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Abstract

Atmospheric aerosols have been of great intéoeshore than a decade because they
have been recognized to play a critical role inuptake and transformation of chemical
species in the atmosphere. Aerosols affect theatdimof the earth directly by scattering
or absorbing light and indirectly by acting as @dozondensation nuclei. The chemical
composition of aerosols plays an important roldetermining their optical and chemical
properties. In particular, aqueous-phase aerogelsg ubiquitous in the atmosphere, are
important to understand because of their impacatomospheric chemistry and climate
change.

Marine aerosols are the most abundant biogeimsals in the atmosphere. It has been
found that the surface of marine aerosols is calbyean organic flmThe presence of a
surface organic film may affect the chemical, phgkiand optical properties of aerosols,
which in turn might have effects on different atiplosric processes. The study of the
identity and orientation of chemical species atdtdace of aerosols at a molecular level
is a determining step to understand the interfd@oeous-phase aerosols. The study of
atmospheric aerosols is challenging due to thampexity, thus Langmuir monolayers
are used in this dissertation as proxies of orgapated aerosols. Since a number of
organic compounds are emitted into the atmospineisesd Langmuir monolayers of two
fatty acids, palmitic acid and stearic acid, wilkya halides at the air-water interface

were investigated. For this, surface pressureiactherms were acquired to elucidate the
i



phase behavior, self-organization, degree of mixiagd stability of the mixed

monolayers by analyzing the mean molecular aredgdAMand surface excess areas.
Brewster angle microscopy (BAM) was used to obgamicroscopic picture of the mixed
monolayers. Infrared reflection-absorption specnpy (IRRAS) and vibrational sum

frequency generation (VSFG) spectroscopy were tisegkamine at a molecular-level
the interfacial molecular structure and intermolacinteractions of the monolayers.

It was found that among all the alkyl halide ewlles investigated, 1-bromo-
pentadecane, BrgHs; (BrPent), 1-bromo-hexadecane, Bgds; (BrHex), and ClHex,
which do not form monolayers by themselves incafoimto the fatty acid monolayers.
Analysis of the mean molecular area suggests thetwasurface pressures and low x
(mole fraction of the alkyl halide) the componemtt the mixed monolayers are
nonideally miscible and that as the surface pressureases the alkyl halide molecules
(BrPent, BrHex and ClHex) are squeezed out. BoRAR and VSFG spectra of mixed
monolayers showed C-D peaks from the deuteratéyl datds and C-H peaks from the
alkyl halide, which confirmed the existence of dlkwlide molecules in the fatty acid
monolayer. IRRAS and VSFG spectra confirmed th&termolecules are squeezed out
of the fatty acid monolayer as the surface pressureased. Additionally, VSFG spectra
revealed that the alkyl chains of both fatty acfdPA and dSA) keep their all-trans
conformation after the incorporation of alkyl haicholecules.

This dissertation also presents the continuatioa different study in which the uptake
of gas-phase methyl chloride to the air-water fatsg was studied. Methyl chloride is of

great interest because it is released to the atmeospn large amounts, which makes it



the principal contributor of organic chlorine teetatmosphere. It was previously shown
that CHOH is present at the air-water interface and in lblnék aqueous solutions,
whereas CECI was only found in the bulk. Here, the gas phas&entration of CEOH
and CHCI was measured to determine its possible contabufor the lack of VSFG
signal for CHCI. Our findings revealed that the number of sCHmolecules in the gas
phase was larger than the number of gas phag®Blholecules and therefore it is not a
factor for the lack of VSFG signal. The length loé texperiment was tested to determine
if it was a factor for the lack of VSFG signal f@Hz;Cl. The results showed that the
systems were at equilibrium. Therefore, the lengtithe CHCI experiment was not a
limiting factor for the lack of SFG signal of GEI. The results previously published and
those of this chapter suggest that orientationo(deyed molecules) and low number
density explain the absence of thedCHsignal in the SFG spectrum.

Additionally, the air-aqueous interface ofuaqus HBr and NaBr solutions was
investigated using VSFG. Enhanced intensity wa®mesl in the water OH stretching
modes of the HBr solutions. The SFG spectra rewesalrface proton continuum at
frequencies below 3000 éhindicating that hydronium ions and Zundel iong@Hand

Hs0%") exist at the air-water interface.
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Chapter 1

I ntroduction

This dissertation presents studies of atmosphekevant air-aqueous interfaces. These
include mixed monolayers of fatty acids with alkglides, the uptake of gas-phase alkyl
halides and alcohols, and the presence of hydrbgdide at the air-water interface.
These studies were performed to understand béktesurface structure of atmospheric
aerosols.

Aerosols are defined as solid or liquid parsctespended in the air. They come from a
variety of sources such as biomass burning, vatcamuptions, fossil fuel burning,
windblown soils, and the wave action from the ocean

Aerosols are ubiquitous in the atmosphere aag phportant roles in the troposphere
affecting human health, the air quality, and thmate They have been associated with
asthm& lung cancer, and cardiovascular diseds@sey affect the climate of earth
directly by scattering light leading to cooling @y absorbing and emitting light
contributing to the warming of the troposphere. @seis can also affect the climate
indirectly by acting as cloud condensation nud®CN) which can result in the reduction
of precipitation>*° Additionally, aerosols play a crucial role in tsteatosphere acting as

nuclei for polar stratospheric cloud formation. thermore, aerosols provide the surface



for heterogeneous reactions in the stratosphere.ozbne hole in the stratosphere is the
result of heterogeneous reactions on polar stragygp clouds in which chlorine and
bromine atoms are releasédhe effect of aerosols on climate has a large rmiogy as
shown in the assessment reports by the Intergowartah Panel on Climate Change
(IPCC)?

The chemical composition of an aerosol playsimportant role in determining its
optical and chemical properti€sAtmospheric aerosols are usually composed of a
mixture of organic and inorganic compounds. In meases, the composition of particles
varies considerably within one air mass. Thus, mmegsent aerosol chemical
composition is difficult, but important advancestlms field have been achieved through
the use of aerosol mass spectrom&try.

Atmospheric aerosol surface chemistry also playsritical role in the uptake and
transformation of gaseous species in the atmosfH&®&ingle-phase reactions are very
important in atmospheric chemistry reactions. Hoevewn the last two decades it has
been demonstrated that heterogeneous reactionseosutface of aerosols have to be
taken into account for all atmospheric processesody many examples, Molina ef al
showed that the reaction between HCI| and CIQN@ceeds faster on an ice surface than
in gas phase. Similarly, Hu et‘astudied the uptake of gas-phase &lid Bp by aqueous
surfaces containing Band I. They found that reactions at the air-aqueousfaxte play
a critical role in determining the gas uptake. Ald@yne et &f reported that the oxidation
of SO, to sulfate is facilitated by the formation of angaex at the air-aqueous interface

between S@ and HO. Later, Donaldson et ‘8l observed the complex with second

2



harmonic generation spectroscopy. Therefore,fitnsamental to investigate the identity
and orientation of the species at the surface obsaés that can affect the physical
characteristics of their surface and thus influetiee initial adsorption of gas-phase
molecules.

The focus of the studies presented in this dsen is on the fundamental physical
chemistry of atmospheric relevant interfaces. Ardasstanding of the molecular
organization at relevant aqueous surfaces is aseapestep. The finding of fundamental
studies can be extrapolated to atmospheric conditio

Marine aerosols are formed by the wave actiomfthe surface ocean. The IPCC has
estimated that 3.3 billion metric tons of salt gpranters the atmosphere yearly.
Previously, Duce and coworkéfsound that fatty acids are enriched in the surfaeean
and they suggested that the surface of marine @eroan also be enriched by pollutants.
Zafiriou et al detected fatty acids in marine aet®sn the tropical North Pacifi®. Gill et
al'® proposed in 1983 the existence of marine aerasated with hydrophobic organic
monolayers. Fat-coated aerosols were describedvasse micelles with the polar head
of the carboxylic groups of the fatty acids (R-COQiented into the water droplet and
the alkyl chains oriented out toward the atmosphBeevahattu et &' found that fat-
coated aerosols exist in both marine and contihaet@sols. They found that fatty acids
such as palmitic acid (PA) and stearic acid (SA)val as other acids of different alkyl-
chain length up to thesgacid covered marine aerosols. Such organic filay affect
the chemical, physical, and optical properties @fosaol particles, which in turn might

have effects on different atmospheric processegre&t number of organic compounds

3



are emitted into the atmosphere from both bioganit anthropogenic sources, therefore
it should be expected that a variety of organicsstewithin the surface region of
atmospheric aerosols. Langmuir monolayers are w@segroxies for organic coated
aerosols. Chapter 3 presents the investigationixédn_angmuir monolayers of PA and
SA with different alkyl halides at the air-waterterface as a fundamental study to
understand the surface of fat-coated aerosols lagdhalides.

