lightsht@ pass through the



Figure 5.5: Photograph of the MIMIK chamber and the expentaesetup for kinetic
experiment performed with the ellipsometer. The alignmstdge for the MIMIK
chamber was placed on an active anti-vibration table.

5.3 Material and Methods

In this section the experimental set-up and procedure tpgreethe sample will be
described.

5.3.1 Surfactant solutions

NR and ellipsometry were used to study the oxidation of orgamonolayers at the
air—water interface. To prepare the insoluble monolayethat air—water interface, it
IS common to use a Langmuir trough [67], which allows careftrol of the surface
pressure thanks to the precise movement of the barriers.s @pproach was used
in the previous reaction chamber, but for the new set-up weded to remove the
barriers, together with the motors and the pressure seons@dice the gas volume of
the chamber, as explained in Section 5.2. Without the barriers, the starting film was



Molecule Chemical | Molecular weight| Scattering length
composition (g9/ mol) (fm)
d33-methyl oleate C190,H3D33 329.69 346.80
methyl oleate C1905H36 296.49 3.22
d34-oleic acid C1805D34 316.67 358.05
oleic acid C15805H34 282.46 4.05
d14-palmitoleic acid | C;60,H16D14 268.49 151.49
palmitoleic acid C160,H30 254.41 5.72
d35-stearic acid C150,D35H 319.69 360.98
stearic acid C1805H36 284.48 -3.43
arachidonic acid C,005H3» 304.47 24.83

Table 5.1: List of the organic surfactants used for all thgezxmental work.x indicates
the custom-deuterated molecules provided by the Oxfordt&atiion Facility.

6.2.3). Prior to the spreading, the molecules need to beldes$in an organic solvent,
which needs to be guciently volatile to leave the water surface after depositibut
not too volatile to change the solution concentration whiéracting the solution from
the flask. Chloroform (> 99.8 %, Sigma-Aldrich) is the orgasolvent used to dissolve
all the molecules under investigation, as it is a good salfen all of them and the
volatility meets the stated requirements. In Table 5.1 thikelit of the surfactants
used for the experimental work is displayed. Some of the oudds used were fully or
partially deuterated; details for those are shown as wetle $olutions were prepared
shortly before the experiments, in order to reduce errorh concentration due to
solvent evaporation. Some milligrams of surfactant wersalved in chloroform in a
volumetric flask of 5 or 10 ml, achieving a final concentratadypically ca. 1 mgmi?,.
From the concentration (c in moleculetf), the available area of the water surface (S
in cn?) and the volume of solution spread (V in pl) the initial swwdaexcessI, can
be calculated: N eV 10

I'(moleculecm®) = 10° — = — (5.1)

S Ang

where the factor 10 takes into account the conversion from pl tooml = 10 3cmd.
Ang is the area per molecule, or per head group, and is givé’hZinthe factor 169
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had evaporated, and subsequently is was exposed to thehgas-pxidants.

5.3.2 Gas flow system

The gas phase oxidantsz;@nd NG;, used in this work to study the heterogeneous
reaction with organic monolayer were not provided in a gdsmdgr — as was the case
for molecular oxygen — but had to be produced in situ sinceg tre not sg ciently
stable for long-term storage.

Ozone was produced by the exposure of molecular oxygen toigh;Ifurther details
on the ozone generator, its features and calibration caouredfin Section 6.3.1. The
nitrate radicals, N@ were produced from the reaction betweep &hd NG. NO,
was supplied in small gas cylinders (112%Ynby Scientific and Technical Gases Ltd
(Newcastle-under-Lyme, UK). NOwas provided as a mixture with synthetic air at a
concentration of 1000 ppm with an analytical tolerance oR4. 2

A sketch of the gas flow system is shown in Figure 5.6 and phajmgs of the real
setup are shown in Figures 5.5 and 5.7. In order to produceepztie NQ cylinder

OZO11Ser
0, NO,
O

flowmeter flowmeter

mixing
bulb

bubbler

]\] 11\]\] =t



Figure 5.7: Photograph of the gas flow system as mounted ®F{NR measurements.
The oxygen cylinder is not visible. All the tubing is made oéflbn, and all the
connectors are made either of Teflon or stainless steel.

is 1.2dnm¥ min~ ! and the flow rate of N@is in the range 0.06 - 0.36dimin™1. The
mixing bulb has a volume of 5dinand the inlet part is made of a glass cylinder with
21 small holes on the surface, which enhances the mixing efddmponents. The
residence time in the mixing bulb ranges from 2 to 4 minutésickv is long enough
to establish equilibrium within the products (see SectioB.Z. The concentration
of NOg3 is tuned by changing the NCOflow rate and hence its concentration. A full
description of the chemical reactions and the spectrosco@asurements needed to
quantify [NOs;] can be found in Section 6.3.2. The tubing is made from Cheoriflu
(PTFE), with an outer diameter of 1/4inch and an inner diaanetf 1/8inch; this
material has been chosen for its high chemical resistanagigital flow meter (Model
MV-302, MASS—-VIEW, Bronkhorst) has been used for the cohofdhe O, flow. For
the NO, a ball flow meter resistant to Nxorrosion has been used. All the connectors
used were made of Teflon or stainless steel to ensure chensgiatance.



closed and measurement of the surface excess starts withearéisolution of 5s. In
the meantime the gas-phase oxidant production is startdd fa@ oxidant is initially

sent directly to the exhaust (see Fig. 5.6). After 10 minutep 2 leading to the
MIMIK chamber is opened while tap 1 (to exhaust) is closedtlsmt the gas mixture
starts to flow into the reaction chamber. At this moment thectien is started. The
measurement is stopped when the signal from the monolagehes a plateau, which
could mean absence of surface active material left (sigo@hdo background level) or
formation of a non-reactive monolayer (signal distingaisle from background level).
For very low oxidant concentrations, measurements wengpst® when the experiment
had reached a total acquisition time of 4-5 hours even if degala in the measured
surface excess values had not been achieved.

54 Performance tests

The performance of the MIMIK chamber has been tested cdyefudm the gas tight-
ness to the stability of the organic film with and without gaswvfl Special care was
taken to detect any wave formation at the water surface,wbauld destabilise the
organic film and at the same timgect the NR signal.

5.4.1 Flow-induced vibrations on the water surface

In order to prove the minimisation of the vibrations at thetevasurface due to the
gas flow, the trough was mounted on FIGARO and filled with 80 mDeO, which
shows a strong specular peak in NR measurements. Once th@ehavas closed a
measurement without flow was recorded as a standard, thefiahef oxygen was
increased from 1.2dfmin! to 2.6dn*min~!, and for each setting NR data were
acquired for one minute. If vibrations are present the widtlthe peak increases.
In Figure 5.8 the neutron counts are reported as a functignixal position on the
y-axis of the 2D detector. The peak width is expected to bexélpi(~ 12mm), and
we did not measure a significant deviation from this valuest ja small change for
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the consistency of the kinetic results, i.e. the rateffawent measured for single-
component systems using the two techniques. Furthermazeyanted to compare
those results with the ones from the reaction experimentopaed with the previous
chamber. The reaction studied was between a monolayer dfyheteate and gas
phase ozone.

Leaving the discussion on the rate fiagent to Section 7.2, | want to highlight the
point that the value found with NR using the previous chamiseconsistent with
the one found with the MIMIK chamber using ellipsometry an@® .NT he previous
chamber had a free volume of 25dmand the flow rate was 15 dimin™1, the sealing
was poor and the gasfflision was hardly reproducible as it lacked a well fixed gas
inlet. Nevertheless, even though it was far from perfecte fuantitative analysis
of surface reactions was reliable, probably due to the useigif concentrations of
O3 ~ 10" moleculecm?® and its long half-life [113].

Thanks to the use of NR and ellipsometry a comparison of thdadwe decay of
hydrogenated methyl oleate and the deuterated form can Hermed. From NR
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surface excess decay was identical. The kinetic fitting os#i'(t) lead to the same
rate cogicient, as it is shown in Section 7.2.



Chapter 6

Preparatory study of the chemical
compounds

6.1 Introduction

In order to study the heterogeneous oxidation occurringhatdrganic coated aerosol
surface, a proxy for this coating is needed together withpfoeluction of a gas oxidant
at measurable and reproducible concentrations.

The organic coated aerosol has been modelled as an organiclaiyer at the planar
air—water interface. Several molecules were used as ®,0zig. oleic acid, either as a
single component film or in a binary mixture. A preliminaryaglcterisation of those
films is reported in Section 6.2.

The gas oxidant used in this study werg @nd NG;. Both needed to be produced
in situ. The gas flow system has been described in Sectio, 38ile measurements
are shown in Sections 6.3.1 and 6.3.2. SincesM@s not directly measurable, relevant
reactions have been modelled in order to determine theioaldtetween the concen-
trations of the various gas species involved and thus tavalle calculation of [NQ]
(see Section 6.3.2).



Molecule Chemical A% C:D
composition

methyl oleate | C190,H3¢ cis—A° 18:1

oleic acid C150,H3, cis—A? 18:1

palmitoleic acid | C150,Ha30 cis—A? 16:1

stearic acid C1805H36 18:0

arachidonic acid C,,0,H3> Cis, Cis, cis, cis A%, A8 AL A | 20:4

Table 6.1: List of the organic surfactants used for the priglary characterisation of
the organic monolayer, the position of the double boad)( and the unsaturation
degree (C:D = number of carbon atom to number of double bond&e chain) are
reported. All the molecules were used as received from Sigidaich. Purity was

> 98.5%.

binary mixture, this characterisation was fundamental ¢tedmine the miscibility of
the components [114]. NR data were acquired to determinehlo&ness of the full
monolayer in the case of single components. These measuatsmwere possible for the
organic compounds available in perdeuterated forms. Thigdgenated form of the
organic molecules studied are listed in Table 6.1, and tebai the deuterated forms
may be found in Table 5.1.

Isotherms and BAM images allowed to determine the phasehalaof the organic
molecules used in this work. For example, the maximum cosgioa before collapse of
the films was obtained and this information was fundamerdgaldtermine the amount
of molecule to be spread for the NR and ellipsometry measanesa Furthermore, the
assessment of the absence of anisotropy in the monolaysrsrweial to investigate the
surface reaction with ellipsometry as complementary labeal technique of NR. The
NR measurement of deuterated monolayers allowed to deterthie thickness of the
full monolayers and to assess the reliability of the estedadcattering length densities
(see estimation method in Section 6.2.2). For the binarytung the combination of
isotherms and BAM imaging provided information on the nmbddy of the components
and the collapsing behaviour. Again, these informationenaucial to determine the
suitable initial amount of molecules to be spread at thevater interface for NR

rvnoerimente Crirthermoare the rinAoarct andina AF the micrihilityr AF the cormnAncntce 1



point of the BAM (Nanofilmep3bam, Accurion GmbH, Germany). The BAM instru-
ment and Langmuir trough were placed on a passive anti-titmmaable and enclosed
in a box to avoid contamination of the monolayer and insigbdue to air-turbulence.
The temperature of the subphase was kept atC2bising a water circulating bath.
Millipore water (resistivity of 18.2 M2 cm at 25C) was used as the subphase. The
surfactants were dissolved in chloroform (> 99.8%, Sigmdrigh) and then spread
at the clean air—water interface, which was pre-cleaned dpration using a pump.
Once the solvent had evaporated, the compression started.

While acquiring the values of surface pressure during thepession, the BAM im-
ages were recorded. The incident and reflection arms of th®l B#strument were
set to 53.1 with respect to the surface normal. The analyser was set t@d0 the
polariser to 2; the laser source had a wavelength of 532nm. The objectigeantdx
with a field of view of 400 um and lateral resolution of aboutr2 |fon a stationary
sample). To record the image, the focus line was selectatitlaen the acquisition was
carried out in ‘grab’ mode or in ‘quality’ mode (or in between'Grab’ mode allows
fast acquisition, with a lack of quality, because just aeslké the image is on focus;
this mode is very useful when the objects at the surface mavekly as a result of,
e.g., lateral Marangoni flows in the surface layer [115]. Tdwality’ mode allows one
to acquire all the field of view in focus. The image quality dae tuned, and it is
proportional to the acquisition time, hence it is approfeito use the second mode for
stationary samples. Most of the images shown in the follgweactions were acquired
using a medium quality mode.

For the experimental procedure relevant to the thicknessmement with NR, details
can be found in Section 2.4. The film was prepared through tbegaure described
in Section 5.3.1, and the MIMIK chamber was used as the sammplgonment. Two
neutron incident angles were used to acquire the reflegtpsitfile in a broad range of
g (up to 0.25A" 1) and the data were analysed as described in Section 4.2.

6.2.2 Methyl oleate, MO
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a hMO monolayer upon compression is 16 mN'mand the BAM image (Fig. 6.2.b)
suggests the formation of bulk liquid droplets on the surfaghite spots).

181

15! compression
2" compression
3" compression

161

141

= =
o N
T T

Pressure / mN m™t
[e0]
T

L L
5 10 15 20 25 30 35 40 45
Area per molecule /A2

Figure 6.1: Surface pressure isotherm of hMO at@®n a pure water subphase. Two
further compressions of the same monolayer are also disglay




the molecules studied. These values were constrained ifitthefit of the R(q) profile
reveals a layer thickness of 16.1 + @ Aand the solvent penetration, SP, of 1.3+ 0.1 %.
The value found for SP suggests that the calculated scattlEmgth density is reliable,
in fact no mixing of chain with air or water is expected.
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Figure 6.3: Reflectivity profile of a dMO monolayer recordegioa wide g-range. The
fitting of this R(q) profile provides the layer thickness amhe@ solvent penetration (SP).

6.2.3 Oleic acid, OA

Figure 6.4 shows the pressure—area isotherm for hOA; th@oession was carried out
three times. Again, the shift of the second and third isattseeon the x-axis respect
to the first one indicates a loss of material during the corsgioa; however the loss is
smaller than for hMO (Fig. 6.1). The maximum pressure reddee82mNm !, The

shape of the isotherm below that pressure is again typicallofuid expanded phase,
L., Which suggests disordered chains. Compared to hMO, thiesltan pack tighter,
and probably this is due to the smaller headgroup; hOA has &K @ead and the
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Figure 6.4: Surface pressure isotherm of hOA at@®n a pure water subphase. Two
further compressions of the same monolayer are also disglay

Figure 6.5: BAM images of the hOA monolayer at “Z5 on a pure water subphase
recorded at two pressures: a. 3mNinthe layer is isotropic; b. 32mNmi, the layer
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Figure 6.6: Reflectivity profile of a dOA monolayer recordegoa wide g-range. The
fitting of this R(q) profile provides the layer thickness amhe@ solvent penetration (SP).

6.2.4 Stearic acid, SA

Stearic acid is dfierent to OA and MO, because the aliphatic chain is saturategure
6.7 shows the pressure—area isotherm for hSA, the compness&s carried out two
times. The second isotherm overlays the first one indicatim¢pss of material during
the compression, which was observed for hMO and hOA.
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above 52mNm?! further compression leads to the collapse of the monolager the
pressure drops dramatically te 24mNnT?!. Stearic acid has the same headgroup
as oleic acid, but it has no carbon-carbon double bond in hiaén¢g hence the chain
can pack very tightly. Figure 6.8.a displays the in-plamaisture of the hSA film at
OmN 1, where domains with @ierent reflection property can be distinguished. This
suggests presence of various chain arrangements, hencedkistence of gas phase and
liguid condensed phase for zero pressure. At a pressureraf\s ! before collapse,
the second BAM image (Fig. 6.8.b) suggests the formationrghwised structures in
the solid phase.

Figure 6.8: BAM images of the hSA monolayer at°Z50n a pure water subphase
recorded at two pressures: a. 0 mN'mdomains can be distinguished; b. 45 mNm
organised structure are formed. The white bar correspoad9® um.

The dSA film thickness has been measured by NR and the R(qg)gmfshown in
Figure 6.9. The solvent penetration was fixed to 0%. A fit of R(g) profile reveals a
layer thickness of 21.6 + 0A and the scattering length density of 8.1+ 0.1 x 482,
The scattering length density was not calculated followting procedure described in
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Figure 6.9: Reflectivity profile of a dSA monolayer recordeeroa wide g-range. The
fitting of this R(q) profile provides the layer thickness amhe@ solvent penetration (SP).

6.2.5 Palmitoleic acid, POA

Figure 6.10 shows the pressure—area isotherm for hP OA;dimpiession was carried
out three times. Like with the other unsaturated monolageuslied above, the shift

of the second and third isotherms on the x-axis with respedhe first one indicates
a loss of material during the compression.
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expanded phase,Lwhich suggests disordered chains. Compared to hOA, hP QA ha
the same structure from the headgroup to the carbon doubid,band then it is
shorter by two CH groups (Table 6.1). The minimum area per headgroup is larger
than the one for hOA« 23A2 vs 1776\2), and the pressure starts to increase before
the compression required for hOA-(45A2 vs 32A2). The increase in pressure is
more gradual than those observed for the previous moleatledied. Figure 6.11.a
displays the in-plane structure of the hPOA film at low presswhere the layer is
again totally featureless and isotropic. UnfortunatelyMBimages were not taken for
high pressure. It is reasonable to imagine a similar coldpe=haviour as seen for hOA
and hMO, since the surface pressure isotherm is smooth amthage transitions were
found as for the other unsaturated molecules.