Halogenated organic compounds are emitted tatim@sphere by both biogenic and
anthropogenic sources. Methyl chloride ({CH is the main contributor of reactive
chlorine in the atmosphere. PreviouSlythe surface residence and organization of gas-
phase methyl chloride (GBI), butyl chloride (GHoCl), and butyl bromide (§49Br) and
their corresponding alcohol molecules adsorbed he &ir-water interface were
investigated. A continuation of that investigatien presented in Chapter 4 of this
dissertation. In Chapter 5, the air-water interfecevestigated in the presence of HBr
and NaBr. Finally, the atmospheric implicationgiuése results are discussed in Chapter

6.



Chapter 2

I nstrumentation

An overview of the theory of infrared reflecti@bsorption spectroscopy (IRRAS),
vibrational sum frequency generation spectroscop\sHG), and Brewster angle
microscopy (BAM) is presented in this chapter. thimsiental and experimental details
are also presented. Experimental details relet@rgach experiment are provided in
particular chapters.

2.1 Theories
Infrared Reflection Absorption Spectroscopy (IRRAYS)

IRRAS is a spectroscopic technique to studyctimemical composition and orientation
of molecules at an interface. An infrared (IR) beandirected onto an interface at an
incident angle and the reflected beam provideshbaational spectrum. A schematic
drawing of the experimental set-up used in hesl@wvn in Figure 2.1.

IRRAS spectra are presented as reflection-absoeb@®) spectra:

R
RA = -log— 2.1
og (2.1)

where R is the IR reflectivity of the monolayer-eoed surface, and (Rs the IR

reflectivity of the bare water subphase.



RA spectra depend on the molecular properties e@intbnolayer molecules and also on
the optical effects due to the reflection propsrbéthe interface.
When light travels in a medium different tharcwam, it experiences two effects, a

speed reduction described by the real refractidexnn; and attenuation described by

an extinction coefficientk. The complex refractive indexn() comprises these two
guantities:

i =n+ik (2.2)

R is a function of the wavenumber \ and depends on the angle of incidence of the IR
beam with respect to the normal surfagg(the optical properties of the materia ),

and the polarization of the IR bedt> It is measured as the reflected light intensity)(

with respect to the incident intensity,() as shown in eq 2.3
R=1” (2.3)
I 0

Reflectivity values are calculated by multiplyinhe respective complex reflection
coefficient (") with its complex conjugater(), eq 2.4
R=FT (2.4)

The reflection coefficients can be calculateairfrthe Fresnel equations for s and p
polarization. The s and p polarizations are liglalapzed with its electric vector
oscillating perpendicular and parallel to the plafencidence. The electric vector in p
polarization has components in the x and z axesyeds that in s polarization has only

components in the y axis (Figure 2.2).



The reflection coefficients used to describe HRRAS bands in a three phase system

monolayer at an interface (Figure 2.2), were dexaticoy Kuzmin and Michaild¥2°

- __sin@, -6,) -ik,fi; sing,l,

s , I — (2.5)
sin@, +8,) —ik,n, sing,l,

- _sin, - 8,)cos@, +6,) —ik i, sind,(I, co ,cosd, - I, sind.sing,) 2.6)
P sin@, +8,)cos@, - 6,) —ik, i,  sing,(I, coB ,cosb, + I ,sind,sinb,) '
In which

I, = [(A2(2) -n})az (2.7)
_ =200\ a2

I, = jwdz (2.8)

n; (2)
n, andn, are the complex directional refractive indiceshef monolayer.

The reflectivity (R) of the film can be calcwddt with eq 2.4 and the reflectance-
absorbance (RA) with eq 2.1.

As mentioned above, R of an interface as desdriby the Fresnel equations of
reflection is a function of the refractive indextbé medium, the angle of the incident IR
beam and its polarization, and the wavenumber. ®ilée description of the Fresnel
equations and the RA for different angles of innitke and polarizations can be found
somewhere els&:?’ For dipoles oriented perpendicular to the chaiis axich as the
methylene vibrations, R increases with the anglenofdence with s polarization. RAsS
bands intensities decrease with increasing theeamigincidence and are negative at all
the incident angles. Hence, using s polarized JilRRAS spectra show negative peaks.

On the other hand, Rp decreases to zero at thesBreangle to increase again passing
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the Brewster angle and therefore, IRRAS spectraiodd with p polarized light show
negative or positive peaks, depending on the aoflacidence. RAp bands intensities

show two maximums close to the Brewster afgle.

Vibrational Sum Frequency Generation (VSFG)

VSFG is a second-order nonlinear spectroscagmbnique that provides vibrational
spectra of molecules at interfaces. Detailed dpsornis of the VSFG theory can be found
in the literature®®>° A brief descriptions is given here.

VSFG is the generation of a sum frequency begntwo laser beams of different

frequencies, one of fixed visible frequency,) and the other of tunable infrared

frequency (), overlapped at the surface sample in space amel fThe frequency of

the resulting SFG beam is the sum of the frequenaighe two incident beams. When
the infrared frequency is resonant with a vibragiomode of an interfacial molecule, the
SFG signal is enhanced.

VSFG intensity arises only from environmentd fhak inversion of symmetry such as
interfaces. This rule makes VSFG unique as a saigatective technique. The intensity

of the SFG signall( ) is proportional to the intensities of the incitlbeams (infrared,

| r and visible,l,,s) as shownineq 2.9

2
l e O |)((2)| Oirlus (2.9)



where @ is the macroscopic second-order nonlinear suditigti xy® is comprised

of a nonresonant termy(? ) and the sum of resonant termg{ ), eq 2.10

2

X =|x@ -+ x@ (2.10)

When the frequency of the incident infrared besmesonant with a vibrational mode

of the molecules adsorbed at the interface, thensed term dominates the nonlinear
susceptibility y® and an enhancement of SFG signal is obserxg@’. is proportional

to the number density of the surface spedisafid to the molecular hyperpolarizability

for the vibrational moder ((,) of that vibration through the Euler angle tramsfation
(U5 ) DEtWeen the laboratory coordinates)( K) and the molecular coordinatésr(,
n), eq 2.11

)(152) = NZ<,U|JKMm>IB||/rm (2.11)

Where< > represents an average over the orientationallzlition of the molecules. The

molecular hyperpolarizability is proportional teetRaman polarizability tensorr() and

to the infrared transition momen:() as shown in eq 2.12

_ N Im
IBII/mn - :uvo(avo . (212)
2h(a)lR - wv + Irv)

where wy, is the frequency of the incident IR bea, is the resonant frequency, afgd

describes the half-width at half maximum of thensiion. When the frequency of the

incident IR beam approaches the frequency of thetional modew, — @, approaches



zero andy® increases, which results in an increase of the §g@al. ™ is nonzero

only when both Raman and the IR transition momargsonzero which shows that for a
vibrational mode to be SFG active, it must be Ramaaad IR active. Symmetry

constraints arising from this selection rule leadhte requirement for a lack of inversion
symmetry for sum frequency generation to be allovidacroscopically, this requirement

is fulfilled at interfaces between two isotropidlbphases.

Brewster Angle Microscopy (BAM)

The principle of BAM has been described in dettsewhere’* Briefly, air-water
interfaces form a boundary between two differentlimehat differ in refractive index.
When an air-water interface is irradiated with papiaed light at the Brewster angle (eq
2.13), no light is reflected from such interfacé&y(ffe 2.3a) and black background will be

observed in the BAM image.

tang,] = % (2.13)

0
Eq 2.13 shows that the Brewster anglg (s determined by the refractive index of air

(n,) and water §,) for an air-water interface. For pure water, threvigster angle is 53°.

The addition of a Langmuir monolayer modifies tefactive index of the interface. As a
result, the monolayer reflects p-polarized lightldarms an image that can be seen by
BAM (Figure 2.3b). The BAM image results from a nga in the refractive index of the
system and an increase in molecular density ahitheater interface. As the monolayer

becomes denser, brighter images appear. Thus,tbaglons of an image represent an
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area of high intermolecular organization in the olager and are typically referred as
“domains”. Dark regions represent a less orderedyemexpanded region of the

monolayer.