Figure 6.11: BAM images of the hP OA monolayer at’250n a pure water subphase
recorded at low pressure. The layer is isotropic.

The dPOA film thickness has been measured by NR and the R(dj)episoshown in
Figure 6.6. The scattering length density was calculatedxp$ained in the previous
section 6.2.2 and fixed to 3.2 x 10A~2 (note that the lower value in this case is ex-
plained by the fact that the molecule was only partially deated, see Table 6.1). A
fit to the R(q) profile reveals a layer thickness of 19.1 +MAnd a solvent penetration
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Figure 6.12: Reflectivity profile of dP OA monolayer recordmer a wide g-range. The
fitting of this R(q) profile provides the layer thickness amhe@ solvent penetration (SP).

6.2.6 Arachidonic acid, AA

Figure 6.13 shows the pressure—area isotherm for hAA, tin@cession was carried
out three times. Again, the shift of the second and thirdhsoins on the x-axis with
respect to the first one indicates a loss of material durirgdémpression. The loss
of material is on the same order of the loss of the other unrsaéd molecules. The
maximum pressure reached is 27 mN'mAgain, the shape of the isotherm below that
pressure is typical of a liquid expanded phasg, Which suggests disordered chains.
Compared to hOA, hSA and hPOA, hAA has the same headgroupt lhasia longer
aliphatic chain and four unsaturated C=C bonds (see Tali)e 8.he minimum area
per headgroup is the largest among the previous moIecuIéJ§°A2), and the pressure
starts to increase at a compression well before that in therasotherms 4 553’6\2).
The increase in pressure is slower than the previous ma@saiudied. Figure 6.14.a
reports the in-plane structure of the hAA film at low pressuhe layer is isotropic and
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Figure 6.13: Surface pressure isotherm of hAA at @5on a pure water subphase.
Two further compressions of the same monolayer are alsdayisg.

Figure 6.14: BAM images of the hAA monolayer at “Z5 on a pure water subphase
recorded at low surface pressure. The layer is isotropic.

6.2.7 Binary mixtures



the miscibility of the two components at surface pressumdevn 22.5mNm?t. A col-

lapsed phase (Fig. 6.16.b) results in a similar BAM imagehose recorded for the
single components hMO and hOA.
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Figure 6.15: Surface pressure isotherm of the mixture (10l) mf hMO and hOA at

25°C on a pure water subphase. Two further compressions of tine saonolayer are
displayed.




Methyl oleate and stearic acid

Figure 6.17 shows the pressure—area isotherm of the mixtM@-hSA (1:1 mol). As
for hMO, a shift on the second and third compression suggekiss of molecules, but it
is not clear why the loss is larger than what was previousbeoted. The overall shape
of the isotherm is similar to that from a monocomponent hM@ fibut the maximum
pressure is slightly higher, 18 mMNTh The gfect of hSA is not visible in the isotherms,
probably because it would have been necessary to compressefu However, BAM
images clearly show the non-miscibility of the two comparseat low and high surface
pressure values. Figure 6.18.a, recorded at 4 mN rshow the presence of separated
domains. At the maximum compression, rod-like domains asdryuishable from a
uniform background (Fig. 6.18.b), and the collapsed stutetis very dferent to the
one recorded for the single components.
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Figure 6.17: Surface pressure isotherm of the mixture (1ol) mf hMO and hSA at
25°C on a pure water subphase. Two further compressions of tine saonolayer are
displayed.



Figure 6.18: BAM images of the hMO-hSA monolayer at’25on a pure water sub-
phase recorded at two pressures: a. 4mN,nthe layer shows circular domains; b.
17mNnT i, the layer collapsed and domains became rod-like (max cessfm). The
white bar corresponds to 100 um.

Oleic acid and stearic acid

Figure 6.19 shows the pressure—area isotherm of the mixtOe-hSA (1:1 mol). As
for the hOA, a shift on the second compression suggests fas®lecules. The shape
of the first isotherm up to 32 mNmi is similar to the hOA film, and then a first small
drop of the pressure is recorded before the pressure staygtaott until A2, Upon
further compression, a steep increase and then a drop isdextothis is a feature
related to hSA. The second compression shoyemint features, which could be due
to the presence of collapsed structures, which do not rdiecate during expansion.
The BAM images clearly show the non-miscibility of the twongponents recorded
at three dferent surface pressure values. Figure 6.20.a, recordedn&t o 1, show
the presence of separated domains. Just before the prgs&isau (32mNm?),
condensation nuclei appear while the circular domains aiflevssible (Fig. 6.20.b).
At the maximum oressure. 40mN m~-1 raod-like domains are distinauishable from a
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Figure 6.19: Surface pressure isotherm of the mixture (1ol) mf hOA and hSA at

25°C on a pure water subphase. A further compressions of the saom®layer is
displayed.
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6.3 In situ production of gas oxidant

| studied the surface reaction of organic monolayer at thenaiter interface initiated
by O; and NG;; these gas-phase oxidants were produced in situ both foN&hand
ellipsometry experiments. Since the measurements of teecgacentrations was not
feasible online, the gas setup was reproduced and for eachioa condition spectro-
scopic data were collected, which were analysed to obtaalitgdive and quantitative
information. The gas flow system is described in detail inti®ac5.3.2.

In this chapter the spectroscopic data recorded and thailysis are described. This
allowed to quantify the concentrations of ozone(nitrogen dioxide (NG@) and ni-
trogen pentoxide (MDs). Oz has a strong peak in the UV-Vis region,® has a
strong absorbance in the IR region, N@bsorbs in both regions. To calculate [NO
a mathematical description of the reactions has been deseland relations between
the steady-state concentrations of N®I,Os and NG; were derived.

6.3.1 O

The ozone is produced with a pen-ray ozoniser (UVP Ltd Pep-€mtinuous flow
generator, UK). The ozone generator is a box containing tam@ltel tubes, one made
of quartz, where the oxygen molecules can flow through andther contains the UV
lamp, which can be covered with an aluminium tube (a schesndgéw is shown in
Figure 6.21). The quartz tube is drawn as a red rectangleUJthtamp as a light blue
rectangle and the aluminium tube is represented as a daekrblitangle.

a

| UV lamp |

— 0,+0, |



the ozone concentration for each setting of the ozoniseg, ddrresponding UV-Vis
spectra were measured.

This paragraph gives a brief description of the experimeptacedure and the re-
sulting ozoniser calibration. The gas flow system is desttilm Section 5.3.2. For
the measurements of the ozone concentrations, the oxyderey is connected via a
suitable regulator to the flowmeter, which is linked to theagu tube of the ozoniser.
A glass chamber with calcium fluoride windows is connectedTkflon tubing to the
exit of the quartz tube. The gas chamber is then filled by thetume oxygen with
ozone produced by exposure of molecular oxygen to UV lighthed, the chamber
is disconnected from the gas flow system and placed on thelsaampa of the UV-
Vis spectrometer (Lambda 900, UV-Vis-NIR SpectrometertkineElmer). For each
ozoniser setting, min. three UV-Vis spectra are measuredorder to obtain a mean
value and error of the absorbance spectrum. The backgropectraim was recorded
with the gas chamber filled with pure molecular oxygen. Aftemoving the back-
ground, the absorbance intensity at 253.8 nm was taken, aswirang an absorption
cross section of = 1.137 x 1017 cn? molecule * [118], the ozone concentration could
be calculated using the Beer—Lambert Law:

0sl= 4 (6.1)

where A is the absorbance, | is the path length (I = 18 cm) angli$dn molecule cm?®.
The measurements were recorded for twgedéent flow rates: 0.6 dfmin~*and 1.2dm
min~ 1. The calibration curve for those flows are shown in Figure6.Ror both flow
rates the value at 10 intervals lies below the linear trenethvis due to the fact that
the UV lamp is fully exposed already in between th& &nd 10" interval of the alu-
minium tube. For the linear fit the last point was excluded.Thble 6.2 the fitting
results are reported.

Flow rate (dnimin~ 1) | Slope (18° molecule cr)
0.6 2.22 + 0.03
1.2 1.20 + 0.02
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Figure 6.22: Calibration curves for the ozoniser with twgeatent Q flow rates. Solid
lines show the linear fit to the experimental data points. &edrresponding to x=10
are not taken into account for the linear least squares @ttin

that the surface concentration is constant in time and ip@ndaonal to Henry’s Law
solubility constant,7, ¥ [119, 120]:

[03]s = klgc [OS]V8 (6-2)
Ky . .
cC —
kiw = 0'0409d|men5|oless (6.3)
kq (T = 298.15K) = 0.48Matm'= 480molem?3atm ! (6.4)

6 = 2nm is the surface layer thickness. The basic assumptitimais O; from the gas
phase replenishes the surface faster than the rate at whieaéts with the organic
film.
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Figure 6.23: Estimated ozone surface concentration forgemy flowing at
1.8dn? min~!. The calibration has been extrapolated from measuremen®s fows
of 0.6 and 1.2dmmin"? for low UV exposure (X< 5). Error bars were calculated by
uncertainty propagation of the calibration slopes and efflow rates.

6.3.2 NG;

We produced N@by reacting varying concentrations of N@ith a given ozone concen-
tration. [NO,] is always in large excess of [Pto ensure that all the ozone is consumed
before the gas flow reaches the organic film. fiuld not be measured directly, but
we calculated [N@] from spectroscopic measurements of [N@nd [N,Os].

Reaction model

The reactions considered for description of the in situ piciébn of NO; are shown
helow (RGE 1-R 6 3)



conditions, i.e. temperature and pressure are approprida&en into account; the
conditions chosen for the calculation are 298.15 K’ @%b and atmospheric pressure, 1
atm). For further details on the equations 6.5-6.11 see Réf. The first reaction is
a bimolecular reaction and the rate fiazent is described as:
(] E U

ki(T) = Aexp - RT (6.5)
where A = 1.2 x 10*cm®molecule!s ! and E/R = 2450K [37], those values are
valid for temperature ranging from 230 to 360 K .
Reaction R 6.2 is a termolecular reaction and the ratghicmnt, k(T, [M]), is esti-
mated using the expression described by Troe [121]. Theerdnation of the third
body, [M], is related directly to the pressure, in the atmuome M is the sum of
N, and Q@ and approximating to ideal gas we can use [M] sx3/NVnoe = 2.46 X
10" molecule cm?,

ST = k. gy T 69

where lg.o(T) is the low-pressure limiting value for,KT, [M]) and the dependance on
temperature is expressed as [14, 121]:

0 T O-p,
Ko;o(T) = kg?zo 300 (6.7)

where K% = 2 x 10%cm®molecule?s™! is the value at 300 K and n = 4.4 (valid

for T in the range 200 — 300K), both values were taken from R&f]. The k. .»(T)

is the high-pressure limit value for,KT, [M]) and the dependance on temperature is

expressed as [14, 121]: 0 0
-m

T

300 (6.8)

k. 2(T) = k3%

where %) = 1.4 x 10*?cm*molecule s ! is the value at 300 K and m = 0.7 (valid
for temperature in the range 200 - 400K), both values werendiom Ref. [37].



| Rate | Value |
k1(298.15K)| 3.2x 10 cm®moleculets?!
k»(298.15K)| 1.18 x 10*2cm® molecule*s?
k3(298.15 K) 0.06s?!

Table 6.3: Estimation of the rate constants for the reasti?rb.1-R 6.3 in the condi-
tions: T = 25C and pressure latm.

where B% = 1.3 x 103*cm®*molecule 's ! is the value at 300 K, L = 11000K and
p = 3.5 (valid for temperature ranging from 200 to 400 K), allues stated were taken
from Ref.[37]. The high-pressure limit forsKT, [M]) is expressed as:
0+ Dq

ko 3(T) = k3% 300 exp(—N/T) (6.11)
where % = 9.7 x 16“cm®molecule 's ! is the value at 300 K, N = 11080K and
g= 0.1 (valid for temperature in the range 200 - 400K). All ladues are taken from
Ref. [37].
Once all the rate cgecients are obtained for the correct conditions (Table @B,
differential equations describing the reactions R 6.1-R 6.3 @I - 6.15) can be solved
numerically in order to obtain the concentrations as a fiomcof time for the various
chemical compound.

d[dci3] = —ki[O3][NO;] (6.12)
d[Nd?Z] = —ki[O3][NO2] - kz[NO3]INO3]+ k3[N,Os] (6.13)
dN2Os] _ ko[NO3][NO] - k3[N,Os] (6.14)
dt
d[l\:jto3] = ki[NOJ[O3]— kz[NO3][NO,] + k3[N,Os] (6.15)

| implemented the system of equations in Matlalfl01]. The solutions have been
computed for several initial [Ng) values, corresponding to the gas conditions chosen
far the NR ellincaometrv and IR exnerimentse The initial concentration of ozaone was<
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Figure 6.24. Time evolution of [Ng calculated from the Eqs 6.12-6.15 for several
initial values of [NG]. The initial [NO;] values are reported in the legend.

13

12210
JE— [NOZ] 36 ppm
- [NOZ] 49 ppm
10 [NO,] 62 ppm
- [NOZ] 80 ppm
[NOZ] 98 ppm
‘rE 8 [NO,] 118 ppm
; [NOZ] 141 ppm
§ 6 _ [NOZ] 160 pmm
g _ [NOZ] 193 ppm
= I [NOZ] 229 ppm
Or")
= 4
2
0 & : ; ; | | i
0 50 100 150 200 250 300 350 400

time /s

Figure 6.25: The consumption of;@s a function of t, calculated from Eqs 6.12-6.15
as a function of the ghierent initial [NO,] values is displayed.
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Figure 6.26: The formation of )Ds as a function of t, calculated from the Eqs 6.12-
6.15, is shown for several initial values of [ND
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Figure 6.27: The formation of N{as a function oft, calculated from the Eqs 6.12-6.15,
for several initial [NQ] is shown.



the experimental data recorded with NR. In fact, during the é&kperiments, the gas
setup was placed outside the sample room, where the reach@mmber was placed.

In extreme weather conditions in Grenoble, the temperatecerded at the gas setup
was sometimes up to’® higher or lower compared to the sample room temperature,
which was kept fairly constant to (25 A}.
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Figure 6.28: The evolution of the concentrations gf ®O,, N,Os and NG; due to
temperature increase from 298K to 303K (initial concentmatof NO, = 36 ppm).
The equilibrium is reached in tens of milliseconds.

The development of this model provides the means to caleula¢ NQ concentration
from the concentrations of NOand NOs. Those concentrations may be measured by
IR spectroscopy. Once the reactions R 6.1-R 6.3 achievettdaglg states the measured
values for [NQ] and [N;Os] allow calculation of the [N@] using the following equation:
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Figure 6.29: The evolution of the concentrations gf ®™O,, N,Os and NG, due to
the temperature decrease from 303K to 298K (initial concmdn of NG, = 36 ppm).
The equilibrium is reached in tens of milliseconds.