2.2 Instrumentation
IRRAS

IRRAS spectra were obtained using a PerkinEIBmgctrum 100 FTIR Spectrometer
equipped with a nitrogen-cooled MCT (mercury cadmitelluride) detector. Two 2-in.
diameter gold mirrors were positioned apart on @atboard in the FTIR chamber to
direct the IR beam to and from the air-water irgeef with a 40° angle of incidence with
respect to the surface normal. The Brewster amgléhfs interface is 53°. The Langmuir

film balance was placed on the breadboard in tH& ERamber (Figure 2.4).

SFG

Two different SFG systems were used in the stugiresented in this dissertation, a
broad bandwidth SFG (BBSFG) and a scanning 20 Hz. SF

Details of the BBSFG have been described elsew& The BBSFG is a

Ti:sapphire-based ultrafast system (Spectra Physlwat utilizes two amplifiers to
produce 2 picosecond and 100 femtosecond pulsespitiosecond pulses are used to
produce a narrow bandwidth of 800 nm, whereas émetdsecond pulses are used to
pump an optical parametric amplifier (OPA) to prodwa broad bandwidth (~200 &jn

of infrared pulses. The generated SFG signal conigispectral information from the
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monolayer was detected using a monochromator-CGé&xrtien system (Acton Research,
SpectraProSP-500 monochromator with a 1200 g/mringrélazed at 750 nm; Roper
Scientific, 1340 x 400 pixel array, LN4AOOEB badkiminated CCD). The SFG spectrum
is polarization dependent, where the polarizatiomlginations used were ssp and ppp for
the SFG, 800 nm, and infrared beams, respectively.

SFG spectra for the studies presented in Ch&ptsere acquired using the 20 Hz
scanning VSFG system from EKSPLA. In this system1(%4 nm EKSPLA PL
2143A/20/SS Nd:YAG laser (27 ps pulse duration 28dHz repetition rate) pumps an
EKSPLA PG401/DFG2-16P optical parametric genere@?G). The peak IR energy at
2940 cmt was 51 pJ per pulse whereas the visible enerdgBatnm was 370 pJ per
pulse. The input angles for the 20 Hz visible amidared beams were 66.3° and 56.8°,
respectively. A photomultiplier tube (PMT Hamamat®5929) was used to detect the

SFG signal.

BAM

The generalized Brewster angle microscope gstspown in Figure 2.5. A REO HeNe
laser beam incident of a 633 nm, 17 mW strikesatinevater interface at the Brewster
angle. A neutral density filter after the laseplaced to reduce the amount of light that
will pass through a glan laser polarizer whichaloonly p-polarized light to strike the
air-water interface. A black glass plate is plaaéthe bottom of the Langmuir trough to
absorb any incident light that penetrates the aggisabphase. Any light reflected by the

surface passes through a 20x objective lens. pfssing through the objective lens, the
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reflected light is focused by a focusing lens iat612 x 512 pixel-CCD camera (Andor,
model DV 412) is used to acquire BAM images in riéde. The CCD sends BAM

images to the computer through a USB connection. A.

13



» Detecto

IR

Barrier

S

Barrier

i

O)

Figure 2.1 Schematic drawing of a set-up for IRRAS to analyhe chemical
composition of a monolayer at the air-water integfalt consists of a Langmuir trough
filled with nanopure water and a monolayer of theleoules of interest spread on it. An
IR beam is directed onto the air-water interfacaratncident angled) and the reflected

beam is directed to a detector to obtain a vibnatigpectrum.
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monolayer

water

Figure 2.2 Schematic view of a three phase system (monoktyen air-water interface)
used to determine reflection coefficients and tkie aystem used for describing IRRAS

geometryny,ny, andn, are the directional refractive indices of the nmager.
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Figure 2.3 Scheme of the BAM principle. When an incident papiaed light source

watel

shines on an air-water interface at the Brewstgtea(@), no light is reflected (a). The
addition of a Langmuir monolayer modifies the refnze index of the interface and p-

polarized light is reflected forming an image tbah be seen by BAM (b).
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To Detecto

Figure 2.4 IRRAS set-up used in the Allen lab. It consistadInSe wire grid polarizer
before the gold mirror that directs the IR beanht® air-water surface. A second gold
mirror directs the reflected IR beam to the MCTed#dr.
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lase
CCD

neutral density filte

glan laser polariz

Figure 2.5 BAM instrument in the Allen lab. It consists ofREO HeNe laser beam
incident of 633 nm, a neutral density filter andlan laser polarizer which allows only p-
polarized light to strike the air-water interfaéeblack glass plate is placed at the bottom
of the Langmuir trough to absorb any incident litfdt penetrates the agueous subphase.
Light reflected by the surface passes through adtfj&ctive lens and a focusing lense

before reaching a 512 x 512 pixel-CCD camera.
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Chapter 3
Mixed Monolayersof Long Chain Alkyl Halides and Fatty Acidsat the

Air-Water Interface

Langmuir monolayers are normally formed by ampHiphimolecules with a
hydrophilic head group and a hydrophobic chain. $tability of a monolayer depends
on the chemical and physical properties of the.fiatty acids such as PA form stable
monolayers at the air-water interface by themselvesg chain alkyl halides do not form
monolayers by themselves; however, they can be rpocated into existing
monolayers>?’

A complex array of organics is emitted into the @gphere, thus the surfaces of
aerosols are expected to have a highly complex ositipn® Mixed monolayers are
therefore appropriate models to understand aerassofaces. Mixed Langmuir
monolayers are monomolecular films containing mix@n one chemical speci&sin
this investigation, mixed monolayers of two fattgids, deuterated palmitic acid,
C15D3:COOH (dPA) and deuterated stearic acighDgsCOOH (dSA) with alkyl halides
(1-bromo-alkanes) of different carbon-chain lengtid 1-chloro-hexadecane at the air-
water interface were investigated. Previously weeHavestigated fatty acid film$;* as

have many others:*342*" palmitic acid and stearic acid were chosen fors thi
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investigation because they have been found in angalin the organic surface layer of
marine aerosol®?* Halogenated organic compounds from both biogenid a
anthropogenic sources are emitted into the atmosplk¥ the alkyl halides, short-chain
alkyl halides have been found in the atmospheradutition to the oxidization products
of halogend?® Of the alkyl halides, methyl chloride (GEI),***° methyl bromide
(CHsBr),® methyl iodide (CHI)**, ethyl iodide (GHsl), and 1-propyl iodide (§H:1)°? as
well as CHCCl;, CH,Cl,, and variations of C{CI,Br, among othef$® have been
identified and discussed. Although longer chairylahialides have not been identified in
the atmosphere, many marine organisms containfisigni quantities of brominated
organic compounds (BOCs; >>)Csome of which have anthropogenic origins from
bioaccumulation of brominated flame retardafits.We therefore assert that atmospheric
aerosol surface films will also be comprised ost80Cs.

The first step for this investigation was to det@@the minimum chain-length of alkyl
halide that incorporates into dPA and dSA monolsy®r conducting surface pressure-
area isotherms. For this, alkyl bromide moleculesnf G to Ge-chain length were
tested. Only @ and Ge alkyl bromides spread with dPA and dSA as filmgeaded a
surface pressure change relative to the pure dIAd&A surfaces. Here we present the
thermodynamic and spectroscopic results of dPAd8A mixed with those alkyl halides
that incorporated into the fatty acid monolayer.

This chapter is organized as follows. Surfacesgure-area isotherms are shown to
understand the phase behavior and self-organizationixed monolayers. Vibrational

sum frequency generation (SFG) spectroscopy datprasented to understand how the
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alkyl halide molecules affect the conformationgref fatty acid molecules. Then, IRRAS
spectra of two different systems dSA-BrHex (3:1 &) and dPA-BrHex (3:1 and 1:1)
are presented to elucidate further the chain ardeand to track surface number
densities. In addition, Brewster angle microscdp&Nl) images are shown to provide an
alternate view of the morphological film parametsush as film homogeneity, domain
size, shape and packing, and to shed further dighmiscibility.

Commonly used acronyms: dPA, deuterated palmitic acidSA, deuterated stearic acid;
BrPent, 1-bromo pentadecaneBrHex, 1-bromo hexadecaneClHex, 1-chloro
hexadecaneBAM, Brewster angle microscopWlMA, mean molecular are&, gas
phase;LC, liquid condensed phaskE, liquid expanded phasé;C, tilted condensed
phase;UC, untilted condensed phade; reflectanceRA, reflectance-absorbanciX,

alkyl halide;SFG, sum frequency generation.