IR measurements

The measurements of the concentrations have been perfowitedan FTIR spec-
trometer (IFS/ 66 S, Bruker). For the very low concentrasioa be detected, the most
sensitive detector of the FTIR spectrometer was chosenhwligs a photoconductive
detector (MCT D315). The acquired spectrum was averaged 18@ scans and the
resolution was fixed to 1 cnt. The gas setup is described in detail in Section 5.3.2 and
a photograph is shown in Figure 5.7. A systematic study ofg&® mixture composi-
tion as a function of [N@] was performed. [N@)] in the cylinder was 1000 ppm in air,
to obtain various concentrations the flow rate of N@as varied from 45 cimin~! to



| NO; flow rate (cn¥min~?) | [NO,] (ppm) |

45 36
62 49
80 62
104 80
130 98
161 118
197 141
228 160
290 193
360 229

Table 6.4: The flow rates of NQare reported in the first column. The resulting
concentrations due to mixing with JOflowing at 1.2dmimin! are reported in the
second column.

dures, e.g. flow meter settings. The gas sampling chamberfas¢his measurements
was the same as the one for the UV-Vis study: a glass cylindtdr avpath length of
18 cm, and two circular CaFwindows of a diameter of 2.5cm. The chamber inlet was
connected to the exit of the 5dnmixing bulb (see Figure 5.6 and 5.7). The outlet
was connected to a bubbler. For the connections Teflon tudnmyeither Teflon or
stainless steel gas connectors were used. The flow was aairtiotthe chamber for
10min, then the chamber taps were closed and the chamber is@sdected from
the gas flow system. Immediately after, the chamber was glacéhe sample area of
the spectrometer and the measurements were recorded. Gad¢Q — O, mixture
was measured, the glass chamber was connected again toglilewaystem and the
O, was exposed to UV light, after 10 min, the glass chamber filédh the mixture
NO, - O, - N,Os was again put into the IR measurement area and the data were
acquired. Background measurements were recorded withhtémlger filled with pure
oxygen. The spectral contribution of the atmospheric gadg® and CQ, was elim-
inated with the atmospheric compensation routine of theRFTnistrument software.
The treatment of the data has been performed with the satywaovided with the
instrument (OPUS 5.5, Bruker). In order to obtain the absade due to the inves-



[124, 125]. Initially, |1 did not expect to measure HNGsince the gas flow system was
considered to be in dry conditions. The spectra show cledréy presence of HNO
which can be attributed to the reaction betweeif©Nand water. For this reason, the
peak at 1700cm* has not been used to quantify,®, because it overlapped with
the peak due to nitric acid. The absorbance intensity at ¢260 was used to ob-
tain [N,Os] with an absorption cross section of 1.81 x~1®cm? molecule * [123]. As
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Figure 6.30: Absorbance spectra recorded with FTIR specopy. The concentration

of NO, was 36 ppm. The blue solid line and the light blue dashed leprasents the
spectra recorded for NQOcarried by Q. The red solid line and the orange dashed line
refer to the spectra recorded for the mixture of NON,Os produced by the reactions
R6.1-R 6.3 and carried by O The background and baseline subtractions have been
performed using the OPUS software.

found with the theoretical calculation, the concentratadrN,Os is not varying as a
function of the NQ initial concentration (see Fig. 6.33). The value obtainedbout

half of what the model predicted (see Fig. 6.26). Since thmezoroduction is fairly
stable and reproducible, we suggest that this reducgds dan be explained by the
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Figure 6.31: Absorbance spectra recorded with FTIR specopy. The concentration

of NO, was 98 ppm. The blue solid line and the light blue dashed lepresent the
spectra recorded for NQOcarried by Q. The red solid line and the orange dashed line
refer to the spectra recorded for the mixture of NON,Os produced by the reactions
R6.1-R 6.3 and carried by O The background and baseline subtractions have been
performed using the OPUS software.
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Figure 6.33: The concentration o,®s produced in reactions R 6.2-R 6.3 is shown as
a function of the initial concentration of NO The concentration has been calculated
from the intensity of absorbance peak centered at 1256 cifihe production is almost
constant since it is due to the {pwhich is kept constant.

peak near 1600cnt and eyo,(1628cm ) = (5.57 + 0.05) x 10*°cm? molecule* for
the peak near 1628 cm.
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Figure 6.35: Intensity of the absorbance peak around 1628 @m a function of the
initial [NO,]. Blue circles represent NOmixed with O;, red circles represent the NO
not exposed to

is almost constant as a function of the initial concentmatigigures 6.36 and 6.37).
The NO, loss measured is about four times the initiad @ncentration, hence it is
double of the value expected from the modelZ.1 x 13*molecule cri). In the model
the equilibrium between NPand NO, was not considered, and hence this may ac-
count for the extra loss of NOrecorded. Furthermore, other minor reactions were not
taken into account in the model, such as the,Nfhotolysis and the heterogeneous
reaction on NQ with liquid water [126].

Even if other reactions were found tgect the final concentrations of N@&nd N.Os,

the amount of N@ produced is determined by the reactions R 6.2-R 6.3, whiciirob
the equilibrium within the N@—- N,Os — NO3 system, hence [N§) can be calculated
using Equation 6.17. The concentration of N@ shown in Figure 6.38 as a func-
tion of the initial [NO,]. [NO3z] ranges from 13 ppt to 160 ppt, which is representative
for atmospheric conditions [127]. Any loss of N@ue to reactions @gerent from the
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Chapter 7

Kinetic experiments of pure organic
monolayers

7.1 Introduction

In this chapter the kinetic experiments performed with timngle component monolay-
ers are presented. The results of the kinetic analysis aceissed. The surface excess
as a function of time is obtained both from NR and ellipsometreasurements. The
results obtained by the two technique are compared.

Each section describes the surface oxidation kinetics@siihgle component film. The
MO oxidation is presented both fors@&nd for NG;. All the other molecules (OA, SA,
POA and AA) were exposed just to NO

The main objectives of these studies are summarised here.

» To obtain the kinetic parameters specific to the heterogesmeeaction driven by
gas phase oxidantss@nd NG;.

» To examine whether the lab-based ellipsometry technigueriliable substitute
to NR in the investigation of surface reactions.

* To investigate the efect of chain length, degree of chain unsaturation and head-



7.2 Methyl oleate exposed toO

The present section concerns the oxidation kinetics anelda&MO monolayers at the
air—water interface that are exposed tg. OT'he aims are to determine the second-
order rate cog cient for the loss of organic material from the interface rationalise
the importance of bulk oxidation of methyl esters, to exagnwhether any organic
material remains at the air-water interface, and to as$es@atmospheric impact of
these processes.

The investigation by NR of this system was performed with ohiginal, large reaction
chamber. This chamber had a gas volume o25dn? and it contained a commercial
Langmuir trough equipped with a pressure sensor (Mini P Sa\ UK). The total
flow rate used was 15dhmin™ . A carrier G flow of 10dm® min~! was mixed with

a O, flow of 5dm®*min~! passed trough the ozoniser. The ozoniser calibration fisr th
flow rate was provided by Christian Pfrang, and further dstatiay be found in Ref.
[33]. The dMO was provided by the Oxford Deuteration Fagil#nd was dissolved
in chloroform, as described in Section 5.3.1; however thenoleyer was formed by
compression of the barriers until a pressure of 7mN mwas reached.

The other experimental data presented in this section atigeffollowing ones were ac-
quired using the MIMIK chamber and its custom-made trougthaut barriers (Chap-
ter 5). The sample preparation has been described in detaélection 5.3, where
information about the gas-phase oxidant production may laésfound.

7.2.1 NR

Figure 7.1 shows surface excess decays of dAMO monolayefseait—-ACMW interface

as a function of time with respect to ozone gas-phase coragah, [O;],. Indepen-
dent of the value of [g], used, the reactions remove more than 90% of the organic
layer from the air—rACMW interface. The chemical purity of @n terms of surface-
active deuterium-containing molecules is estimated to tteless than 95%. In light

of the dMO purity, the reaction is 95 % g cient in removing the organic layer. Data
recorded with a diFerent batch of dMO showed a remoaoval of the oraanic monaolaver
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Figure 7.1: Surface excess decays of dMO monolayers exptsetiferent [Q),;
mean concentration values are displayed in the legend ¢spbsyv’ is omitted).
1ppb = 2.7 x 1& moleculecm?® and following Smith et al. [120] we assumed it corre-
sponds to [@]s of 6.35 x 18 molecule cm?. Surface excess values were obtained from
NR data. Timet = Osrepresents the start of theeposure. Data are shown without
error bars for clarity. The relative errors are on the ordet %.

molecules reorient and lie down at the interface. This pseaeay alter the accessi-
bility of the reaction site (the C = C bond) and introduce esrmto the fits. The
cutgf value of the surface excess 7 x*Ifdolecule m? for the organic film was calcu-
lated considering the measured area per molecules, italatevolume [116], and the
assumption that the shape of the molecules can be appraxihtata cylinder.

Figure 7.2 shows the values of kobtained experimentally as a function of theg O
surface concentration, [, demonstrating a clear linear relation. An orthogonal
distance regression fitting procedure weighted by the umogies both of k and
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Figure 7.2: Pseudo-first order rate gagents for dMO at the air—ACMW interface; k
as a function of the ozone surface concentration] Ol he data points and error bars
represent experimental data and associated uncertamtiese standard deviation.
The solid line corresponds to an orthogonal distance regnedit weighted by the
uncertainties both in kand [Gs]s.

7.2.2 Ellipsometry

The oxidation of hMO exposed tofhas been investigated with ellipsometry using
the MIMIK chamber as the reaction chamber and following tkpegimental proce-
dures described in Section 5.3. The ellipsometric data weadysed according to the
approach defined in Section 3.3.3. This data analysis agphr@based on the as-
sumption that the organic layer has a unique refractivexreded a uniform thickness.
While the reaction is occurring, products may form. Everh#y are not stable at the
air—-water interface, they may not be lost instantaneously (by volatilisation or sclubili-



signal [73], this is why the minimum surface excess valueighér for ellipsometry.
Figure 7.3 shows the hMO surface excess for severat@nditions as a function of
time. The two slowest decays, {O= 247 ppb and [@] = 143 ppb, show a monotonic
decrease of the surface excess until 1 *¥dflecule 2. Below this value, the over-
all slope changes slightly and some fluctuations, i.e. spikesurface excess, appear.
Those spikes are well above the experimental errors, hemeg may be related to
product formation at the air—water interface. The spikesrast reproducible in time;
see comparison of the repeats in Fig. 7.3. These fluctuahmsbe related to lateral
inhomogeneities moving in and out of the laser beam in timethermore, they could
be due to formation of domains of products in gelent phase, and hence gfeh-
ent refractive index. This suggests that the organic laydow the surface excess of
1 x 10®molecule m? is not optically uniform anymore.
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Figure 7.3: Surface excess for hMO monolayers measured lippahetry. The oxy-
gen flow rate was fixed to 1.8dm3®min~! and the setting of the ozoniser was vari-
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Figure 7.4: Pseudo-first order rate gaments for hMO at the air—water interface,, k
as a function of the ozone surface concentration]Ol he data points and error bars
represent experimental data and associated uncertamtiese standard deviation.
The solid line corresponds to an orthogonal distance regnedit weighted by the
uncertainties both in kand [Gs]s.



7.3 Oleic acid exposed to NO

The present section concerns the oxidation kinetics and @&itOA monolayers at
the air—water interface that are exposed tosNO he organic film was prepared as
described in Section 5.3.1 and the gas conditions were @thagcording to the pro-
cedure explained in Section 5.3.2. Experimental data wererded using the MIMIK
chamber either on FIGARO with a dOA (see Table 5.1), or on thesemeter with
the hOA. The two sets of surface excess data were analysep@ndently in order to
gain information on the kinetic parameters.

The kinetic model applied to both data sets was based on the agsumptions, while
the product yields were estimated from the plateau values ofeasured with NR.
The dfferential equations describing the reaction kinetics wehees numerically and
the resulting function was used to fit the experimental datalé¢tailed description
of the model may be found in Section 4.3.2). The fitting hasnbgerformed in two
ways. I'(t) recorded for dferent [NGs] were fitted simultaneously, hence the kinetic
parameters (e.g. rate constant, desorption lifetime) etere forced to be the same for
all gas conditions; the superscript ‘multi’ in the tableslitates the simultaneous fit.
The other approach was to fit each singlg) individually (indicated by superscript
'sing’ in the tables), which led to a set of kinetic paramstfar each oxidant condition.
A comparison of the two fitting approaches is presented, dredkinetic parameters
obtained from NR and ellipsometry data are also compared.

7.3.1 NR

Figure 7.5 shows the surface excess decays of dOA monolayehe air—rACMW inter-
face as a function of time with respect to [MOThe reaction lead to a non-zero surface
excess valuer 5x 10t’moleculem?, at the end of the reaction. This plateau value
Is reached after an initial decay, which lasts betwee® minutes and over 2 hours
depending on the oxidant conditions. [M®@anges from (15 + 5) ppt to (86 + 45) ppt.
For some of the gas conditions, the monolayer oxidation veased out two or three
times with the same aas concentration. presenting a reascnable renroducibilityv for hiah
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Figure 7.5: Surface excess decays of dOA exposed fierdnt [NG]; mean values are
displayed in the legend (1ppt = 2.7 x “d@oleculecm?). Data were recorded with
NR. Time t = Os represents the start of the exposure. Datalamerswithout error
bars for clarity. The relative errors are on the order of 1%.

line) for high [NG;], while for low [NOg3] the resulting fits are both acceptable. This
difference will be found for all the data presented hereafted, ians due to they?
calculation and minimisation in the simultaneous fit. Intfathey? is calculated for
each data point and the sum of all th&values is minimised. The fast decays present
fewer data points than the slow decays, hence the main tartion to the value of
x2 will be from the slow decays, and those will influence morerthhe fast ones. To
account for this gect, the individual fit of each run was performed as well.

The experimental data are reported without error bars fewali clarity; however the
experimental errors were used in the fitting procedure toutate the value of?.
Toaether with the fitting function (light blue line for simultaneous fit and red line for
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Figure 7.6: Examples of the experimental surface exces®#af exposed to NQ@fitted
with the kinetic model. Comparison of the two fitting apprieas (single and multi) is
displayed. The calculated decays of dOA are shown as cosgrawith the calculated
decays of dOA and products. (left) [NP= 86 ppt. (right) [NG] = 15 ppt.

dOA molecule is expected to break into two parts, which maimtalmost the same
ratio between scattering length and molecular volume. Irrst Approximation, the
scattering length of the product results to be half of thetsang length of dOA and
the product film thickness can be thought to be half of the d@A fhickness. Given
that and considering Eqg. 2.4, the resulting surface exdedsegproducts corresponds
to the value calculated with and d of dOA without requiring any conversion factor.
The kinetic model depends on several parameters, and sobhemf are strictly cor-
related. For example, for a given gas species time evolutidmnch may be described
by certain accommodation gieients @s.o.x, where X is NO; or NO,) and certain
desorption lifetimesy.x,), a good fit may be obtained as well with a lowey o.x, and
an higherty.x,. The accommodation cieient represents the probability of the gas-
phase molecule to absorb at the organic layer, hence the weno, is, the smaller
is the probability of the reaction with the organic moleculehe desorption lifetime
represents the mean residence time of the molecule absartbte surface, hence the
longer the time is, the higher is the probability for the gaslenule to react (valid
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the range of variability was optimised through a prelimyaensitivity study per-
formed manually, changing in the Matlab code the valuespfkThe suitable range of
values found was (1 - 5) x 18cm? molecule * s %, which is significantly higher than
the best fit value provided by Shiraiwa et al. [128] for aldetcid exposed to N
(1.5x 10 °cm?molecule ts™1).

The optimisation of the kinetic parameters was performesteyatically by they?
minimisation routine fminuit [102].

The fitting approach described above has been applied tchallntolecules studied
hereafter, accounting for flerent products description and kinetic parameter ranges.

A preliminary analysis of th&'(t) profiles was needed to choose the kinetic parameters
related to the products, which have been used as fixed inp@inpeters. The product
yields were optimised tosc= 0.145 for the surface active productg & 0.45 for
the volatile products andsc= 0.35 for the soluble products. A systematic study was
performed to determine thefect of the loss of volatile and soluble products on the
resulting surface excess profiles. For the volatile produittwas found that a first-
order loss rate cgecient, koss:c, above 1 x 10's ! does not change the(t) profile,
hence a value of 5 x 10s ! was chosen. For the soluble products, the loss will occur
upon dffusion in the subphase, hence the relevant parameter isffasidn cog: cient
into the bulk water, 3. z.. The calculated’(t) was gfected by the presence of soluble
products only for values of Pz, below 10 *cm?s 2, since no evidence of such an
gfect was found in the experimental data the value pf;Dwas fixed to 10" cm?s 1.

The best fit values for the kinetic parameters related to téterogeneous reaction
between a dOA films and gas-phase N&e summarised in Table 7.1. The simul-
taneous fit of the 6 gierent gas conditions results in the valug.k= (2.2 + 1.8) x
10 8 cm? molecule t s~ 1, which is in agreement with the range of values found fittimg i
dividually the various runs: s ranges from 1.13x I to 2.18 x 108 cm? molecule !

s 1. The best fit values for the [N [NO3]™ " and [NG;]5"9, are systematically
below the mean value suggested by the spectroscopic measoire apart from the

— A 1~ T 8 ra 1 o~ At 1 Fa 1o~ TcinMA



86 ppt 35 ppt 36 ppt
3 molecule cm + 3+ 2 T+ 2.
[NO3]/ 10° mol | 3 23+ 12 9.3+ 24 9.7+ 2.7
[NOg]”"_“'“/lO8 molecule cm?® 26.0+ 0.1 | 11,5+ 0.01] 8.2+ 1.6
[NO3]5"9/ 10° molecule cmi® 24.0+ 0.1 | 9.10+ 0.01| 6.00+ 0.01
[NO_]/ 10" molecule cm 1.3+ 0.1 1.6+ 0.1 | 2.2+0.1
2 molecule cm .00+ 0. 4+ 0. 9+ 0.
[NO,]™U"t /10 mol | s 1.00+ 0.01| 1.4+0.2 1.9+ 0.1
S molecule cm .00+ O. .87+ 0. .92+ 0.
[NO,J5"9/ 10*° mol | 3 1.00+ 0.01| 1.87+ 0.01| 1.92+ 0.01
(Ksur)™ /10 8cm? molecule st | 2.2+ 1.8
(Ksurp)®"9/ 10 8cm? molecule st | 1.80+ 0.01| 1.97 + 0.01| 2.18+ 0.01
(’Ed;No3;1)mu'ti/10_98 52+ 24
(td;NO3;1)Si”9/10'98 9.00+ 0.01|8.60+ 0.01| 7.77+ 0.01
(Ta;nos;2) ™" /107 %s 13+ 9
(Tg: NOy: 2)SM9/ 1070 15.00+ 0.01 24.2+ 0.7 | 11.6 + 0.01
(tg:no,)™ 11/ 1078 s 6.00+ 0.01
(rd;Noz)Si”gllo'SS 3.80+ 0.01] 3.50+ 0.01] 4.30+ 0.01
32 ppt 23 ppt 15 ppt
[NO3]/ 10° molecule cm® 8.7+ 2.8 6.1+ 1.2 4.2+ 1.4
[NOg]™u"ti / 10° molecule cm 3 7.4+ 1.4 4.2+ 1.8 | 2.40+ 0.04
[NO3]J$"9/ 10° molecule cm 2 481+ 0.01| 474+ 0.01| 252+ 0.01
[NO,]/ 10*°* molecule cm?® 2.7+ 0.2 3.3+ 0.2 3.8+ 0.3
[NO, MUt/ 10 molecule cm 2.7+ 0.3 3.5+ 0.2 | 410+ 0.04
[NO,J$"9/ 10*° molecule cm® 3.00+ 0.01| 3.56+ 0.01| 3.81+ 0.01
(ksurf)m_“'“/1CT80m2 molecule's 1| 22+ 1.8
sur S ) 3 . e . . = . . I .
(Ksurr)*"9/ 10" cm? molecule *s™* | 2.15+ 0.01| 1.74+ 0.01| 1.13+ 0.01
(’Cd;Nos;l)nTUIt'/lo_gS 52+ 24
(tg:n0,:1)5"9/ 10 °s 10.00+ 0.01] 6.00+ 0.01| 10.00+ 0.01
3
(Td;NQ3;2)nﬂ.|U|ti/10_98 13+ 9
(rd;No3;2)S'”‘g/1(TgS 10+ 0.01 | 10.60« 0.01] 10.00% 0.01
(Td:n0,)™1 /1078 6.00+ 0.01
(Td;Noz)Si”gllo'SS 521+ 0.01| 5.04+ 0.01| 3.88+ 0.01




moleculecm?®. This suggests a correlation between those two paramétense both
sets of parameters are valid and may be used to describe shensy



7.3.2 Ellipsometry

The oxidation of hOA due to N@exposure was studied with the ellipsometer using the
MIMIK chamber. The experiments were performed in the laboraand the external
temperature was found to vary between €3and 26 C, which is similar to the tem-
perature variability typical of the FIGARO sample area. Texperimental procedures
may be found in the previous section.

Figure 7.7 shows the surface excess decays of hOA monolaydtse air—water inter-
face as a function of time with respect to [NJO [NO3z] ranges from (35 9) ppt to
(160 £ 30) ppt.
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Figure 7.7: Surface excess decays of hOA exposed fferdnt values of [NG|; mean
values are displayed in the legend. Data were recorded Wips@netry. Timet = 0s
represents the start of the exposure. Data are shown witbiwot bars for clarity.
The relative errors are on the order of 1%.



the MO oxidation did not show any similaffect (either Q - Section 7.2 - and N®-
Section 7.6), and these reactions do not produce any suafstoee products. None of
the previous considerations leads to a clear explanatiahefphenomenon observed,
and hence the choice on whether to consider or not the begjrofithe surface excess
decay is arbitrary. The kinetic analysis was performed id@rég the data from the
beginning of the decay.
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Figure 7.8: Comparison of the surface excess decays retavile NR-dOA (NR) and
ellipsometry-hOA (EIl) for OA exposed to [N§)= 86 ppt (top left), [NQ]= 36 ppt

(top right) and [NQ]= 35ppt (bottom). The surface excess decays have been nor-
malised to their initial values.



for greater amounts of molecules spread. These obserwsioggest that there are
surface-active products, the quantity of which is relatedthe amount of starting
material. The presence of impurity on the starting mater@alld be another expla-
nation, however the test performed with hMO confirmed thatieh between amount
of molecule spread and time length of the plateau withouvitgpany surface-active
material. Due to the restricted access to NR beam time, ttests have not been re-
peated with NR to validate the results obtained with ellijpsbry. However, thisfect
can be explained with the presence of hOA droplets lying gn abthe hOA mono-
layer [112], which is evident from the BAM images in Sectio2.8. The monolayer is
consumed upon oxidation but molecules from the droplets spagad and maintain a
high surface excess until the droplets disappear. To a¢ciourihis, the initial value
for the theoretical'(t) was adjusted to a higher value than the initial plateauesa
and the experimental data were considered for fitting afher ihitial plateau ended.
For an easier comparison, the data shown in Fig. 7.8 wereeshib meet the start
of the decay of the NR data. For NR thifext was less pronounced, it may be due
to diferent measurement strategy and sensitivity of the teclenidwrthermore, the
amount of material spread could have been slightly loweNfr, resulting in less num-
ber of droplets.

2 5x 10 22 x 10
) o hOA experimental [NO3]:160 ppt ' o hOA experimental [NO3]:35 ppt
hOA (fit multi) 2 - hOA (fit multi) I
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Figure 7.9: Experimental surface excess of hOA exposed tgfiit@d with the kinetic
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strict correlation between two parameters providgemnt descriptions of the system
resulting in the same fit quality. Theftirence betweent{.no,:2)™""" and (qg;no. 2)°™°
may be due to the same reason.

The kinetic parameters provided by the two experimentdinepies present some ac-
cordance and some discrepancy. The ratgh@ments result to be in good agreement,
and for both NR and ellipsometry, the data recorded at IolN€] provide ks, s values
lower than the average. Thigect may be due to an overestimation of the values of
[NO;s], which afects more the low concentrations than the higher ones. Té@r pigon
lifetimes, t4.n05:1, Provided by both fitting approaches of the ellipsometritedare in
good agreement with the range of values determined by NRs &agieement is found
for the NG, desorption lifetime as well. The main fitirence between the two tech-
nigques arises in the desorption lifetimg,no,: 2, Which is for ellipsometry between two
and three times the values obtained for NR. This parametgenrally determined
by the second half of th&(t) profile (compare Eq. 4.8), hence the increased loss in
the second part df(t) measured with ellipsometry mayfect that value, which could
compensate a slight underestimation gfk



160 ppt 98 ppt 86 ppt
[NO3]/ 10° moleculecm ® 44+ 7 26+ 10 23+ 12
[NOg]”“”“/lO8 moleculecm? 55.0+£ 01| 240+ 0.1| 15.0+ 0.1
[NO3]5"9/ 10° molecule cm 3 51.5+ 0.1| 24.0+ 0.1 | 11.2+ 0.1
[INO,]/ 10*® molecule cm® 0.53+ 0.01] 0.86+ 0.08| 1.30+ 0.05
[NO,]™U"t / 10> molecule cm 3 06+0.1 | 06+0.1| 1.0+0.1
[NO,]*"9/ 10> molecule cm® 05+01| 06+01 | 1.5+0.1
(Ksurp)™ /10 8 cm? molecule 's ! | 1.26 + 0.01
(Ksurr)3"9/ 10 8cm? molecule st | 3.3+ 0.1 | 3.8+0.1 | 3.9+ 0.1
(td:nos: )™/ 107 °s 7.00+ 0.01
(Td:N0s:1)%M9/ 107 %s 3.0+ 0.1 | 3.0+0.1 | 3.0+0.1
(Td;Nog;z)mum/ﬂTgS 354+ 0.1
(Td;n0s;2)*"9/ 107 %S 40.0+ 0.1| 40.0+ 0.1| 40% 0.1
(td;no,)™" /1078 s 5.6+ 0.1
(ta:n0,)*"9/ 1078 30+£0.1 | 30£0.1 |047+0.01
35 ppt 36 ppt
[NO3]/ 10° molecule cm® 9.3+24 | 9727
[NO3]™u"i/ 10° molecule cm 3 72+01 | 50+0.1
[NO3]J$"9/ 10° molecule cm @ 6.7+01 | 7.3+0.1
[NO,]/ 10*®* molecule cm® 1.6+0.1 | 2.2+0.1
[NO,]™u'ti/ 10 molecule cm® 1.3+ 0.1 | 25+0.1
[NOJ¥"9/ 10> molecule cm 3 1.4+ 0.1 | 1.9+0.1
(Ksurp)™"/ 10" 8 cm? molecule st | 1.26 + 0.01
(Ksurp)®"9/ 10 8cm?molecule s | 2.9+ 0.1 | 1.74+ 0.01
(Td:Nnog: 1)/ 1079 s 7.00+ 0.01
(ta:n0y;1)°"9/ 1070 3.0+ 01| 3.0%01
(Td:nog:2) ™M/ 107 % s 354+ 0.1
(Td;N0y;2)"9/ 10 9s 40.0+ 0.1| 40.0+ 0.1
(Td:nop)™ /1078 s 5.6+ 0.1
(Td:n0,)S"9/ 107 8s 35+0.1 | 47+0.1




7.4 Stearic acid exposed to NsO

All the organic molecules considered in this thesis so fartam at least one unsatura-
tion in the aliphatic tail, except stearic acid. The C=C bamdxpected to be the key
reactive site for both @and NG;. However, NQ may abstract hydrogen atoms from
the aliphatic tail [7, 31], in addition of breaking the doalldond. In order to investi-
gate the contribution of the hydrogen abstraction, a satgraurfactant, i.e. stearic
acid, was exposed to N&and the surface excess was monitored with NR. Ellipsometry
data were not acquired because the stearic acid presentalgtisotropy even at low
surface excess (see Section 6.2.6).

7.4.1 NR

Figure 7.10 shows the comparison between the surface extessdSA monolayer
exposed to @and exposed to Npat (86 = 45) ppt. The data were recorded for more
than 8 hours for each gas condition. The surface excess ahtdmolayer exposed to
the nitrate radical is comparable to the data recorded foexposure, both profiles
show a slow increase in surface excess in the first 40 minutée interpretation of
this increase in surface excess is unclear: it may be due kawarscrease in packing of
the aliphatic chains or/ and to absorption of gas-phaseiespéc the interface. Apart
the initial increase il’(t) values, no measurable change in the surface excess bas be
recorded, and hence the film is assumed to be stable on theghtohe scale. However,

it is important to highlight that the NR is sensitive just twange in scattering length
density,p, and thickness, d, of the deuterated monolayer. If the nay®olchemical
composition is changed upon reaction with N@e. formation of organonitrates [47])
but thep and d remains unchanged the resultif{t) will be constant. This result is in
accordance with the findings of Knopfet al. [129], where tkeasure to 100 ppt of N©

for one week resulted in a maximum of 10 % of the organic moyeslaolatilised (the
monolayer was supported on a solid substrate). Howevernwhearic acid is mixed
with oleic acid in the monolayer (see Section 8.3), the fdroraof organonitrates upon
reaction with NOx could afFect the overall rate coefi cient of oleic acid.
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Figure 7.10: Surface excess of dSA exposed i@@d to [NG] = 86 ppt. Data recorded
with NR. Timet = Osrepresent the start of the exposure. Ndexui change in surface
excess is produced by exposure toN®@oth surface excess decays have a slow increase
over the first 40 minutes.

7.5 Palmitoleic acid exposed to NO

In this section, the oxidation kinetics and fate of POA mayers at the air—water
interface that are exposed to N@re investigated. The experiments were performed
as describe previously for OA and in Section 5.3. The surfaaess profiles were
obtained both by NR and ellipsometry. For both instrumerts MIMIK chamber
was used as the reaction chamber. The POA for NR measuremasts custom-
made deuterated form provided by the Oxford DeuterationiliBac 14 deuterium
atoms were present between the carbon double bond and tméntdrmethyl group.
FOA has a chemical structure similar to CA. In fact the portion from the carboxylic



([NO3] < 32ppt), the plateau value was not reached because thdaeaeas stopped
prematurely due to the constraints of limited beam time. Gamed to dOA, the de-
cays appear to be faster for the same oxidant condition. €ason could be the easier
access to the reactive site because of the shorter chainamotdher could be related
to the half deuteration. In fact, even if part of the dPOA rnoale remains at the
interface, it may gectively be invisible if it may be hydrogenated. On the asgtion
that the double bond is the reactive site and breaks duriegkidation process, the
half deuteration may help in determining which part of theleoole remains at the
interface, through the comparison of the NR results with élipsometry results.
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Figure 7.11: Surface excess decays of dP OA exposedffereht [NG], mean values
are displayed in the legend. Data were recorded with NR. Ttimed s represents the
start of the exposure. Data are shown without error barsl&oitg. The relative errors
are on the order of 1%. The experimental data are more sealttéran those for the
previous molecules studied, because the dP OA was justdealferated (i.e. 14 D, see
Tabhle 5 1) hence the contrast wa< weaker
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Figure 7.12: Experimental surface excess of dP OA monotaggposed to Nfitted
with the kinetic model. Comparison of the two fitting apprieas (single and multi) is
displayed. The calculated decays of dP OA are shown as casopawith the calculated
decays of dP OA and products. (left) [NJ>= 86 ppt. (right) [NG]= 13 ppt.

molecule s !, which is included in the range of values found from fittinglividu-
ally the various runs, & bewteen (0.7 — 3.8) x I¢ cnm? molecule *s . Considering
the individual fits, it may be noted that the fast runs (BY© 35ppt) are better de-
scribed by a higher rate cfieient than the slow runs. Thigfect may be related to
either an underestimation of the [N{@vhen [NG;] > 35 ppt or an overestimation when
[NO3] < 35ppt. However, considering the corresponding desorptifetimes of NQ,
T4:NOs: 1, @ COrrelation between desorption lifetime and ratgfoent may be found. A
smaller value otg4.n0,:1 May compensate for a higher value gf kwith respect to the
results of the simultaneous fit (for example consider caodifNO3z] = 36 ppt in Table
7.3). The other desorption lifetimes of NOty. no,:2, S€EMS NOt to be correlated with
the rate coft cient, and the values suggested by the individual fits areasparound
the result obtained by the simultaneous fit. This lack ofelation may be due to the
fact that this parameter is mostly related to the second pfartie decay (see Eq. 4.8
in Section 4.3.2), which is not considered in the fitting. Tast kinetic parameter of
interest is the desorption lifetime of NOty:no,, Which is (5.9+ 0.1) x 10%s for the
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[NOs]/ 10° molecule cm® 283?+pit2 35ppt | 36 ppt
[NOz]™ "/ 10° molecule cni® 32.0+ 0 J3x 24 9.7L 2t
INOT/ 16F moleeule e 2.0 1 9.0+0.1| 89+0.1
[NO_]/ 10" molecule cm® 4 -3+—00-11 70+ 01| 6.6+ 0.1
[NOZ]nTUI“/1015m0|eCu|ecrﬁ3 1.6; 0-1 16+£01| 22+ 0.1
[NOJ*"¢/ 10** molecule cm® et 13+ 0.1| 1.9+ 0.1
(Ksur)™"'/ 10" 8 cn? molecule ' s7* 1.61 0.1 18401) 1.9+ 01
(ksurf)5|n9/10‘80m2 molecule1s1 3'01 O'
(ta;no5; )™M /107 %s 8.3; O'i 3.1+01| 3.8+ 0.1
(Ta;n05;1)7"9/ 107 % s 234 0.
(Td;N03;2)”?u'“/10‘93 Zé 4—+ (-)11 95+ 0.1| 6.5+ 0.1
(Td;Nog;z)s'ng/lo'gs 47'5; O'
(Td;Noz)mUItillo_BS = 5+ 0.1 32.0+ 0.1] 36.7+ 0.1
(T4;n0,)%"9/ 107 8 s 9+ 0.1
56+ 01| 3.9+ 0.1| 1.8+ 0.1
[NO;]/ 10° molecule cm ® 8372+p2t8 23 ppt 15 ppt
[NO_]/ 10" molecule cm ® oI 8-1 2.8+ 0.1 |0.53+ 0.01
[Noz]n.]um/1015m0|eculecrﬁ3 2-4; 0-1 3.3+ 01| 3.8+0.1
[NO,J*"¢/ 10** molecule cm ® 2.4+ o'1 33+ 01) 3501
(Ksur)™"'/ 10" ® cm® molecule s * 1.6+ O.1 36+ 01) 40+ 04
(Ksurf)$"9/ 10" 8 cm? molecule 1s? 2.1+ 1
(td;Nos;l)mum/IO'gs 1+01) 1.0£01| 23+x0.1
(tq: ~.)sing 9 8.3+ 0.1
d:NO0g:1)°"9/ 107 7 s 102+
(Ta:Nog:2) ™1/ 10795 26-41 0.1/ 12.1+ 0.1| 19.6+ 0.1
(Td;Nog;z)sm_gllo'gs 44'5; 81
('[d;NOZ)mUHI/lo—SS = Y 36.5+ 0.1/ 20.0+ 0.1
sin 59+ 0.1
(td:n0,) 9/10 8s
2 29+ 0.1| 4
1| 49+01| 4401




17 ppt 13 ppt

[NO3]/ 10° moleculecm® 5+ 2 35+ 15
[NO3]™U"/ 10° molecule cm 2 28+ 01| 09+0.1
[NO3]$"9/ 10° molecule cm 2 1.4+ 0.1 ] 0.90+ 0.01
[NO,]/ 10*°> molecule cm® 46+ 02| 55+0.1
[NO,]™u'ti / 10 molecule cm® 43+ 01| 58+0.1
[NO,]*"9/ 10'° molecule cm 47+ 0.1| 52+0.1

(Ksur) ™" /10" 8cm? molecule s * | 1.6+ 0.1
(Ksurf)S"9/ 10 8cm? molecule st | 2.1+ 0.1| 0.7+ 0.1

(tg:n0s: 1) /107 %s 8.3+ 0.1
(Td:n05:1)%M9/ 107 ®s 15.4+ 0.1/ 16.0+ 0.1
(Td:NOs:2)™ M/ 107 °s 26.4+ 0.1
(Td:NOs:2)S"9/ 107 %s 21.2+ 0.1| 24.8+ 0.1
(Td:n0,)™M /1078 s 59+ 0.1
(Td:n0,)S"9/ 107 8s 27+0.1| 29+0.1

Table 7.4: Kinetic parameters, resulting from the fittingtbke experimental data
recorded with NR, of the system dP OA+ N@re displayed. Each column represents
an oxidant condition. Superscripts ‘sing’ and ‘multi’ refeo the two types of fitting
performed (see text for details). Lines 1 ([AlPand 4 ([NG,]) of each table report the
values measured with FTIR spectroscopy and their assaciertors. All the others
values and errors are obtained from the kinetic fitting.