3.1 Experimental

3.1.1 Materials

Deuterated palmitic acid, 16D3;COOH (dPA) and deuterated stearic acid,
C17/D3sCOOH (dSA) with 98% purity were obtained from Caidge Isotope
Laboratories, Inc. Alkyl halides (RX) were usedaseived from Acros Organics without
further purification. Solutions of each were pregghin chloroform (>99.8%, HPLC
grade, Fisher Scientific). Monolayers were spread&ionized water with a resistivity of
18.2 MQ-cm (Barnstead Nanopure filtration system). All expents were conducted at

room temperature (22°C + 1°C) and at atmosphegsgure.
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3.1.2 Methods

Langmuir Film Balance. Surface pressure-area isotherms were performgdasKSV
minitrough (KSV Instruments, Finland). The trough made of Teflon and has
dimensions of 176.5 x 85 mm. The film compressias wymmetrically performed by
two inter-linked surface barriers. The barriersraaade of Delrin, which prevents leakage
of the monolayer under the barriers. The surfacsqure and mean molecular area
(MMA) were continuously monitored during film congssion by the Wilhelmy plate
method. Filter paper plates were used (Whatmaressiilter paper #41). The trough
was filled with pure water (Nanopure) as the subpharhe aqueous subphase was
replaced after each experiment. Before spreadiregstimple on the subphase, the
subphase was swept by the barriers to ensure lilea¢ Wwas no significant surface
pressure increase upon compression. Stock solugbmé’A, dSA, and of each alkyl
halide were prepared in chloroform with a concditraof 2 mM. Mixed solutions of
dPA/RX, and dSA/RX were prepared by mixing desmeabunts of the stock solutions.
Three different mole ratios of dPA or dSA to eack Were used, 3:1, 1:1, and 1:3. A
measured volume of lipid solution or mixture wasesigl on the subphase surface in a
dropwise manner with a Hamilton syringe and 15 rn@suelapsed for complete

chloroform evaporation. The barriers were comprssa speed of 5mm/min.

Vibrational Sum Freguency Generation (Broad Bandwidth Technology). The Langmuir
film balance was placed on the sample stage ofSthé system. The IR and visible

beams are overlapped at the monolayer surfacealipatnd temporally. SFG spectra
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were obtained with a 5-min acquisition time asrction of incident infrared wavelength
of dPA-BrHex 1:1 and dPA monolayers at the air-watterface at 5, 18, and 25 mN/m.
SFG spectra were taken under the hold mode of itlee falance. In this mode, the
barriers move to compensate for the surface presstop and a constant pressure is
therefore retained. Background spectra were oldaioeeach sample by disrupting the
temporal overlap of the beams. The background spacé subtracted from the sample
spectra and the resulting spectra are normalizedegamonresonant signal from a GaAs
crystal surface (Lambda Precision Optics, Inc)amave the spectral distortion caused
by the energy profile of the infrared pulse.

To calibrate the SFG peak positions in the C-Htatiag region, a nonresonant SFG
spectrum from the GaAs crystal surface was obtawia a polystyrene film covering
the infrared output port of the optical parametmplifier. The resulting SFG spectrum
containing polystyrene infrared absorption bands wised for the calibration. To
calibrate the SFG peak positions in the C-D stiatghnegion, the absorption bands of

ambient CQ vapor were used.

IRRAS. Spectra were acquired using the IRRAS as desciibé&hapter 2, section 2.2.
Spectra were collected at a resolution of 4*@nd averaged over 300 scans. All spectra
were collected with s and p polarized light by gHosing a ZnSe wire grid polarizer
(Janos Technology Inc.) before the gold mirror thetcted the IR beam to the air-water

surface.
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BAM Imaging. A home-built BAM was used for imaging the mon@ayfilm
morphology from monolayers formed utilizing the ®aikSV minitrough used in the
isotherm studies (Chapter 2, Section 2.2) The BgHt source (HeNe at 632.8 nm and
17 mW) is positioned at 53°, which is the Brewstaegle for neat water. Monolayers
were compressed at a rate of 5 mm2/min. An acguisitme of 0.018 s and a delay of

8.923 s for the CCD to process the image were used.

3.2 Results and Discussion

3.2.1 Surface Pressure-Area | sotherms

Surface pressure-area isotherms were obtairted gfreading the pure compound
solutions on a pure water subphase. Figure 3.lasstite isotherms of pure dPA, dSA,
BrPent, BrHex, and ClIHex films. Surface pressuesasotherm measurements describe
the phase behavior of Langmuir monolay&r&rPent, BrHex, and ClHex isotherms
show a constant surface pressure of zero indicdhiagthe alkyl halides do not form
monolayers at the air-water interface as expettetPa and dSA isotherms exhibit
surface pressure states that are in good agreemtnPA and SA isotherms reported
previously®®>’ The shape of the isotherms and regions of constape correspond to
different phases. The observed phases have préyitneen assigned as gas-tilted
condensed (G-TC), tilted condensed (TC), untilteshdensed (UC), and collapsed
phases?*%4®At 0 mN/m, the G phase is in coexistence with Tephase as evidenced

from our BAM images and is discussed below in $&c8.2.4.
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In Figure 3.1a, interpreting the isotherms fromhtitp left, the surface pressure of the
dPA and dSA monolayers start to increase at 26 foute and 24 A/molecule,
respectively, indicating that the surface orgamirabf the dPA and the dSA monolayers
changes from a G-TC coexistence phase to a TC phhaedsotherms show a kink at 25
mN/m for dPA and 27 mN/m for dSA, indicating a sed¢@rder phase transition from the
TC phase to the UC pha%eFilm collapse occurs at 40 mN/m for dPA, and anB%m
for dSA. Also observed, the dSA isotherm lies te t&ft of the dPA isotherm. Nutting
and Harkind’ showed that the molecular area of the condensaskptiecreases with the
length of the hydrocarbon chain resulting from Wa@ der Waals energy increases with
the length of the hydrocarbon chain.

As mentioned in the Introduction, the first steptlws investigation was to determine
the minimum alkyl chain-length of alkyl halides be incorporated into a fatty acid
monolayer at the air-water interface as observed bizange in the isotherm relative to
that of the pure fatty acid. Incorporation of thmder-chain 1-bromo alkanes, © G,
was not observed. From the longer-chain 1-bromerek, BrPent and BrHex in 1:1
mixtures were observed to incorporate as showrablel'3.1. A minimum of 15 carbons
is needed to incorporate. However, this result domsmean that such bromo-alkanes
will form miscible mixed monolayers. Discussion tbe isotherms is presented below
with an extended thermodynamic analysis to furéhveluate their miscibility is provided
in the Appendix A.

In addition to the bromo-alkanes, incorporationdsta of Gs and Gg alkanes were

completed. It was observed that pentadecane anddbeane, contrary to the
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corresponding bromo-alkanes, do not incorporate faity acid monolayers as shown by
an unchanged isotherm relative to that of the fattg acid. The halogen head group of a
bromo-alkane is not as polar compared to the CO®H fatty acid (dPA and dSA).
However, the C-Br bond of a bromo-alkane is sligimiore polar than the C-H bond of
an alkané? Thus, a C-Br bond is more likely to associate wititer molecules than a
terminal C-H bond of an alkane. These intermolectdaces only partially explain the
observed incorporation into the monolayer sinceircHangth is apparently more

important than the dipole-dipole interactions oBCwith surface water molecules.

Cis, Ci6 Alkyl Halides, and dPA Mixed Monolayers. Figure 3.1b shows the surface
pressure-area isotherms of dPA-BrPent, dPA-BrHed, dPA-CIHex mixed monolayers
with a mole ratio of 1:1. If there were no incorgion of the alkyl halide, one would
expect to see the isotherm of the mixed monolayerlapped onto the pure fatty acid
isotherm. The first obvious feature in Figure 3idlthe shift of the pure dPA isotherm to
larger areas upon addition of BrPent, BrHex andeRlHvhich suggests incorporation of
the respective alkyl halide into the dPA monolayéris is more evident at low surface
pressures, whereas at high surface pressuresadthensis become slightly closer to the
pure dPA isotherm in most cases. The increase irAMapresents the area occupied by
the alkyl halides.