7.5.2 Ellipsometry

The oxidation of hP OA by N@was also studied with ellipsometry. Figure 7.13 displays
the surface excess decays of hP OA monolayers at the air~wateface as a function
of time with respect to [NG|. [NO3] ranges from (32 + 10) ppt to (160 + 30) ppt.
Similarly to OA, the shape of thE(t) profiles is diferent from the one recorded with
NR measurements (see Figs 7.14 and 7.15). The comparisoads for each gas con-
dition normalising the absolute scale of th&) profile to its initial value. Two main
differences may be highlighted: the decay at the beginning ®rtlipsometry data is
slower than in the NR data, and a plateau is reached by NR ddbagreaction times,
while ellipsometry data show a gradual loss towards nezety surface excess. Those
two differences may be related to reaction products and the pagsifithe presence
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Figure 7.13: Surface excess decays of hP OA exposedravehit [NG], mean values are
displayed in the legend. Data were recorded with ellipsognefimet = 0s represents
the start of the exposure. Data are shown without error barslarity. The relative

errors are on the order of 1%.
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Figure 7.15: Comparison of surface excess decays record@dNR-dP OA (NR) and
ellipsometry-hP OA (EIl) for POA exposed to [NO= 36 ppt (left) and [NQ]= 32 ppt

(right). The surface excess decays have been normalisedeip inhitial values. The
decays do not overlap.
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Figure 7.16: Experimental surface excess of hPOA exposeNQg fitted with the
kinetic model. Comparison of the two fitting approachesdl@rand multi) is displayed.
The calculated decays of hPOA are shown as comparison wilcalculated decays
of hPOA and products. (left) [Ng= 86ppt. (right) [NG] = 15ppt.

higher value than the second, which correlates with tlferdince observed for thek;
and t+«.v~ 1 A <imilar trend mav be found in the values found for t4.v~. .-, When



160 ppt 98 ppt 86 ppt
[NO3]/ 10° moleculecm ® 44+ 7 26+ 10 23+ 12
[NOg]™u'i/ 10° molecule cm 3 60+ 1 50+ 1 24+ 1
[NO3]5"9/ 10° molecule cm 3 46+ 1 29+ 1 22+ 1
[NOZ]/1015moIecuIe cm?3 0.53+ 0.01) 0.86+ 0.08| 1.30+ 0.05
[NO,]™U"t / 10> molecule cm 3 0.10£ 0.01/ 0,96+ 0.01} 14+ 0.1
[NO,]*"9/ 10> molecule cm® 0.70£ 0.01/ 0.80+ 0.01} 1.5+ 0.1
(Ksur)™ /10 8cm?molecule st | 1.8+ 0.1
(Ksurr)3"9/ 10 8cm? molecule st | 2.8+ 0.1 | 20+ 0.1 | 2.0+ 0.1
(’Ed;No3;1)nﬂ_|UIti/10_95 8.2+ 0.1
(td;nos;1)5"9/ 107 s 11.2+0.1| 148+ 0.1| 8.0+ 0.1
(ta;Nos;2)™ " /107 %s 44.7+ 0.1
(Td: NOy:2)* M9/ 1070 37.8+ 0.1| 25.8+ 0.1| 50.0+ 0.1
(ta:no,)™ 1/ 1078 s 5.7+ 0.1
(Td:n0,)S"9/ 10 8s 45+ 0.1 3.3+ 0.1 | 0.10%x 0.01

35 ppt 36 ppt 32 ppt
[NO3]/ 10° molecule cmi® 9.3+24 |97+ 27| 87+ 2.8
g]multi molecule cm 6+ 0. 5+ 0. 5+ 0.

[NO3]™u"t / 10° mol I 3 6.6+ 01 45+ 0.1 45+0.1
[NO3]$"9/ 10° molecule cm 2 43+ 0.1 |56+0.1 40+0.1
[NO,]/ 10*®* molecule cm3 1.6+ 0.1 |22+0.1] 27+0.1
[NO, MUt/ 10 molecule cm 1.5+ 0.1 [25+0.1] 29+0.1
[NO,J$"9/ 10*° molecule cm® 1.7+ 0.1 |21+ 0.1 24+0.1
(Ksurf)™ /10 8cm? molecule*s 't | 1.8+ 0.1
(Ksur)*M9/ 10 8cm? molecule *'s | 2.8+ 0.1 |14+ 0.1] 1.9+ 0.1
(Td;Nos;l)mUIti/lO_QS 8.2+ 0.1
(Td;n05;1)%"9/ 107 s 8.0+ 0.1 |[80+0.1| 80%0.1
(Td;Nos;2)™M /107 %S 44.7+ 0.1
(’Cd;NQ3;2)Sing/10_QS 50+ 1 50+ 1 50+ 1
(ta;no,)™" /1078 s 57+ 0.1
(Td:n0,)S"9/ 107 8s 0.40+ 0.01/ 45+ 0.1/ 0.32+ 0.01




of surface-active products slowly volatilising, which istnthe case for data measured
with NR. I'(t) profiles measured by NR remains constant after reachingramum
value. For future work, it may be helpful to perform an elbpsetry experiment with
the deuterated form of POA to determine the presence of areactive impurity and
in parallel investigate the presence of deuterated impuoytNMR. The lack of knowl-
edge about the eventual impurity in the deuterated sanffdeta the quantification of
the surface-active product. However, the agreement betWe and ellipsometry on
the kinetic parameters of the reaction suggests that theiitypdoes not fect the
kinetic analysis.



7.6 Methyl oleate exposed to NO

The present section concerns the oxidation kinetics and ¢tMO monolayers at
the air—water interface that are exposed tosNO he experimental procedures are
described in previous section and detailed in Section 5/8 deuterated form of MO
was provided by the Oxford Deuteration Facility (see Tahle).5 MO presents the
same aliphatic chain as OA, but it has gelient head group: instead of a carboxylic
group it has a COOCHgroup. The MO molecule occupies a larger surface area and is
less stable at the air—water interface than OA because beas group. However, the
reactive site is in a similar chemical environment as OA, anyg dfference in reaction
kinetics may be related to the chain orientation and prodarchation.

7.6.1 NR

Figure 7.17 displays the surface excess decays of dAMO myerslat the air-ACMW
interface as a function of time with respect to [B(IO[NO3] ranges from (23 £ 4) ppt
to (98 £ 40) ppt. The dMO monolayers exposed to pureodto the mixture of Q@
and NQ present a significant loss of surface excess with time coeth&o the other
molecules investigated. This loss needs to be taken intousmtovhen performing the
kinetic analysis of thé'(t) profiles.
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I / molecule m™2




The minimum value reached by the surface excess &Bx 10" molecule m?2, which
may be reduced to a negligible value by co-adding the datadmease the precision in
I" at low coverage. Therefore, no surface active productsxgeaed to remain at the
interface, as was confirmed by ellipsometry measurementsordling to this criterion,
the product yield was chosen as follows; < 0, ¢ = 0.45 and g = 0.35. Both fitting
approaches, simultaneous and individual, were appliechtoeixperimental data and
two examples of the resulting(t) decays are shown in Figure 7.18; the runs exposed
to the remaining oxidant conditions are shown in Figures&hd C.2 of Appendix C.
The kinetic parameters were constrained in the followingges: rate constantsks
in the range (0.7 - 4) x I¢cm? molecule s 1, desorption lifetimes of N@14: o, 1

in the range (3 - 12) x 1I0's, 14:n0,:2 IN the range (10— 30) x 16's and desorption
lifetime of NO, 14.n0, in the range (0.1 - 6) x 1Gs.

Visually, in Figure 7.18 the individual fit (red line) dedoes better than the simul-
taneous fit (light blue line) the fast decays, which is gieat found for the previous
molecules as well.
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Figure 7.18: Experimental surface excess of dMO exposeddgfiited with the kinetic
model. Comparison of the two fitting approaches (single amndtijnis displayed. The
calculated decays of dMO are shown as comparison with tleelledled decays of dMO
and products. (left) [NgJ= 98 ppt. (right) [NG] = 32ppt.



(5.2+ 0.1) x 108s. This finding may suggest that thgeet of NG, is overestimated
in the simultaneous fit, since the variations in the otheekimparameters do not com-
pensate the @erence inty.no,. Larger desorption lifetimes of NOsuggest a higher
probability for the reaction, while the smaller valuergfyo, suggests faster desorption
of NO,, hence a greater number of free adsorption sites and irestgarobability for
NO; to adsorb and react.



98 ppt 86 ppt 35 ppt
[NO3]/ 10° moleculecm® 26+ 10 23+ 12 | 9.3+24
[NO3]™u"i/ 10° molecule cm 3 32.0+0.1| 185+ 0.1| 8.0+ 0.1
[NO3]$"9/ 10° molecule cm @ 30+ 1 10+ 1 7.4+ 0.1
[NO,]/ 10*® molecule cm?® 0.86+ 0.08/ 1.30+ 0.05| 1.6+ 0.1
[NO, MUt / 10> molecule cm 3 0.70+ 0.01) 1.6+0.1 | 1.3+ 0.1
[NO,J$"9/ 10*° molecule cm 3 0.92+0.01) 1.6+0.1 | 1.7+ 0.1
(Ksurp)™ /10 8cnm? molecule st | 1.7+ 0.1
(Ksurr)3"9/ 10 8cn? molecule*s™t | 1.7+0.1 | 21+0.1 | 1.1+ 0.1
(Td;Nos;l)mUItillo_gs 55+ 0.1
(Td:nos:1)* "9/ 107 % s 6.1+ 0.1 | 6.8+ 0.1 | 10.5+ 0.1
(’Cd;NQ3;2)mUIti/lO_95 11.3+ 0.1
(Td:NO5:2)%M9/ 10 %s 17.1+ 0.1| 29.4+ 0.1| 28.2+ 0.1
(td:no,)™ 11/ 1078 s 5.2+ 0.1
(Td:n0,)S"9/ 107 8s 3.6+ 0.1 40+ 0.1 | 28+ 0.1

36 ppt 32 ppt 23 ppt
[NOs]/ 10°® molecule cm 3 90.7+27| 87+28 | 6.1+ 1.2
[NOg]™u"ti / 10° molecule cm 2 6.9+ 0.1| 45+0.1 | 43+0.1
[NO3]$"9/ 10° molecule cm 2 6.3+ 0.1| 47+0.1 | 40+0.1
[NO,]/ 10*®* molecule cm3 22+0.1| 27+0.1 | 3.3+ 0.1
[NO,]™uti / 105 molecule cm 3 22+01| 29+01 | 32+0.1
[NO,J$"9/ 10*° molecule cm® 1.9+ 01| 28+0.1 | 3.3+ 0.1
(Ksurp)™ /10 8cm? molecule st | 1.7+ 0.1
(Ksurr)s"9/ 10" 8cm? molecule*st | 1.7+ 0.1 | 0.85+ 0.05/ 1.2+ 0.1
(Td:NOs;1)™ M/ 107 °s 55+ 0.1
(Ta:n0s:1)* "9/ 10°°s 50+ 01| 10.1+ 0.1 7.7+ 0.1
(Td;NQ3;2)mU|ti/10_98 11.3+ 0.1
(Td:NnOs:2)%M9/ 10 ®s 18.7+ 0.1| 14.2+ 0.1 | 18.1+ 0.1
(Td;NQZ)mUIti/].O_BS 52+ 0.1
(Td:n0,)S"9/ 107 8s 30+£01| 33+0.1 | 34+x0.1




7.6.2 Ellipsometry

The oxidation of hMO resulting form its exposure to B presented in this section.
Surface excess decays as a function of time with respect @g][Bre shown in Figure
7.19. [NGs] ranges from (35% 9) ppt to (160 + 30) ppt. Th&t) profiles may be di-
vided in two parts: as for hMO exposed tg @Section 7.2), the decrease is smooth
above 1 x 18 molecule m?, while below that surface excess the appearance of fluc-
tuations suggest the production and subsequent loss ofidemareaction products.

At long reaction times, the value @f is about zero, which confirms the result from
the NR data (except the run at [NI3= 36 ppt, which was extremely slow compared
to the others).

251

[NO,]=0 ppt

[N03]=36 ppt
[N03]=35 ppt
[N03]=35 ppt
[N03]=86 ppt
[NO_]=86 ppt
o [NO,]=98 ppt

A [N03]=98 ppt

o [NO3]=16O ppt
A [NO3]=160 ppt

> o o o

I / molecule m™2

|
2000

time/s

Figure 7.19: Surface excess of hMO exposed tpedént [NG], mean values are dis-
played in the legend. Data were recorded with ellipsomeflryne t = 0s represents

the start of the exposure. Data are shown without error barslarity. The relative
errarc are on the arder of 104 The reaction ic comnrehencive <ince Nno material i< |eft
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Figure 7.20: Comparison of surface excess decays recora&dNR-dMO (NR) and
ellipsometry-hMO (EIl) for MO exposed to [N§= 98 ppt (top left), [NQ]= 86 ppt

(top right) and [NQ]= 35ppt (bottom). The surface excess decays have been nor-
malised to their initial values. The decays do not overlap.
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fits, ksurf Varying in the range (2.1 - 3.9) x 1®&cm? molecule s 1. Both desorption
lifetimes of NO; obtained from the simultaneous fitting agree with the valioesd
by the individual fits. The desorption lifetime of NOanges from 1.7 x 1I¢s to
4.3x 108s for the individual fits and those values are smaller than thgo, ob-
tained by the simultaneous fit, (4.5+ 0.1) x £G.

The comparison between the kinetic parameters obtainelysing NR and ellipsom-
etry data shows some similarities and a fundamentgegrmince. In terms of the values
obtained from the individual fits, the ranges of desorptidetimes (both NQ and
NO,) overlap. Considering the simultaneous fit, the secondrgémm lifetime of NG,
T4:Nn0g: 2, ODtained with the ellipsometry data is more than two times value found
for the NR data. This discrepancy is likely to be due to thpedent shape of thE(t)
recorded with the two techniques (Fig. 7.20).

The main dference between the two sets of data is found in the valueseofate
cogf cient, which do not agree. The extreme values of the rangeioéd from the in-
dividual fit of the ellipsometry data results to be twice thx¢éreme values of the range
found with the fitting of the NR data. This systematigeience is unlikely to be due
to an error in the gas setup, such as production of higherz]NI@D the experimental
conditions considered, the only way to produce moreMOuld be to increase the pro-
duction of G;, but the gas production setup is already using the maximumuainof

O3 available. Otherwise, thigfect could be explained with the appearance of products
which may be detected by NR and contribute to the resulfi(ty diferently than for
the ellipsometry. The characterisation of the intermeglstiates of the reaction would
help in determining the reason of thefdrences found between NR and ellipsometry
measurements.
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7.7 Arachidonic acid exposed to N:O

The results presented so far concern organic surfactarits avily one double bond
along the aliphatic chain, except the stearic acid whichatsigated. In this section,
the study of the oxidation kinetics of AA monolayers at the-aiater interface exposed
to NO; is presented; and this fatty acid contains 4 double bonds dXdation was
investigated just with ellipsometry because the partidiyterated form of AA avail-
able commercially does not providefsaient contrast for NR measurements. In fact,
the deuterium atoms in the chain are 8 and the resultingedgattlength density, cal-
culated using the molecular volume estimated by Armen efldb]is 1.96 x 106 A2,
Missing the NR data on fully deuterated AA, a reliable detieramion of the product
yields is not possible, however an estimation was made tpikito account the results
obtained for the other fatty acids, and the input paramdterthe kinetic model where
fixed to g = 0.2, ¢ = 0.45 and g = 0.35. The values used foi,k.c and D,.z, were
the same as the ones used in previous sections.

7.7.1 Ellipsometry

Figure 7.22 shows the surface excess decays of hAA monalaterhe air—water inter-
face as a function of time with respect of [N

2.4 o just O2
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Independent of [NG), the I'(t) profiles may be divided into two parts: the first part,

I' > 1x 10¥molecule m?, shows a smooth decrease; the second part presents a slower
decrease and some fluctuations. This may be due to the apweasbproducts, which

form optically anisotropic domains.

Examples of the fit are displayed in Figure 7.23 (the compdetemay be found in Ap-
pendix D). The kinetic parameters were constrained in thewiog ranges: ks var-

ied in (0.5- 3) x 108cm?molecule 's ™!, 14.n0,:1 Varied in (5- 18) x 10°S, 14:n0s: 2
varied in (20 - 50) x 10°s and1tq.no, Varied in (0.1 - 6) x 108s. The fitting was
performed following the procedures introduced in Sectidh 7

14 14

2 5x 10 22 x 10
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Figure 7.23: Experimental surface excess of hAA exposedQe¢fiMted with the kinetic
model. Comparison of the two fitting approaches (single andtijnis displayed. The
calculated decays of hAA are shown as comparison with theutatled decays of hAA
and products. (left) [NgJ= 160ppt. (right) [NQ]= 35ppt.

Table 7.8 reports a summary of the best fit values for the kinparameters ob-
tained for the surface reaction between a hAA monolayer aasipfase N@Q The
simultaneous fit of the 5 runs provideg,k = (1.5 + 0.1) x 108cn? molecule *s 1,
which is included in the range of values found with the indial fits ks included
in (1.02 - 2.4) x 108cn?molecule s 1. Both desorption lifetimes of NQobtained
with the simultaneous fit are in good agreement with the \®mldetermined by the



160 ppt 98 ppt 86 ppt
[NO3]/ 10° moleculecm ® 44+ 7 26+ 10 23+ 12
[NOg]™u'i/ 10° molecule cm 3 46+ 1 24+ 1 18+ 1
[NO3]5"9/ 10° molecule cm 3 48+ 1 24+ 1 21+ 1
[INO,]/ 10*® molecule cm® 0.53+ 0.01) 0.86+ 0.08| 1.30+ 0.05
[NO,]™U"t / 10> molecule cm 3 042+ 0.01] 1.2+0.1 | 1.5+0.1
[NO,]*"9/ 10> molecule cm® 0.80+ 0.01|] 1.2+ 0.1 | 1.3+0.1
(Ksurp)™ /10 8cm?molecule s | 1.5+ 0.1
(Ksurr)3"9/ 10 8cm? molecule*s 't | 1.02+ 0.01] 1.02+ 0.01] 2.3+ 0.1
(Td;No3;1)mUIti/10_95 9.9+ 0.1
(td;nos;1)5"9/ 107 s 17.0+ 0.1| 17.9+ 0.1 | 5.0+ 0.1
(Td;Noa;z)mUIti/].O_gS 37.2+ 0.1
(Td:N0s:2)S"9/ 107 %s 22+1 | 20.0+£0.1| 50.0+ 0.1
(tg: no,) ™M /1078 s 3.0+ 0.1
(Td:n0,)S"9/ 10 8s 6.0+ 0.1 6.0+ 0.1 | 0.11+£ 0.01
35 ppt 36 ppt
[NO3]/ 10° molecule cm® 9.3+24 | 9727
[NO3]™u"i/ 10° molecule cm 3 10.0+ 0.1| 6.2+ 0.1
[NO3]J$"9/ 10° molecule cm @ 115+ 0.1| 7.1+ 0.1
[NO,]/ 10*®* molecule cm® 1.6+0.1 | 2.2+0.1
[NO, MUt / 10> molecule cm 3 1.7+ 01 | 24+0.1
[NO,J$"9/ 10*° molecule cm 3 1.3+ 0.1 | 1.9+0.1
(Ksur)™ /10 8cm? molecule's 't | 1.5+ 0.1
(Ksurf)"9/ 10 8cm? molecule st | 2.4+ 0.1 | 2.3+ 0.1
(Td;Nos;l)mUIti/lo_gs 9.9+ 0.1
(Ta;n05;1)%"9/ 107 % s 50+ 0.1 | 5.0+ 0.1
(Td;NQ3;2)mUIti/10_95 37.2+ 0.1
(’Cd;NQ3;2)Sing/10_QS 50+ 1 50+ 1
(Td;NQZ)mUI“/].O_BS 3.0+ 0.1
(Td:n0,)S"9/ 107 8s 0.71+ 0.01 0.45+ 0.01




7.8 Summary and discussion

The kinetic experiments on the single component monolayadstwo main goals: (i)

to determine the kinetic parameters of the heterogene@aions and (i) to assess
the reliability of ellipsometry as a substitute for NR.

The study of heterogeneous reactions of organic monolatetbe air—water interface
exposed to oxidants is crucial to understand the role of $ilrdls for the atmospheric

fate of organic-coated aqueous aerosol [130]. The studee®mpned on these type of
reactions were often carried out monitoring the gas-phpseiss [50, 42, 48, 49]. Gross
et al. [47] investigated the oxidation of organic monolayat an air—solid interface
and apart from monitoring the gas-phase species during ¢aetion, they analysed
the product film with several surface spectroscopic teamesq The monitoring of

the organic monolayer during oxidation at the air—wateeifdce was introduced by
King and co-workers [53] for the study of oleic acid exposedX;. To the best of our

knowledge, no-one has investigated the oxidation of orgaranolayer at the air—water
interface by NQ by in situ kinetic measurements of the surface excess.

NR is a powerful technigue to determine the surface exceasd#uterated monolayer
at the air—rACMW interface, and partial and selective deattien to access reaction
mechanism and individual reaction rates in mixtures hold=sag potential. However

the access to neutron beam time is limited. This limitat®mhe primary motivation

to investigate the capabilities of ellipsometry as labduatechnique for the studies of
single-component monolayers.

7.8.1 Experimental technigues

The use of NR and ellipsometry to investigate the heteragemeeactions occurring
at the air—water interface motivated the design of a dedatataction chamber (see
Chapter 5). The use of the same sample environment and gasigiron set-up for
both techniques removed possible discrepancies dueffereht experimental condi-
tions.

Unexpectedlv. the surface excess decavs recorded with NR and ellinsaometrv have dif-



(Ksur) ™" (NR) (Ksur) ™™ (EIN) ()™ ()™
/ cm®molecule's ! | / cm® moleculels? (NR) (EIl

MO + O, (5.7 0.9)x 100 | (5.1+ 0.6)x 10° | 3x 105 | 2.8x 10°
MO + NO, | (L.7+0.1)x 108 | (2.7+0.1)x 108 | 1x 103 | 1.4x 103
OA+ NO, | (2.2+ 1.8)x 108 | (1.26+ 0.01) x 108 | 1.6x 103 | 6.2x 104
POA+ NO, | (1.6+ 0.1)x 108 | (1.8+ 0.1)x 108 | 1.3x 103 | 7.5x 104
AA + NO, / (1.5+ 0.1) x 108 / 7.7x 104
SA + NO, < 2x 1012 / / /

Table 7.9: Rate cdcients, k,, and uptake cggcients,y, for all the reactions stud-
ied in this chapter are summarised. The kinetic parametletaimed with NR and
ellipsometry (Ell) are distinguished.

to an error in the amount of solution spread at the interfhogyever the variability
due to spreading is expected to be in the order of only a fewemér(e.g. compare
initial values of Fig. 7.5 and Fig. 7.7). The other sourcerobemay be the estimated
refractive indices. In the thin film approximation, a lowefractive index used in the
analysis results in a smaller phase shift for a given suréxcess (see Fig. 3.3), hence
an overestimation of the refractive indices would lead ta@enmestimation of surface
excess values. Since thigext is expected to be linear, the overall shape of the surface
excess decay is not expected to lfeeted. The overall scaling @f, however, does not
affect the ks values.

The dfference found in the shape of the initial part of the surfaceex decays mea-
sured by NR and ellipsometry represents a major issue. Foa@RP OA the surface
excess decay measured with ellipsometry show a lower losseabeginning of the re-
action, while the MO oxidation by N©has a higher rate of loss compared to NR. The
lower rate of loss in the initial part of the OA and P OA surfageess decays is likely to
be due to product formation. Products may havgedent refractive indices than the
reactant and they may form anisotropic domains which bréeklinearity betweed
and measured phase shift. In order to investigate the pcesaranisotropic domains
during the oxidation reaction, BAM imaging would be helpfiHowever, the reaction
chamber used was not suitable for in situ BAM imaging, beeah® objective of the

RDAM inctriiment ncede +n bhe vievyy Alace +a the citivfare anA thic recuinivrerment rild nAt



while it provided complementary information on reactionshaMNOs;. In fact, the ki-
netic parameters provided by NR and ellipsometry agree fGr @&posed to @ while
they dffer for the other systems (especially for OA and MO +IO However, for
the NO; reactions, ellipsometry provided indirect informationoalh the appearance of
products already in the first part of the surface excess dedagh were not detected
by NR. The agreement between ellipsometry and NR data foanthe MO+ QG sys-
tem suggests that even though the probed areas are vgeyedi (mni vs cn?) it
was measured the same surface excess decay. The deviatioa decay of the other
systems reveals the presence of anisotropic domains ofugtedvhich break the cal-
ibration to determind” from the phase shift measured using ellipsometry. To obtain
quantitative information from these ellipsometry datawduld be necessary to inves-
tigate the anisotropy of the monolayer by BAM measuremeiitisese measurements
could in principle provide a calibration of the anisotropyhich could then be used to
restore the relationship betwe&hand the measured phase shift. With knowledge of
the calibration of anisotropy, the shape of the surface sxdecay may be analysed
to estimate for example the lifetime of the products at theweater interface, and
studies of the phase behaviour of various mixtures of regstand possible product
may even lead to their indirect identification.

In light of the results obtained, for future work when deglwith a new system it is
recommend to perform test measurements using both tecbsidtithe results agree,
ellipsometry could substitute NR; otherwise, NR is necgssa study the kinetics of
the reaction, while ellipsometry can help in extractingpimfiation about the product
formation.

7.8.2 Discussion of the results and atmospheric implicasio

The kinetic parameters obtained by analysing the NR datavaltliscussions of the ef-
fect of the chemical structure, i.e. chain length, degreensfaturation and headgroup,
and the fate of MO at night, since reaction with both key nighte oxidant Q and
NO; have been studied.
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bond at the interface. The present results for organic nayeot at the air—water
interface are in a better agreement with the results of Meisal., and this may sug-
gest that the accessibility of the reactive site for theseotayers is similar to that
of a thick film. The dfference in reactive uptake values of NB®y organic monolayer
adsorbed to ghierent substrates would also be interesting to investigate.

The main findings of the present work are discussed in theviollg paragraphs.

Chain length and headgroup

The rate cof cients displayed in the second column of Table 7.9 for thectieas
with NO3; do not show a strong fierence between the unsaturated organic compounds
investigated to within the precision of the measurementswever, the direct com-
parison between surface excess decays allows the pointingf@ correlation between
the headgroup and the presence of products at the end of Httioe. Molecules
with COOH headgroup (OA and POA) left surface-active prdaduat the air—water
interface, while MO which has COOGHas headgroup did not leave any detectable
product.

In the case of ozonolysis, the MO rate gament is an order of magnitude higher than
the value found for OA [53] with a similar experimental setuplearn et al. [23]
compared the reactivity of pure OA and MO particles and repodfferent reaction
mechanisms that were attributed to a larger degree of ordéne OA particles. The
reactive site for ozonolysis is the double bond which is innailar chemical environ-
ment for the fatty acid and its methyl ester in a monolayer nragueous subphase.
The reactive site is thus proposed to be more accessibletemlaby ozone on geo-
metric considerations given that at equivalent surfacesqrees the methyl ester head
group occupies a considerably larger area than the cornel$pg carboxylic acid (see
Sections 6.2.2 and 6.2.3).

Chain saturation

The real dfference in the fate of the monolayer is made by the absencesafturation



reactive species, located in the bulk [100], by slowing dawa dffusion of the organic
compound from bulk to surface and thgfdsion of the oxidant from gas phase to bulk.
However, the saturated fatty acids monolayer was found vt oxidation also of
unsaturated organics at the interface, as discussed imoBe&B on the study of the
binary mixture monolayer OA-SA.

Oxidants: @ vs NOg

The study of the oxidation of MO upon exposure te &d NG, shows - as expected
- clearly a stronger oxidative power of N&ompared to @ The oxidative power
may be quantified from the uptake goeent [47] of O; and NG; as the product of
uptake cofi cient and gas-phase oxidant concentration.i<found in the atmosphere
at concentration between 10 and 100 ppb. The oxidative poatulated for the
lowest concentration would be 7.5 x ®fiolecule cm®. For the calculation of the ox-
idative power, NQ concentrations were chosen to be representative for a rahge
concentrations from high (50 ppt) to low (5 ppt) values, whaould be encountered
in the atmosphere owing to spatial and seasonal fluctuafiigtjs The resulting ox-
idative powers are respectively 1.2 x81fioleculecm® and 1.2 x 1®@molecule cm®.
Although the concentration of NQin the atmosphere is low compared tg,@hese
results suggest that night-time oxidation is likely to bemdmated by NQ. This find-
ing suggests that further investigation of the oxidationvelr by NG; is required to
understand the fate of aerosol droplets as well as studiélseokey daytime oxidant
OH.

The rapid loss of the organic monolayers resulting from tkgeeimental data of the
oxidative decays does not agree with field studies, whiclhvdbnger lifetime for unsat-

urated organics [133, 134, 135, 25]. The unsaturated ocganay have longer lifetime
if protected from oxidative attack by gas-phase specieslénkighly viscous aerosol
particles [136, 137, 138] or if mixed with non-reactive sigsc This is the key motiva-

tion to investigate the oxidation of binary mixtures, whigpresent closer models to
real aerosol droplets (Chapter 8).



Chapter 8

Kinetic experiments of mixed
organics monolayers

8.1 Introduction

In this chapter the kinetic experiments performed with thenolayers of binary mix-
ture exposed to NQare presented. The composition of all the binary mixturessn
tigated is 1:1 by mole. The resulting surface excess prditescompared qualitatively
with the corresponding surface excess profiles measured thie single component
monolayers. The kinetic analysis is presented and the petrens are discussed and
compared with the kinetic parameters of the single compofiken.

Section 8.2 presents the surface oxidation kinetics of O@-kixtures, where both
components react with N Out of the six possible pairs from dOA, hOA, dMO and
hMO, two were chosen: dMO-hOA and dOA-hMO. Section 8.3 consdhe surface
oxidation kinetics of the OA-SA mixture, where SA is assuntedbe non-reactive,
hence just the mixture dOA-hSA was investigated.

The reaction kinetics of the mixtures are discussed in camgp@a with the literature.

8.2 OA-MO mixture exposed to NO



for the deuterated form (see Table 5.1). The NR data analysssperformed in the
same way as for the single component monolayers. The regdl{t) profiles show the

surface excess of the deuterated organic component; howewsvoid confusion with

the results presented for the pure monolayers, the datalaegysalabelled with the

mixture name.

The data recorded for the two mixtures are presented in agpagections, and the
Kinetic parameters are discussed in comparison with thamaters obtained for the
corresponding pure monolayers.

dMO-hOA

Figure 8.1 displays the surface excess decays of 1:1 dMO-h1@Aolayers at the air—
ACMW interface as a function of time with respect to [RJO [NO3] ranges from
(23+ 4) ppt to (98 40) ppt. The minimum value reached by thdasie excess is
~ 1.5 x 16" moleculem?, which may be reduced to a negligible value with greater
co-adding of the data Hence no surface active products grecéad to remain at the
interface, as it was found for the pure monolayers. Accagdmmthis, the product yields
were chosen as for the pure dMO monolayers=c0, ¢ = 0.45 and g = 0.35. The
exposure of the monolayer to pure @nd to [NG] = (141 £ 3) ppm shows a similar
dMO-hOA surface excess decay, suggesting that the losdgatetermined by the gas
flow together with the poor stability of the monolayer. Thisding is in agreement
with the data recorded on the pure monolayer (Section 7é)¢cé it can be concluded
that the presence of hOA does not change the stability of dvitha air—water inter-
face.