The dPA-BrPent isotherm (Figure 3.1b-2) shows aelthat does not exist in that of
the pure dPA isotherm. As the dPA-BrPent mixed nteyey is compressed, there seems

to be a transition from a G to a liquid expandeH)(phase at 57 Zmolecule. The dPA-
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BrPent isotherm lifts at 57 #mnolecule with a very small slope. This region esponds
to the LE phase. In the LE phase, the hydrophdiéins of the molecules are thought to
be randomly oriented with many gauche defects, ed®ein the G phase, in addition to
having the hydrophobic chains randomly oriented,rtfolecules are on average far apart
from each other. Kaganer ef%tlefined the LE phase as the region in which mdéscu
behave like a two-dimensional (2D) liquid where treadgroups of the molecules are
translationally disordered and the chains are comdtionally disordered. For all phases
the polar head groups are submerged in the aquadphasé® As the monolayer is
compressed further to 34%#nolecule and a surface pressure of 3 mN/m, the TC
transition occurs. The slope of the curve in thepl@se is slightly smaller than that of
the pure dPA. This suggests that some BrPent mekeeuwe being squeezed out of the
dPA monolayer® The kink transition characteristic of dPA decreaem 25 mN/m to
22 mN/m in the dPA-BrPent mixed isotherm. This kisla second order phase transition
from the TC phase to the UC ph#seThe dPA-BrPent film collapses at a surface
pressure of 35 mN/m, which is lower than the cd&pressure of pure dPA. The
collapse occurs at an MMA of 23#nolecule, whereas the dPA monolayer collapses at
20 A%/molecule. This difference suggests that even thamme BrPent molecules are
squeezed out of the dPA monolayer at low surfaessure, the film still contains both
dPA and BrPent molecules.

The addition of BrHex (Figure 3.1b-3) and ClHexgihie 3.1b-4) shifts the isotherm of
pure dPA to larger areas at low surface press@métex has a greater effect than ClHex

at low surface pressures. However, at high surfaessure CIHex seems to have a
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slightly greater effect than BrHex. Previously, @alves da Silva et #showed similar
effects of both BrHex and CIHex on heptadecanoid, achose alkyl chain is one carbon
longer than that of dPA.

The dPA-BrHex isotherm lifts at 40%Anolecule, whereas the dPA-CIHex isotherm
lifts at 37 A/molecule. The difference between dPA-CIHex and dHex lift-off
values can be partially explained by the differemcesize of the halogen atoms where
bromine is larger than chlorine, Br is 11.% &nd Cl is 6.8 A The surface pressure of
both dPA-BrHex and dPA-CIHex isotherms rises sigaiitly after the lift off. This
region corresponds to the LC phase. Yet, the slagbethe LC phases in the mixed
isotherms are smaller than that of the pure dPA.

The dPA-BrHex isotherm shows two collapse pressurbs initial collapse pressure
appears at 16 mN/m, while the final collapse pressti 37 mN/m is similar to that of
pure dPA. This initial collapse pressure is attidoluto the squeezing out of some BrHex
molecules from the dPA monolayer as is discussethdu with respect to the BAM
images below. As the dPA-BrHex mixed monolayerompressed further after the initial
collapse pressure, there is an initial decreaskdrslope of the isotherm, which suggests
additional BrHex molecules are squeezed out. Atfiti&@ collapse pressure, the dPA-
BrHex isotherm is slightly shifted to higher MMA lative to that of the pure dPA
indicating that a fraction of the BrHex moleculesntinues to be incorporated in the
monolayer at this surface pressure.

Collapse pressure is defined as the highest pedswvhich a monolayer cannot be

further compressed without destabilizing the 2Dureabf the monolayer and yielding 3D
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structures due to the expulsion of molecifes.Collapse pressure has been used as a
proof of miscibility or immiscibility of the compants in a mixed monolayer at the air-
water interface. When two fatty acids with differecollapse pressures mix in a
monolayer, the resulting isotherm might show agalatat a pressure corresponding to the
collapse pressure of the more fluid component ¢raponent with the lowest collapse
pressure) and a final collapse pressure simildhab of the more rigid component (the
component with the highest surface presstiré)>® Thus, if the resulting isotherm of a
mixed monolayer exhibits two distinct collapse gragss (initial and final), the different
components of the monolayer have been identifiesnasiscible. On the other hand, if
the resulting isotherm shows only one collapsesures the components are thought to
form a homogeneous mixed monolayer. Here, evengthdwo collapse pressures are
observed, the isotherms are more complicated, andi@al miscibility is suggested.

The isotherm obtained for the dPA-CIHex monolayégyre 3.1b-4) also shows two
collapse pressures. The initial collapse pressppeas at higher surface pressures for
the dPA-CIHex monolayer (19 mN/m) than for the dBAdex system (17 mN/m).
Contrary to the dPA-BrHex isotherm, the dPA-CIHe&therm does not show a plateau
upon further compression. However, the slope ofdheve decreases similarly to the
dPA-BrHex suggesting that ClHex molecules are besggeezed out of the dPA
monolayer. The monolayer does not collapse exattthe collapse pressure of the pure
dPA, which suggests that the mixed monolayer caesnto retain some of the CIHex

molecules prior to and during the final collapse.
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Cis, Cis Alkyl Halides, and dSA Mixed Monolayers. Figure 3.1c shows the surface
pressure-area isotherms of dSA-BrPent, dSA-BrHed, dS5A-CIHex mixed monolayers
on a pure water subphase with a mole ratio of Sirhilar to the effect on dPA, addition
of BrPent, BrHex and ClHex shifts the pure dSA hsoin to larger areas, suggesting
incorporation of the correspondent alkyl halideitite dSA monolayer.

For the mixed dSA-BrPent monolayer, the surfacequee-area isotherm (Figure 3.1c-
2) consists of the same distinct regions from thee @lSA isotherm, TC and UC phases.
The isotherm curve for this mixed monolayer is parao the pure dSA isotherm.
Contrary to its effect on dPA, BrPent induces atre¢ly small shift to larger areas at low
surface pressure on dSA monolayers. Upon comprestiere is a transition from a G-
TC to a TC phase at 28%Anolecule. This lift-off value is far smaller thahe lift-off
value of the dPA-BrPent isotherm (57/#olecule). The slope of the TC region in Figure
3.1c-2 is comparable with that of pure dSA. Thekkiransition characteristic of dSA
decreased from 27 mN/m to ~22.5 mN/m. As menticaimal/e, this kink corresponds to
the transition from the TC phase to the UC phabke.dSA-BrPent film exhibits only one
collapse pressure at ~39 mN/m. The fact that thiexsel pressure-area isotherm of dSA-
BrPent is nearly parallel to the pure dSA isothenmd that it shows only one collapse
pressure suggests the formation of a homogeneamniskyd monolayer and miscibility
with dSA. Thus, dSA incorporates BrPent into itsnolayer to form a homogeneous and
an apparently stable mixed monolayer, whereas dP&ng two carbons shorter
(C15D3:COOH) incorporates BrPent as well but the resultmged monolayer seems to

organize differently with the BrPent molecules aers from the very different phase
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behavior. Hence, the length of the fatty acid playsole in the extent of BrPent
incorporation. However, both dSA and dPA are miscibith BrPent as suggested from
the appearance of a single collapse pressure @iffdrom that of the dSA and dPA
respectively.

Incorporation of BrHex and ClHex into dSA monolay€Figure 3.1c-3 and 3.1c-4)
follows a trend similar to the dPA monolayers. Aafience observed for the BrHex and
the ClHex mixed with dSA relative to the pure d$Athat their final collapse pressures
are not at the same MMA. Both mixed isotherms pskaat a surface pressure ~10
mN/m lower than and at a MMA of ~2%fnolecule larger than that of pure dSA. Two
collapses are also observed for the mixed filmd WBA as discussed above.

At collapse the isotherm pressures are shiftecatget MMA for the dSA mixtures
relative to the dPA mixtures suggesting a diffeeemcfractional composition. This could
be due to the longer chain of dSA molecules whah favor lateral attraction with the
chains of the alkyl halides thereby more efficigndtaining the alkyl halide in the film.
One can also define this interaction as an indidatomiscibility.

Analysis of Figure 3.1b and 3.1c suggests that BrBed 1:1 mole ratios of BrHex and
ClHex are miscible with dPA and dSA, respectivelyo further understand the
miscibility of the RX molecules investigated hevge performed surface pressure-area
isotherms at different mole ratios and the thermnadtyic analysis (Appendix A). From
this analysis, a nonideal miscibility between thieylahalides and the fatty acids was

concluded although the miscibility decreased wittréasing surface pressure. Therefore,
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the extent of miscibility is dependant on concerdrawithin the monolayer and surface

pressure.