For each oxidant condition, tHgt) profile of the mixture was normalised to its initial
value and compared to the normaliséft) profile of the corresponding pure system.
The decays were shifted in time to overlap the start of thegecExamples of dMO-
hOA surface excess decays compared to dMO decays are shdwgure 8.2, the full
set may be found in Figures E.1 and E.2 of Appendix E. The dvehape of the
I'(t) profiles is similar, however the dMO-hOR(t) presents a small increase in surface

exce<c itict befare the beainnina aof the decav which i< nat fairind in the niire monaol aver
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Figure 8.1: Surface excess decays of AIMO-hOA exposedfterdint [NG]; mean values

are displayed in the legend. Data were recorded with NR. Ttimed s represents the
start of the exposure. Data are shown without error barsléoitg. The relative errors

are on the order of 1 %.

and it was found that the double bond could isomerise, reguih a change in surface
pressure. No increase in the surface excess was detectedh iwhn agreement with

the data recorded in the present work for dOA (see Section F8rthermore, they

used a time resolution of 800 s, while the data presentedlare a time resolution of
5s and the increase of surface excess has a time scale be2@@srand 500s, hence
the gfect would not have been detected in the work of King et al..
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The kinetic fitting was performed applying the same modedufee the pure mono-
layers and all the runs were fitted simultaneously (‘multi’tables). The kinetic
parameters were constrained over the same ranges of vadedsfar the pure system.
This basic approach was chosen in order to have a direct cosopabetween oxidation
of monolayers of the binary mixture and the single composeseveral variations to
the model may be applied to include the presence of the otigamic component, e.g.
the accommodation c@ecient. However, the number of parameters to be determined
was already large and further parameters would add greaimrtainties to the results
without a real gain in information. Examples of the fits arepdhyed in Figure 8.3
(see Figures E.4 and E.5 of Appendix E for the complete datts).sés for the pure
monolayers, the simultaneous fitting lead to an accuraterghisn of the slow decay,
while the fit of the fast one is poor. However, for the mixturevas decided to apply
just the simultaneous fitting since for the pure monolayergais found that the kinetic
parameters of the simultaneous fit were in agreement withrébelts obtained with
the individual fit of each run (see Section 7.6).
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Figure 8.3: Experimental surface excess of dAMO-hOA expaseNO; fitted with the
kinetic model. The calculated decays of dMO-hOA are showncfamparison with
the calculated decays of dMO-hOA and its reaction produéleft) [NO3z]= 23 ppt.
(right) [NO3] = 98 ppt.



98 ppt 86 ppt 35 ppt
[NO3]/ 10° moleculecm ® 26+ 10 23+ 12 | 9.3+ 24
[NOg]™u"ti / 10° molecule cm 2 32+ 1 20+ 1 8+ 1
[NO,]/ 10*®* molecule cm3 0.86+ 0.08| 1.30+ 0.05/ 1.6+ 0.1
[NO,]™u'ti / 10 molecule cm® 0.7+01 | 1.0+0.1 |1.3+0.1
(Ksurf)™ /10 8cm? molecule*s 't | 0.7+ 0.1
(ta;nos; 1) ™" /107 %s 11.7+ 0.4
(Td;N03;2)muIt|/10—98 10.1+ 0.4
(td:no,)™ 1/ 1078 s 6.0+ 0.5
36 ppt 32 ppt 23 ppt
[NO3]/ 10® molecule cm® 9.7+ 27(87+28/6.1+1.2
[NO3]™u/ 10° molecule cm 3 7.7+ 05|59+ 0.3/ 40+ 0.1
[INO,]/ 10*°> molecule cm® 22+0.1]27+0.2/3.3+0.2
[NO,]™u'ti/ 10 molecule cm 3 22+ 02|28+£0.2 3.6 0.2
(Ksurp)™ "1/ 10 8 cm? molecule st | 0.7+ 0.1
(Td;No3;1)mUIti/10_95 11.7+ 0.4
(’Ed;No3;2)mu'ti/10_95 10.1+ 0.4
(’Ed;Noz)mum/].O_SS 6.0+ 0.5

Table 8.1: Kinetic parameters, resulting from the fittingtbke experimental data
recorded with NR, of the system dMO-hOA+ N@re displayed. Each column repre-
sents an oxidant condition. Superscripts ‘multi’ referahe type of fitting performed
(see text for details). Lines 1 ([N{) and 3 ([NG,]) of each table report the values
measured with FTIR spectroscopy and their associated errall the others values
and errors are obtained from the kinetic fitting.

model. However, to investigate further thgeet of mixing would be beneficial to study
dMO-hMO mixtures at dierent ratios, and then compare with the results of AMO-hOA
mixtures to deconvolute thegfect of the hOA, which could be physical, in the sense that
the ordering in the mixed film is flerent from the ordering in the single component
monolayer. This applies to all the mixtures studied in thakv The desorption life-
times of NQ; are: tq.nos:1 = (11.7 £ 0.4) x 10%s andty.no,:2 = (10.1+ 0.4) x 10°s.
These two values are very close to each other, which was notcélse for the pure

monolayer, where the value of.no,.1 Was half of the value oty.no,.2, respectively
(EE+ N1Yx 10°%<and (11 23+ 01 x 10-%<c Thic findinA <tinae<t< that the avail ahil-



parameters obtained allowed a comparison between theiopaeith NO3; of dMO
mixed with hOA and of pure dMO. The resulting rate fiagent for dAMO-hOA ex-
posed to NQ is lower than the rate cgecient found for the reaction with dMO. From
these rate cglcients, the gas uptake gpeients,y, may be estimated following the
approach of Hearn et al. [23]. The rate fiagent were obtained from the rate of loss
of organic material at the interface, hence the gas uptakg dent may be thought
as an gective gas uptake by the specific organic compound undestigation. The
NO; uptake coff cient for the pure dMO monolayer is 103, while the NG uptake
cogfi cient for the dMO mixed with hOA is- 2 x 10 . The interfacial mixing there-
fore resulted in a decrease of uptake feoent of about 5 times. To the best of our
knowledge, data on binary mixed organic monolayer at thevaiter interface are not
available. Experimental data recorded with a rotating flalve reactor by Knopf et
al. [139] on biomass burning surrogates exposed tg NRow an uptake cgecient

of 1 - 26 x 103 for three organic species studied (levoglucosan, abiatit and ni-
troguaiacol), and for the mixture of those 3 components ia fass ratio 60 : 2: 1
the uptake cagcient was ranging from (2.61+ 1.51) x 10to (10.10+ 7.90) x 10®
depending on the relative humidity and experimental methsed. Dferently from
our findings, the N@ uptake on the mixture was consistent with the value found for
the single components; however it is important to underiim&t NG; in nitroguaiacol
had an uptake cgfecient one order of magnitude higher than the other two omgani
compounds, hence this may explain the resulting uptakg ceat for the mixture.
The lower NQ uptake cofi cient leads to a longer lifetime of MO when mixed with
another reactive molecule. This may explain the discrepafien found between lab-
oratory study and field measurements [133, 134, 135, 25].otatlory studies, which
usually focus on single component model system, lead taniie values smaller than
those measured in the atmosphere, where the aerosol is nfiad@&ny organic com-
pounds [140, 141, 142, 26, 143].

NR measurements are not chemical specific, hence the peeséntermediate prod-
ucts, which may behave ferently depending on the surrounding environment, cannot
be revealed. The investigation of these intermediate sta&telld be interesting.



mixture as well (¢ = 0.145, ¢ = 0.45 and g = 0.35). The loss of the soluble and
volatile products was modelled as in the pure system. Thesxg of the monolayer to
pure G (O, blank) produced a negligible surface excess decay ovenalsbowed some
fluctuations in the first 3000 s, which were not found for thegosystem. However, the
exposure to [N@| = (141 + 3) ppm (NQ blank) shows a smooth and constant surface
excess profile. This discrepancy between the two blanksrid tajustify, but probably
a repeat of the @blank would help in understanding if the measured surfacesx
was physically realistic or just related to uncontrolledegxal causes. Unfortunately,
the restricted access to NR beam time did not allow the repgttis long run ¢ 3
hours). In the kinetic analysis, the dOA-hMO film was assumhede stable under
non oxidant gas flow, as in the case of pure dOA monolayersu¢gig.5).
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Figure 8.4: Surface excess decays of dOA-hMO exposed fferent values of [NG);
mean values are displayed in the legend. Data were record&dNR. Time t = 0s
represents the start of the exposure. Data are shown without error bars for clarity.



excess of dAOA-hMO does not overlap with the dOA surface exdesay. For some of
the [NGs] values (Fig. 8.5 [NQ]= 32ppt) the rate of loss of dOA in the mixture is
significally slower than the rate of loss of the pure dOA. Heogve when repeats are
available (Fig. 8.5[N@] = 86 ppt), the rate of loss presents a great variability bfoth
mixture and for pure monolayer. It is important to rememiwttthe oxidant concen-
trations are known only with a considerable error (at leds¥%3 and this can explain
the variability of the recorded rates of loss. However, ttrersg variation of the rate
of loss of both pure system and binary mixture is not justlBadnly with the uncer-
tainty in the gas concentration, hence other factors may aleole. For example, the
relative humidity, RH, canfpect greatly the [N@] as shown by Schiitze and Herrmann
[144], who investigated the NQuptake on aqueous surfaces and found ansN@lue
lower than expected when the relative humidity was about 90%e concentration
value halves with respect to the value measured at~R®P6. Since the RH is not
controlled in our experimental setup, this may be the caddd® great variability
observed. In particular, during the acquisition of the dOIMO data, the weather
condition changed dramatically: from dry and hot to cold aved. The neutron beam
time was at the end of July 2013, and after the 3 days at stanmérature and
RH, the weather changed to lower temperature and higher RiesaThis dramatic
change in conditions was not experience in the other exparisn Unfortunately, the
RH could not be monitored inside the reaction chamber dutimgexperiment and
no quantitative estimation of thefect could be performed. However, to account for
the reduction of [N@] due to RH in the kinetic fitting, the range of values was cimose
appropriately.
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of the fits are shown in Figure 8.6 (the missing runs are dygualan Figures E.6 and
E.7 of Appendix E). The quality of the fit was poor for the higds] as previously
found. Similarly to the previous mixture, the fitting was foemed down to a value
of surface excess I'y/ 2, which ensured that the films conformed to the uniform daye
approximation for NR (i.e. the layer thickness is largerritthe width of the aliphatic
chain, absence of domains).
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Figure 8.6: Experimental surface excess of dAOA-hMO expaseNO; fitted with the
kinetic model. The calculated decays of dOA-hMO are showncfamparison with
the calculated decays of dOA-hMO and its reaction produéleft) [NO3z]= 32 ppt.
(right) [NO3] = 86 ppt.

The best fit values for the kinetic parameters related to thiéase reaction of dOA-
hMO monolayers exposed to gas-phasesN@e summarised in Table 8.2. The fitting
lead to a value of rate cgiecient of (1.00 + 0.05) x 10° cm? molecule 's !, which is

at the lower limit of the range chosen for the fitting. This nsaggest that the range
was too narrow, hencefacting the resulting parameter. However, in that case the fit
would push the [N@)] to the lower limit to compensate the rate gogent, and this
does not happen, hence the value found can be thought as shditbeThe value

of ksyrs Of AdOA-hMO exposed to N@results as half of the value found for the pure
system. This result is parallel with the dMO-hOA system, gasging that thefpect



98 ppt 98 ppt 86 ppt
[NO3]/ 10° moleculecm® 26+ 10 26+ 10 23+ 12
[NO3]™U"t '/ 10° molecule cm 3 24+ 1 24+ 1 26+ 1
[INO,]/ 10*® molecule cm® 0.86+ 0.08/ 0.86 + 0.08| 1.30+ 0.05
[NO,]™u'ti/ 10> molecule cm® 1.2+ 0.1 | 0.82+ 0.02| 1.03+ 0.05
(Ksurp)™"1/ 10 8 cm? molecule *st | 1.00 + 0.05
multi 9
(Td;Noa;l) /10_ S 40+ 0.1
(’Ed;No3;2)mu_|t|/10_95 10.0+ 0.5
(ta:no,) ™11/ 1078 s 6.0+ 0.1
35 ppt 36 ppt 32 ppt
[NO3]/ 10° molecule cmi® 9.3+24 |9.7+27|87+ 2.8
g]multi molecule cm 5+ 0. .0+ 0. .0+ 0.
[NOg]™u'ti/ 108 | | 3 11.5+ 0.6 | 9.0+ 0.5/ 4.0+ 0.2
2 molecule cm 6+ 0. 2+ 0. 7%0.
[NO,]/ 10** mol | 3 1.6+ 0.1 [ 22+0.1 2.7+ 0.1
[NO, MUt / 10> molecule cm 3 1.8+ 0.2 |24+ 0.1/ 3.0+ 0.1
(Ksurp)™ 1/ 10" 8 cm? molecule *s ! | 1.00 + 0.05
(’Ed;No3;1)mu'ti/10_95 40+ 0.1
(’Ed;No3;2)mu'ti/10_95 10.0+ 0.5
(’Ed;Noz)mUIti/lO—SS 6.0+ 0.1

Table 8.2: Kinetic parameters, resulting from the fittingtbke experimental data
recorded with NR, of the system dOA-hMO+ N@re displayed. Each column repre-
sents an oxidant condition. Superscript ‘multi’ refers tettype of fitting performed
(see text for details). Lines 1 ([N{) and 3 ([NG,]) of each table report the values
measured with FTIR spectroscopy and their associated errAil the other values
and errors are obtained from the kinetic fitting.

benefit from experimental data on the binary mixtures: dG®hand dMO-hMO.
Those data would help in distinguishing thgeet of the mixing of deuterated and
hydrogenated forms of the same molecule from tfieceé due to mixing of dferent
surfactants.



8.3 OA-SA mixture exposed to N

The present section concerns the oxidation kinetics of rfageos made of OA and
SA at the air—water interface that are exposed to;NDhe experimental procedures
were described in the previous sections. Since the dSA filppsed to NQ did not
show change in the surface excess value, the mixture dSA-We®not investigated.
No loss of dSA was assumed to occur on the time scale of the NRererents (see
Section 7.4), while the formation of stable reaction pradumannot be excluded. The
experimental data discussed in this section will concemst fine mixture dOA-hSA.
The hSA is virtually invisible for NR because its scatterileggth density is about
0.1% the value of the dOA scattering length density.
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Figure 8.7: Surface excess decays of dOA-hSA exposed ffereint values of [NG);
mean values are displayed in the legend. Data were record&dNR. Time t = 0s

represents the start of the exposure. Data are shown witliwot bars for clarity.
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proposed scenarios, hence the product yield for the kirestlysis was not changed
with respect to the values used for the pure system. It wo@ldhélpful to perform
complementary studies by following the reaction with a cloerty-specific technique,
such as infrared spectroscopy or time-of-flight secondanymass spectroscopy [47].
The comparison between the dOA-h3AT, profile and the dOAI'/ Ty profile with
respect to [NQ] is shown in Figure 8.8 (the other comparisons may be fourkigures
F.1 and F.2 of Appendix F). The general trend of the surfacesxdecays of dOA-
hSA compared to dOA is a decrease in the rate of loss; howevee sepeats show a
similar loss rate for the mixture and the pure system (e.g.Fsg. 8.8 [NQ]= 15ppt).
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Figure 8.8: Surface excess decay of dOA-hSA compared witte piOA.I" was nor-

malised to its initial value to allow a clearer comparisoteft] [NO3z] = 15ppt. (right)
[NO3] = 86 ppt.

The kinetic analysis was performed with the model previpustroduced, and the
ranges of values to constrain the kinetic parameters weaygethequal to the ones used
for the dOA pure system (Section 7.3).

As for the other binary mixtures, only the simultaneous fiigtivas applied to the
experimental data and(t) profiles recorded at low [N¢) fitted better than the high
concentrations. Examples of the fit are displayed in FiguBe(8the full data sets



86 ppt 35 ppt 36 ppt
[NO3]/ 10° molecule cm® 23+ 12 | 93+24 9.7+ 2.7
[NO3]™u'i / 108 molecule cm® 26+ 1 |11.5+ 05 9.0+ 0.6
[NO,]/ 10*°* molecule cm3 1.30+£ 0.05 1.6+ 0.1]|22+0.1
[NO,]™u'ti/ 10> molecule cm ® 1.4+ 03 | 1.3+ 0.1]1.9+0.1
(Ksurp)™ '/ 10" 8 cm? molecule s ! | 1.00 + 0.02
(Ta;n05;1)™ /107 %s 6+ 3
(Td;Nos;z)mum/lo_gs 10+ 1
(tg:no,) ™11/ 1078 s 6.0+ 0.1

32 ppt 23 ppt 15 ppt
[NO3]/ 108 molecule cm® 87+28 |6.1+12 42+ 1.4
[NO3]™u''/ 108 molecule cm 3 5+ 2 4+1 |24+0.6
[NO,]/ 10*®* molecule cm 3 27+ 0.2 | 3.3+£0.2/3.8+0.2
[NO,]™u'ti / 10> molecule cm 3 2.8+ 0.3 [3.0+0.1/4.1+0.2
(Ksurp)™ 1/ 10" 8 cm? molecule s ! | 1.00 + 0.02
(’Ed;No3;1)mu'ti/10_95 6+ 3
(Td;Noa;z)mUIti/].O_gS 10+ 1
(’Ed;Noz)mUIti/lO—SS 6.0+ 0.1

Table 8.3: Kinetic parameters, resulting from the fittingtbke experimental data
recorded with NR, of the system dOA-hSA+ y@re displayed. Each column represents
an oxidant condition. Superscript ‘multi’ refers to the gypf fitting performed (see
text for details). Lines 1 ([NG)J) and 3 ([NG,]) of each table report the values measured
with FTIR spectroscopy and their associated errors. All otfeers values and errors
are abtained fram the kinetic fitting.
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Figure 8.9: Experimental surface excess of dOA-hSA exposedO; fitted with the

kinetic model. The calculated decays of dOA-hSA are showrcdmparison with the
calculated decays of dOA-hSA and its reaction productdt)([RO3] = 15 ppt. (right)

[NO3] = 86 ppt.

those found for the mixture dOA-hMO. However, consideringtjthe direct compari-
son between the surface excess of the mixtures and the purelayers, the behaviour
appears to be @erent. The comparison of the rate of loss of dOA-hMO with tbht
dOA does not provide a conclusive result, which could be duthe lack of control of
RH during the experiment. The other mixture, dOA-hSA, pnésealways a rate of
loss that is slower than that for the dOA monolayer.