3.2.2. SFG spectra

The normalized ssp and ppp SFG spectra of dRlfokthe mixture dPA-BrHex 1:1 at
the air-water interface at 5, 18, and 25 mN/m dnews in Figure 3.2 and 3.3,
respectively. The ssp spectra taken in the C-Doretp probe the dPA chains are shown
in Figures 3.2a and 3.2b. The peaks present irptine dPA (Figure 3.2a) spectra are
attributed to the CPsymmetric stretch (ss; 2070 &jnthe CQ} Fermi resonance (FR;
2125 cnt), and the CB asymmetric stretch (as; 2220 ri>®° The ppp polarized
spectral peak in Figure 3.3a-b is assigned to the-a3 (~2221 cm). The dPA-BrHex
SFG spectra (Figure 3.2b) are qualitatively simitathat of pure dPA. This is also true
for the ppp SFG spectra shown in Figure 3.3a aB0 @here only the methyl as is
observed for the dPA and the BrHex. The appearaficePA and BrHex peaks is
confirmation that the BrHex molecules exist witkine dPA monolayer.

The SF intensity of the CD peaks increases stitffiace pressure for both the pure dPA
and the dPA-BrHex mixture as illustrated in Figl8& by plotting the square root
(proportional to number density) of the €8s SFG intensity of dPA. However, since SF
intensity is a function of both number density andlecular orientation, the increase in
intensity of the CD peaks is the result of a chaimgghe number density of dPA
molecules in the monolayer and/or a change in thé@ntation. To determine the cause

of the increase in intensity, the average chairatiple () of dPA molecules with respect
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to the surface normal was estimated. However,ddliculation is only valid if the chains
are in an all trans configuration according to S$&Bection rules that require of lack of
inversion symmetry for SFG activity. The absenc€b§ peaks from the SFG spectra in
Figure 3.2a-b indicates that the dPA moleculesiraran all-trans configuration. Hence,
the chain tilt angle was calculated according ®vjmusly established meth$ddy first
determining the orientation angl®)(of the terminal methyl group from the SFG spectra

by using the ratio of eq 3.1 to eq 3.2.
X2 (CD, -ss) = % NB. . [cosO@+r)-cosO@1-r)] (3.1)

X2 (CD, -as) = -Nf,,,(cos® —cos’ ©) (3.2)

Xg is the second-order nonlinear susceptibility & @Ds-ss or CR-as vibration in the

Ssp polarization combinatior)y;?g is related to®, to the number density of interfacial

molecules (N), and to the molecular hyperpolarizgti 5). Here, r B.../ B.) IS taken

as 2.8%and B, /... as 4.23(0© is sensitive to r ang3_., /5,..; when changing r and

Lol B.oe from 2.3 to 4.6 and from 4.2 to 2.1, the estimadedles would increase by
~8° and ~10°, respectively.) The ratio #f2(CD,-ss to x(CD, -as) is calculated

to determined. In practice, the ratio is calculated from theaguroot of the ratio of the

experimental CBss to CR-as peak intensities. The calculat®dand a are shown in
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Table 3.2.a is calculated from the relationship between thea&is of the terminal
methyl. In an all-trans configuration, the @xis of the terminal methyl group is at an

angle of 35.5° from the axis of the alkyl chain.eféfore, the dPA chain tilt angle with

respect to the surface normal can be estimated therrelationshipr =355° - ©.*3%

The calculated chain tilt angle of dPA in a pdRBA monolayer is determined to be
18 + 1° for the different surface pressures showfigure 3.2. Recall that at 5 and 18
mN/m, the dPA molecules are in the TC phase, a2® amN/m, the molecules transition
from the TC phase to the UC phase. It is then eegethat dPA molecules have a
slightly differenta at these surface pressures, with a decrease le fomghe UC phase.
A significant change was not observed. Weidemanral&t determined by X-ray
diffraction that the chains of PA at a pH of 2 walted by 25° at 10 mN/m, by 16° at 18
mN/m, and by 0° at 25 mN/m. In a different sttfdgt 30 °C, a tilt angle of 21.4° at 15
mN/m and 5.3 at 30 mN/m were determined for PA. fHewas not stated in this study.
In this study, the pH was ~6 in contrast to theght2 from the Weideman et al study. PA
has a surface pKa of ~8.5 and therefore the heafdgpwotonation state may have
attributed to the different orientation angles. sTetudy was conducted on pure water
similar to the Lee study, however, the Lee study wanducted at 30° C, which also
affects the pH of the subphase water. The calallel@in tilt angle of dPA in the dPA-
BrHex mixed monolayer is determined to be 17 +Tife small difference between the
two systems, pure dPA discussed above versus tkieirei is within the error of the
calculation. Therefore, it is concluded that theligadn of BrHex does not affect the

average value for the dPA chain tilt angle.
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Since the difference in orientation angle as stlidiere is not significant between
surface pressures in each system and between teedp& monolayer and the dPA-
BrHex mixed monolayer systems, the change in Seénsity from dPA is directly
correlated with a change in dPA number density.r&foee, from Figures 3.2a-b and
3.3a-b, the square root of the increase in ssppapdSF intensity with surface pressure
should be directly proportional to the increaselA molecules as is shown in Figure
3.4. That is, as the monolayer is compressed, dlfecules become more closely
packed which results in more dPA per unit area gaobt can also be observed from
Figures 3.2b and 3.3b that SF intensities are Idarethe dPA-BrHex mixed monolayer
than for the pure dPA monolayer. This is more evidat low surface pressures,
suggesting that at low surface pressures BrHexcutds are incorporated into the mixed
monolayer.

BrHex molecules were probed by acquiring ssp anpg $pG spectra in the C-H
stretching region of the mixed monolayer of dPA-BrH1:1 (Figure 3.2c and 3.3c
respectively). The two main peaks observed in [EdiPc are attributed to the gbis
(2872 cnt) and the CRHFR (2939 crit). For Figure 3.3c, the single peak is assigned to
the CHy-as (~2963 ci).’”® Contrary to the CD peaks from dPA molecules, the

intensity of the CH peaks decrease as the monoisypempressed.

3.2.3. IRRAS Spectroscopy
IRRAS spectra were obtained for two differensteyns, dPA-BrHex (3:1 and 1:1)

and dSA-BrHex (3:1 and 1:1) to further elucidatefoomational order, incorporation,
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and BrHex number density. Due to differences irden rules, IRRAS is sensitive to
different vibrational modes of the fatty acids aillyl halides compared to SFG and is
therefore complementary to the SFG study abovect&pef amphiphilic molecules show
clear reflectance-absorbance peaks from the metbyfgoups of alkyl chains. The
positions of the Chiss and Chtas peaks are sensitive to the relative numbeaottand
gauche conformers, while the peak heights and anelssate the packing density of the
chains.

As control experiments, infrared transmission spscbpy of the pure fatty acids (dPA
and dSA) and the alkyl halides (BrPent, BrHex, &tidex) were obtained and are shown
in Figure 3.5a and 3.5b respectively. At 2087 ah@32cm’ in Figure 3.5a, the fatty acid
CD,-ss and CBas modes are observed, and the peak at 1699comesponds to the
C=0 stretching vibration. In Figure 3.5b, the alkglide peaks at 2852 and 2923tm
correspond to the Gkbs and Chltas modes, respectively.

In Figure 3.5c the s polarized IRRAS spectra of ditd dSA monolayers on a water
subphase at 25 mN/m are shown. Negative peaksbaeved as expected. Both spectra
show the CR-ss at 2087 cih the CD-as modes at 2193 ¢hand the CRas at 2216
cm®. Such frequencies for GDvibrations are characteristic of transition morsent
perpendicular to the axis of an all-trans ctfdinpnsistent with our interpretation from
the SFG spectra above from the pure dPA monolayghe UC phase. The IRRAS
spectra also show structure around 1700 émnmed by an upward-oriented band at 1650
cm™ and a downward-oriented band at 1720'dffigure 3.5c, inset I), which is assigned

to C=0 stretching vibrations. However, this bandasned by three peaks. Following
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assignments made by Gericke and Hiihnetfuss stearic acid, the peak at 1703tin
due to a doubly hydrated carbonyl group, the 1720 peak is from the monohydrated
state, and the 1737 chpeakis due to the nonhydrated carbonyl grétif’ A 1088 cmt
peak is observed (Figure 5¢c, inset Il) and is assigo the CBscissoring modé&*’* The
presence of this mode suggests a hexagonal anitiphase* "2

IRRAS spectra of the dPA-BrHex 3:1 and 1:1 mixtare shown in Figure 3.6, and of
dSA-BrHex 3:1 and 1:1 in Figure 3.7 at differentface pressures. In addition to the CD
peaks observed at 2087 and 2193 2192,d@H peaks from the BrHex are observed at
2852 and 2923 cthwhich confirms that the BrHex molecules exist i tfatty acid
monolayer as was also indicated by the SFG sp&amathe dPA mixtures above. It is
observed that as the surface pressure increasagflbctance-absorbance intensity of the
CD peaks increases. This is reasonable since upuopression, molecules become closer
and therefore there are more molecules per urat &e the other hand, CH peaks, which
represent the alkyl halide molecules, decrease sutface pressure as was shown with
the SFG data; however, we were able to obtain thiglnhanced signal intensities in
these IRRAS spectra at the higher surface pressilinese results, IRRAS and SFG, are
also consistent with the surface-pressure areddsos and the area analysis that
suggested that the alkyl halide molecules, althougtorporated throughout the
compression, are being squeezed out of the faity rmonolayers as the compression

proceeds. This is further shown in Figure 3.4, whidre CD-as and Chss IRRAS

intensity is plotted with the Cfss and Chtss SFG of dPA and BrHex respectively.
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We also conclude from the IRRAS spectra that tlkglathains of both fatty acids
(dPA and dSA) increase in ordering with and withitng BrHex as shown in Figure 3.8.
The IRRAS BrHex frequency data did not show anydrén the mixed monolayers,
which suggests that there is no discernable intlenéar interaction between the dPA
and the BrHex alkyl chains, thus supporting thaidemiscibility.

Even though we observe a small red shifting of df®\ and dSA IRRAS Cpas
frequencies as presented in Figure 3.8, the speeimge of the frequenci&ssupports
predominately all-trans conformations at all suef@cessures. This is also supported by
the lack of SFG CPpeak intensities as shown in Figure 3.2 and azuigés®d above. The
all-trans conformation of the fatty acids chainskesthe dPA and dSA rigid molecules
in their monolayers. It has been suggested thanhipalacid being a rigid molecule
hinders the rotational isomerization of DPPC (dip&dylphosphatidylcholine) chains
reducing the number of gauche defects, which fold@BC molecules into a condensed
phas€e®”® In this investigation, the dPA and dSA effect dkyhhalide molecules may be
similar to that on DPPC, forcing the alkyl halidedo a condensed phase. As we
mentioned above, contrary to their correspondinigylahalides, alkanes do not
incorporate into the fatty acid monolayers. Thasaddition to having a relatively rigid
fatty acid such as PA or SA, a head group thataete with water is of great importance
for formation of the monolayer.

Also, IRRAS spectra show that BrHex molecules ayeeszed out with increase in
surface pressure in accordance with the analystbeoisotherms and the MMAs as is

suggested from Figure 3.4 as well. Fatty acid moéscforce alkyl halide molecules into
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a liquid or condensed phase in the mixed monoladyewever, the interactions of the
fatty acid chains with the RX chains, and the hatogith water molecules are weak and
therefore as the surface pressure increases, lddkge molecules are not retained in the
monolayer. Contrary to the carboxylic acid headgrthat acts as a H-bond donor and
acceptor during hydrogen bond formation with irdei&l water molecules, a halogen can
act only as an H-bond accepfér.

The C=0 stretching vibration band of both dPA-BrHek% and dSA-BrHex 3:1 shows
the three peaks at 1737, 1720 and 1703 ¢spectra not shown). The spectra also show
the CDy scissoring mode at 1088 @mComparing the spectra of the mixed monolayers
with those of pure dPA and dSA, no frequency charage observed, which suggests that
the dPA and dSA conformation is not altered by phesence of BrHex. llharco et 4.
investigated mixed Langmuir-Blodgett films of cadmmi heptadecanoate with
chloro/bromohexadecane on GabBubstrates by transmission IR. They observed a
frequency shift of the CO@as (at 1535 cil) in the presence of alkyl halides. In our
IRRAS spectra, the strong absorption of water véguders the low spectral region from
1400 to 1600 cih and therefore we were not able to observe thig.pBhifting of the
COO peak could be indicative of miscibility of the wlkhalides and a changing

environment for the fatty acid, and is not likelyett interaction with the halogen.

3.2.4. BAM Results
The isotherm, SFG, and IRRAS data clearly ingi¢hat the long chain alkyl halides

incorporate into mixed monolayer films of fatty @i However, additional information
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can be gleaned from surface images that providanizgtion information on a larger
scale. Therefore, BAM images were obtained.

Three BAM images of pure BrHex after an attempspoead on the water surface at
varying compression are shown in Figure 3.9. Thages are presented noting the
average MMA; however, as shown in the isothermBigfire 3.1a, BrHex, as well as the
other RX molecules do not form monolayers at thenaiter interface and therefore the
surface pressure does not change with compresgéisnstated above, this is well
known3® However, BAM images of BrHex provide an interegticontrast to the fatty
acid and the mixed monolayer images shown in FgGr20 and 3.11. At 30 MMA and
27 MMA, the largest areas per molecule imageds; itlear that monolayer spreading is
not taking place and that aggregates of the BrHexXfamed. The weave-like features
are unique to the BrHex at the surface of waterth&tsmallest MMA of 14 MMA, the
image shows larger areas of high reflectivity alomith smaller and more reflective
aggregates. The brightness indicates thicker fiboasistent with 3D structures as
opposed to uniform 2D monolayer formation of dPAl @$A as discussed below. To our
knowledge, this is the first published account éfMBimages of alkyl halide molecules
aggregating at the surface of water.

BAM images of pure dPA and its mixture with BrHebdéferent surface pressures are
shown in Figure 3.10 to elucidate the 2D morphololggnges of the mixed monolayers.
In Figure 3.10a at 0 mN/m the darker backgroundyssts either a pure water surface or
a very low density of dPA molecules consistent veitAD dPA G phase. The condensed

phase is observed as round-shaped domains, whighirvaize from a few microns to
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hundreds of microns. Such domains show a uniforighbress indicating a uniform
surface density and orientation of the alkyl chatogsistent with a TC phase. Hence,
these domains at 0 mN/m are attributed to the stexx¢e of the G phase with the TC
phase. Upon film compression, the domains becoosely} packed and are more similar
in size as shown in 3.10b. In 3.10c at 15 mN/momdgeneous film, which corresponds
to the UC phase, is observed. (The periodic chamydke background intensity are
discerned more obviously in images with homogensowfaces and are not attributed to
structural changes in the films) The presence bbmogeneous film indicates that the
alkyl chains in the dPA molecules have similar wtaions and the film is of uniform
thickness. These results are consistent with obtiens made by Qi et @ and Flach et
al™.

The surface pressure-area isotherms of dPA shifte¢gight when BrHex and dPA are
mixed. The domains observed for pure dPA do noeapfo be affected by the presence
of BrHex as it is observed in the BAM images at lwface pressures in Figure 3.10d, e,
g, and h. As the surface pressure is increasediedreneous film forms (Figure 3.10f
and 3.10i). However, at 17.71 mN/m for the dPA-Bxk3el (data not shown) and at 14.9
mN/m for the 1:1 mixture, aggregates with higheefivity appear, similar to the small
bright features observed in the BAM images of BrHexX-igure 3.9a and 3.9c. High
reflectivity aggregates are indicative of multilageSince the SFG and IRRAS results
suggested that BrHex molecules are squeezed alifr@n the evidence from the BrHex

images, these bright aggregates are likely conmgprize BrHex molecules. This is
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consistent with the BrHex surface pressure-arethesm initial collapse at ~16 mN/m
(Figure 3.1b-4), indicating some phase separatitinose surface pressures.

The BAM images of dSA and its mixtures are presgrite Figure 3.11 and are
distinctly different than the dPA BAM images. FiguB.11la shows the characteristic
morphology of stearic acid at 0 mN/mThe bright regions indicate higher densities of
dSA molecules relative to the darker regions. Leal® suggested that the gas-phase
forms elliptical domains and disperse in the cosdenphase, as is observed in Figure
3.11a. Upon compression the high density dSA dosnadalesce to form a uniform film
as is observed in Figure 3.11b and 3.11c. In tee cAdSA mixed monolayers, the same
trend as with dPA is observed. The addition of Briees not significantly affect the
dSA morphology. Figure 3.11d and 3.11g show theadtaristic morphology of dSA at
0 mN/m. Upon compression of the mixed monolayeighlii reflective aggregates
appear at 9.47 mN/ for dSA-BrHex 1:1, which is ¢stent with the initial collapse of its
surface pressure-area isotherm (Figure 3.1c-3)tlmmdqueezing out of a fraction of the
alkyl halide molecules as aggregates.