The final values of (t) are slightly diferent: dOA mixed with hSA leaves more deuter-
ated surface active material at the air—ACMW interface td@A mixed with hMO.
This diference suggests that the presence of h(MO doesffeattdhe reaction products
of dOA exposed to N@ while the presence of hSA modifies the products yields. In
this work, the reaction products of hSA and N@nd intermediate products of dOA
are not considered. Thefthirent behaviour of the two mixtures may be explained by
future investigations of the intermediates. Several stsidusing dferent oxidant and
organics, tried to describe these intermediates [133, 138, 25, 24], but all of them
used particles or bulk film in flow-tube reactors. To the bdsouwr knowledge, such
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ture and RH inside the reaction chamber and in the surrogneliwvironment; and (ii)
to measure the single component monolayer during the saara biene as the mixture
monolayer.

Two days of beam time on INTER (June 2014) and four days of btame on FI-

GARO (September 2014) have been awarded in order to allovatheisition of the
missing conclusive data in order for the work from this clexpto be written up for
publication.



Conclusions & Outlook

The overall goal of this thesis was to increase the scientifiderstanding of the fate
of atmospheric aerosol with respect to the oxidation of limsie surface films. This
was achieved through the investigation of spread organatagers at the planar air—
water interface exposed to;@nd NG;. The real-time monitoring of the surface excess
of the surfactant during oxidation was performed by NR adigsdmetry. In order to
study the oxidation reactions in an optimal way, four maieaex of development were
addressed.

1. NR is a very powerful technique to study interfaces, intgafar deuterated
monolayers at the air—rACMW interface. The use of FIGARO [68]the kinetic
experiments allowed the acquisition of data typically wahime resolution of
5s but occasionally with scans as short as 1s, which wasalrtwireconstruct
the surface excess decay as a function of time. Apart fromstiegpe of the
surface excess decay, it was important to determine whédiiemreaction left
surface active products at the air—ACMW interface or not.isTdemand was
met by my development of a background treatment method wanabled the
distinction of a bare ACMW surface from 1% of a deuterated olayer, i.e.
~ 2 x 10molecule m? (Section 4.2). This s a significant advance since NR was
used to date to investigate the surface excess of deutenadedlayers at the air—
ACMW interface and the interfacial composition of mixtunegh an expected
precision and sensitivity of 5— 10% [62, 94, 95]. The newlyeleped background
treatment was fundamental to determine the presence @mdctive products
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ered as substitute for the investigation of single comporerd isotropic mono-
layers. NR requires the use of deuterated compounds, wbicll ©ehave djer-
ently from the natural form and could introduce artifact®edo the presence of
deuterated impurities, especially for the custom-mades.oitowever, ellipsom-
etry could investigate both forms of compounds and assedseifreaction has
been gected by deuteration or not. The isotherms of both forms wecerded
and no dfference was found, confirming that no isotogfe& needs to be con-
sidered for the chemicals used. The two techniques haferent footprints:
~ cnm? for NR and ~ mm? for ellipsometry. Ellipsometry may be sensitive to
formation of domains, their motion and their degree of opltenisotropy, while
NR provides just an average information. In order to gain miwest from these
two technique and to reduce any experimental errors arigiolg the sample
environment, | designed a dedicated sample chamber (Chaptd he MIMIK
(Multi-Instruments Miniaturised Kinetics) chamber is table for both NR and
ellipsometry measurements and it has a gas delivery syspégimiged for homo-
geneous diusion. While the gas flow in the chamber could induce vibnradiat
the air—water interface and hencgeat the monolayer stability, simulations of
the gas flow inside the chamber demonstrated the very lowspresgradients
experienced by the water surface [110]. NR measurements-dD£0 interface
further confirmed the results of the simulations. In orderéduce the volume
of the chamber there is no control of the surface pressiegemovable barriers,
and hence the initial surface excess and pressure are deteliny the amount
of molecules spread. Spreadingrdient amounts of molecules and then exposing
the monolayers to the same oxidant condition, the influei¢tbeinitial surface
excess and pressure has been investigated and the surtass elecay resulted
to be ungected.

. A guantitative study of the kinetics of the heterogene@astions requires knowl-
edge of the oxidant concentrations used, which led me to imawde calibrate
carefully all relevant gas-phase species (Section 6.3)thincase of @ UV-Vis
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concentrations [14]. The uncertainties in these valuegedrirom 30 % to 50 %,
which are similar to the uncertainties on similar studieg.(eGross et al. [47]
40%).

4. The analysis of the kinetic experiments required the ldpweent of a model to
describe the reaction, which | carried out (Section 4.3).e Dlaonolysis of MO
was modelled as a second order reaction [33], and tfierdntial equation was
integrated analytically leading to a function that was usedit the data. The
NO; oxidation required the development of a more sophisticabedlel, which
considered, in addition to the reactions, several othern@eisms, such as gas-
phase species accommodation, desorption, competitioaldeorption sites and
transport. The newly developed model was built on the forsnad of the PRA
framework [96]. It is a combination of KM-SUB and K2-SURF [998], and it
has been adapted for planar geometry. The systemfefdntial equations was
solved numerically in Matlab [101] and the solutions, i.eesurface excess values
of the organic compound, were used as fitting function. Timetc parameters
and related uncertainties were obtained throygminimisation.

The study of the heterogeneous reaction at the air—-waterfatte could thus be opti-
mised by the refinement of the NR data analysis method, a antial improvement
in the sample environment, the careful calibrations and eliogd) of the oxidant con-
centrations and the development of a detailed kinetic moal@tterpret the data.

The kinetic experiments on single component monolayersstigated using NR and
ellipsometry (Chapter 7) had two main goals: (1) to deteerihe kinetic parame-
ters of the heterogeneous reaction and (2) to assess thbiligji of ellipsometry as a
substitute for NR. Key findings are summarised below.

1. The organic compounds chosen as proxies for insoluble fdnthe aerosol sur-
face were: methyl oleate, oleic acid, stearic acid, palleitacid and arachidonic
acid. The oxidation of MO by @and NG; was studied, and the other compounds
were exposed just to NQO This selection allowed me to compare thpeet of



of a thick film instead of a monolayer on a solid substrate.

The rate cof cients were not fiected by a modest change in chain lengths (OA
vs POA) and dferent headgroups (MO vs OA) to within the precision of the
measurements, even though practicgl clilties were experienced during the ex-
periment on the oxidation of OA by N which would benefit from additional
experiments in the future. Nevertheless, the presencertdetactive products
at the end of the reaction was found to be positively coreslawith the pres-
ence of a COOH headgroup (OA, POA, AA). For the ozonolysis @ bhe rate
cogf cient was found to be higher than that for the parent fatty 8]. This
difference can be attributed to the lower degree of order in thechBin and the
larger area occupied by the headgroup which could make thaixe site more
accessible to attack by ozone.

The most substantial glerence in the fate of the monolayers upon oxidative at-
tack was made by the absence of unsaturation in the aliplchdmn. In fact,
SA was not lost from the interface during the Bl®xposure. The NR data al-
lowed the estimation of an upper limit for the rate fiméent of 2 x 1012cm?
molecule ! s71, which is four orders of magnitude lower than the ratefcoent

of the unsaturated molecules. This is consistent with tlfergint and slow reac-
tion mechanism of H abstraction compared to addition to a C d¢oGble bond.
The study of the oxidation of MO upon exposure tg@ &nd NQ; shows clearly

a higher uptake cgecient of NO; compared to @ by a factor of 18. Even

if the concentration of N@in the atmosphere is low compared to that of O
(5- 50ppt vs 10 - 100ppb), these results suggest that nighg-oxidation will

be dominated by N@rather than @ reactions. This finding suggests that fur-
ther investigation of the oxidation driven by N@re needed to fully understand
the fate of aerosol droplets.

. I showed that ellipsometry is a good substitute for NR fog study of the ozonol-
ysis of MO, while it provided complementary information ometreactions of all
the organic monolayers with NO Specifically, the kinetic parameters deter-
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The uptake cggcients obtained for the unsaturated molecules suggest raesHie-
time compared to the values found by field studies [133, 138, 25], while they agree
with other laboratory studies on related systems [132]. sEh@bservations could per-
haps be rationalised if the unsaturated organics have tdifgf@gmes in the presence of
other molecules in the mixtures. The examination of thisdiyesis provided the key
motivation for the investigation of the oxidation of binanyixtures, which represent
closer models to real aerosol droplets.

The kinetic experiments on binary mixtures investigatethg&NR only (Chapter 8),

these studies had the goal to determine the relative ratgaeets of the individual

components by monitoring the reduction in the surface exoés deuterated compo-
nent mixed with a hydrogenated component during the oxahateactions. | studied
two systems: (1) OA-MO and (2) OA-SA. This combination akmiMhe investigation

of two unsaturated compounds as well as an unsaturated comdpmixed with a

saturated compound.

1. OA-MO was studied both as dOA-hMO (sensitive primarilyttee loss of OA)
and dMO+ hOA (sensitive primarily to the loss of MO).
The NO; uptake coficient for the pure dMO monolayer is 10 3, while the
NO; uptake cofi cient for dMO mixed with hOA is~ 2x 104 The mixing
resulted in a decrease in the uptakeftornt of about a factor of five. Similarly
to dMO-hOA, the uptake cgecient for the mixture dOA-hMO is- 3.7 x 104,
which was about 4 times smaller than the Ndptake on pure dOA (1.6 x 18).
The lower NQ uptake cofi cient leads to a longer lifetime of MO and OA when
mixed with another reactive molecule. This result may tfaeehelp to explain
the discrepancy often found between laboratory study and flreeasurements
[133, 134, 135, 25].
The interpretation of these data on binary mixtures woulddfie from exper-
imental data on the binary mixtures: dOA-hOA and dMO-hMO.o$é& data
would help in distinguishing between th¢ext of the mixing of deuterated and
hydrogenated forms of the same molecule from tfece due to mixing of dierent
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presence of hMO does noffect the reaction products of dOA exposed todNO
the presence of hSA modifies the product yields.

In this work, the reaction products of hSA and Nénhd eventual intermediate products
of dOA were not considered. Thefjdirent behaviour of the two mixtures may be
explained further in the future by investigating these iintediates. Several studies,
using dfferent oxidants and organics, aimed to describe these iebats [133, 134,
135, 25, 24], but all of them used particles or bulk film in flombe reactors. To the
best of our knowledge, such a study of an organic monolayéhatir—water interface
is still missing, probably because of the experimental leingles to be solved, e.g. the
detection of a rather small number of organic molecules iaréase film. Nevertheless,
following the development presented in this thesis, theauteking of such a project
has become a real possibility.

Future perspectives

The work presented in this thesis uses a flat air-water sesfat more than 4 cfn
as proxies for aerosol particles. This choice is ratiomdliss the aerosol surface is
efectively experienced as flat on the molecular level by thepjesse oxidants cho-
sen. Nevertheless, it would still be interesting to repraalan organic-coated aqueous
aerosol and then study the same reaction using approp e rescopic techniques.

The kinetic experiments on monolayers of both single congmos and binary mixtures
were performed at room temperature (25 *CJ. In the future, the study of the these
reactions at lower temperatures, 10— 20 representative of the lower troposphere
(altitude below 3km), would also be interesting. Furthereydo assess thefect of
relative humidity on the heterogeneous reactions, furitk is required to obtain a
reliable measurement of the N@oncentrations in presence of water vapour.

The investigation of binary mixtures consisting of sat@diand unsaturated surfac-
tants with diferent chain lengths would be interesting. Similarly, thedst of mixtures
at diferent mixing ratios, i.e. OA-SA in ratio 1:9 mol, would help tetermine the
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Appendix A

Oleic acid exposed to N@ fit of

the I'(t)
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Figure A.1: Experimental surface excess of dOA monolayegsosed to NQ fitted
with the kinetic model. Comparison of the two fitting apprieas (single and multi) is
displayed. The calculated decays of dOA are shown as cosgrawith the calculated
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Figure A.2: Experimental surface excess of dOA monolayeqsosed to NQ fitted

with the kinetic model. Comparison of the two fitting apprieas (single and multi) is
displayed. The calculated decays of dOA are shown as cosgrawith the calculated

decays of dOA and products. (left) [NP= 35ppt. (right) [NG] = 36 ppt
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Appendix B

Palmitoleic acid exposed to N£
fit of the I'(t)
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Figure B.1: Experimental surface excess of dP OA monolaggposed to N@ fitted
with the kinetic model. Comparison of the two fitting apprieas (single and multi) is
displayed. The calculated decays of dP OA are shown as casopawith the calculated
decays of dP OA and products. (left) [NJ> 15ppt. (right) [NG]= 17 ppt
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Figure B.2: Experimental surface excess of dP OA monolaggposed to NQ@ fitted
with the kinetic model. Comparison of the two fitting apprioas (single and multi) is
displayed. The calculated decays of dP OA are shown as casopawith the calculated
decays of dP OA and products. (left) [N>= 23 ppt. (right) [NG] = 32.5ppt
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Figure B.4: Experimental surface excess of hP OA monolaggposed to N@ fitted
with the kinetic model. Comparison of the two fitting apprieas (single and multi) is
displayed. The calculated decays of hP OA are shown as caosgpawith the calculated
decays of hPOA and products. (left) [NI&= 23 ppt. (right) [NG] = 32.5ppt
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Appendix C

Methyl oleate exposed to N£ fit
of the I'(t)
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Figure C.1. Experimental surface excess of dMO monolayrposed to NQ fitted
with the kinetic model. Comparison of the two fitting apprioas (single and multi) is
displayed. The calculated decays of dMO are shown as cosgpawith the calculated
decays of dMO and products. (left) [ND= 23 ppt. (right) [NG] = 35ppt
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Figure C.2: Experimental surface excess of dMO monolayepoged to NQ fitted
with the kinetic model. Comparison of the two fitting apprieas (single and multi) is
displayed. The calculated decays of dMO are shown as cosgrawith the calculated
decays of dMO and products. (left) [NP= 36 ppt. (right) [NQ] = 86 ppt
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Appendix D

Arachidonic acid exposed to N4
fit of the I'(t)
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Appendix E

Binary mixture of OA and MO
exposed to NQ@Q

Comparison with single component
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Figure E.1: Surface excess decay of dAMO-hOA monolayers eoetpwith pure dMOTI"
was normalized to its initial value to allow a clearer comipam. (left) [NO;] = 32 ppt.
(right) [NO3] = 35ppt.
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Figure E.2: Surface excess decay of AIMO-hOA monolayers esetpwith pure dMOT"
was normalized to its initial value to allow a clearer comipam. (left) [NO;] = 36 ppt.
(right) [NO3] = 86 ppt.
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Figure E.3: Surface excess decay of dOA-hMO monolayers emetpwith pure dOAI"
was normalized to its initial value to allow a clearer comipam. (left) [NO;] = 35ppt.
(right) [NO3] = 36 ppt.



Fit of the I'(t)
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Figure E.4. Experimental surface excess of dMO-hOA mormiayexposed to NO

fitted with the kinetic model.

The calculated decays of dMOAare shown for

comparison with the calculated decays of dMO-hOA and itstiea products. (left)
[NO3] = 32ppt. (right) [NG] = 35ppt.
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Figure E.5: Experimental surface excess of dMO-hOA mormigyexposed to NO
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Figure E.6: Experimental surface excess of dOA-hMO mormisyexposed to N
fitted with the kinetic model. The calculated decays of dOA& are shown for
comparison with the calculated decays of dOA-hMO and itstiea products. (left)
[NO3] = 35ppt. (right) [NG] = 36 ppt.
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Figure E.7: Experimental surface excess of dOA-hMO mormisyexposed to N
fitted with the kinetic model. The calculated decays of dOA& are shown for
comparison with the calculated decays of dOA-hMO and itstiea products. (left)



Appendix F

Binary mixture of OA and SA

exposed to NQ@Q

Comparison with single component
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Figure F.1: Surface excess decay of dOA-hSA monolayers aoetpwith pure dOAI"
was normalized to its initial value to allow a clearer comipam. (left) [NO;] = 23 ppt.

(right) [NO3] = 32 ppt.
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Figure F.2: Surface excess decay of dOA-hSA monolayers aoatpwith pure dOAT
was normalized to its initial value to allow a clearer comipam. (left) [NO;] = 35ppt.
(right) [NO3] = 36 ppt.
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Figure F.3: Experimental surface excess of dOA-hSA moreskgxposed to Ngitted
with the kinetic model. The calculated decays of dOA-hSA slrewn for comparison
with the calculated decays of dOA-hSA and its reaction patdu(left) [NOs;] = 23 ppt.
(right) [NO3] = 32ppt.
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