From a surface area analysis of Figures 3.10 ahl 8te have plotted in Figure 3.12
the surface area covered by domains.

To further examine the images relative to tlepeetive isotherms of BrHex in the fatty
acids, the fractional area of the bright domaintaioled from the BAM images as a
function of surface pressure was plotted in FigdidE2. The fractional area of domains
was estimated as the ratio of the area occupigtidgomains in the BAM image to the

total area of the BAM image and was obtained frdrasé images in addition to
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previously obtained BAM images. This analysis shtlwe upon comparison of the pure
fatty acid films to the mixed films, an increaseairea is occupied at a specified surface
pressure, consistent with incorporation of the BeiHeolecules into the monolayer. The
large error bars observed for dPA at low surfaesgures show that the dPA domains do
not form a homogeneous film and that the densitgnala varies from low to high
density. This is also observed for dSA at 0 mN/ior. fhe mixed monolayers, the area
occupied by domains when the alkyl halide is prebesomes larger at the same surface
pressures. The MMA (in terms of area per moleculédhé mixed monolayer not per fatty
acid molecule) information obtained from the isothge (Appendix A) suggests that it
should decrease with addition of BrHex, however B®M images show that the
domains cover larger areas. This suggests thattgé@mshe mixed monolayer domains is
lower compared to that of the pure fatty acid doreailrhe large area covered by mixed
monolayer domains suggests that the moleculesnaee more expanded conformation

compared with the pure fatty acid domains.

3.3 Conclusions

Mixed monolayers of fatty acids and alkyl hafidet the air-water interface were
studied here by the combination of four complemsntachniques, Langmuir isotherm
measurements, SFG, IRRAS, and BAM. Alkyl halidescontrast to long chain fatty
acids, do not form monolayers by themselves at aimavater interface; however,
organization of BrHex aggregates at the surfaceobserved by BAM. We determined
that a chain length of 15 carbons for alkyl bromidae necessary for incorporation into
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dPA and dSA monolayers. Contrary to this, alkaresat incorporate into the fatty acid
monolayers, indicating that even though the halagemt a strongly polar group, it plays
an important role for the incorporation of alkyllidas into fatty acid monolayers.
Analysis of the surface pressure-area isothermgesigd that alkyl halide molecules are
squeezed out of the fatty acid monolayers withdasmng surface pressure, and BAM
images confirm this. SFG and IRRAS results alseatd that alkyl halide molecules
incorporate into the dPA and dSA monolayer, and they are not retained as surface
pressure increases. SFG and IRRAS spectra revibaethe alkyl chains of dPA retain a
mostly all-trans conformation after the incorpasatiof alkyl halide molecules. Finally,
BAM images reveal the miscibility of BrHex in dPAné& dSA monolayers, and
immiscibility at higher surface pressures as thiddr multilayer aggregates are shown to

be expelled at the first collapse pressure.
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Table 3.1 Alkyl bromide molecules that are incorporated ifgtty acid monolayers at

the air-water interface at 1:1 ratio

C15D3,COOH
(dPA)

C16H3COOH
(HpA)

C17D3sCOOH
(dSA)

BrCsH»

BrCsHg

BrCsHq1
BrCegHqs
BrC;Hqs
BrCgH7
BrCgH1g
BrCioH21
BrCuHaxs
BrCioHos
BrCisHyr
BrCiaHzg
BrCisHs1
(BrPent)
BrCisHss
(BrHex)

No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation

Incorporation

Incorporation

No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation
No incorporation

Incorporation

Incorporation

No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof
No incorporatiof

Incorporation

[ I — B R R R e e e a—

Incorporation
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Table 3.2 Average orientation angle of the terminal methyglup @) and average chain
tilt angle @) of dPA molecules in pure dPA monolayer and dPA®&¢ 1:1 mixed

monolayer at different surface pressures

®, CD;orientation a, chain tilt angle (deg)
angle (deg)
dPA 5mN/m, TC 1761 17.9
dPA 18 mN/m, TC 1741 18.1
dPA 25 mN/m, UC 17.7+1 17.8
dPA-BrHex (1:1) 5 mN/m 182+1 17.3
dPA-BrHex (1:1) 18 mN/m 184+1 17.1
dPA-BrHex (1:1) 25 mN/m 184+1 17.1
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Figure 3.1 Surface pressure-area isotherms of a) pure condgoun) dPA mixed
monolayers and c¢) dSA mixed monolayers at the atewinterface. Mean molecular
areas (MMA) of the mixed monolayers are in termawiber of fatty acid (dPA or dSA)

molecules spread.
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Figure 3.2 ssp SFG spectra probing dPA molecules in the @Gidcsting region of a) pure
dPA and b) the mixture dPA-BrHex 1:1; and probing BrHex molecules in the mixture
dPA-BrHex 1:1 (c).
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Figure 3.3 ppp BBSFG spectra probing dPA molecules in thes@Btching region of a)
pure dPA and b) the mixture dPA-BrHex 1:1; and prglthe BrHex molecules in the
mixture dPA-BrHex 1:1 at 5 mN/m(c).
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Figure 3.4 Comparison of the square root (SQRT) of thegE®peak intensity obtained
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Figure 3.6 IRRAS spectra of the dPA-BrHex mixture at 1, 5, &8d 25 mN/m obtained
with s polarized light. Panels a (dPA-BrHex 3:1pdn (dPA-BrHex 1:1) show the CD
stretching region, which represents the dPA compbimethe monolayer. Panels ¢ (dPA-
BrHex 3:1) and d (dPA-BrHex 1:1) show the CH stnetg region, which represents the

BrHex component in the monolayer.
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Figure 3.7 IRRAS spectra of the dSA-BrHex mixture at 1, 5, &8d 25 mN/m obtained
with s polarized light. Panels a (dSA-BrHex 3:1pdn (dSA-BrHex 1:1) show the CD
stretching region, which represents the dPA compbimethe monolayer. Panels ¢ (dSA-
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BrHex at OmN/m

Figure 3.9. BAM images for pure BrHex at different MMAs.
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Figure 3.10 BAM images for pure dPA (a-c) for the mixed moryaiaof dPA-BrHex 3:1
(d-f) and, for the mixed monolayer of dPA-BrHex 1gti) acquired at different surface

pressures
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Figure 3.11 BAM images for pure dSA (a-c) for the mixed moryaaof dSA-BrHex 3:1
(d-f) and, for the mixed monolayer of dSA-BrHex 1dti) acquired at different surface

pressures
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Chapter 4

Alkyl Halide and Alcohol Uptake at the Air-Water Interface

Halogenated organic compounds from both biogamd anthropogenic sources are
emitted to the atmosphere. Of the alkyl halidesrtsbhain alkyl halides have been found
in the atmosphere. These include methyl chloridds(),**>° methyl bromide (CkBr),?
methyl iodide (CHI), ethyl iodide (GHsl), and 1-propyl iodide (§H-1),>* as well as
CH3CCls, CH,Cl,, and CHCI,Br, among other&>*

We studied in collaboration with Harper et’ahe surface residence and organization
of gas-phase methyl chloride (@El), butyl chloride (GHoCl), and butyl bromide
(C4H¢Br) and their corresponding alcohol molecules dasdrto the air-water interface.
First, the adsorption of the gas-phase species tagaeous surface was investigated by
using vibrational sum frequency generation spectpyg (VSFG). Then, their uptake into
the bulk agueous solutions was measured using Rapeatroscopy.

Previously, HarpéP presented in her MSc thesis VSFG spectra of tisephase species
at the air-water interface using ssp polarizatiombination. Additionally, her thesis
includes Raman spectra of the water solution expdseCHCI and CHOH. Later,

Casillas-ltuart€’ presented in her PhD dissertation VSFG spectrahef gas-phase

species at the air-water interface using ssp, o), sps polarization combinations.
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Additionally, Raman spectra of all the gas-phasscigs into the bulk agueous solutions
were shown.

Our findings revealed the presence of;OH at the air-water interface and in the bulk
agueous solutions. Contrary to the 4O, CHCl was not detected at the air-water
interface. However, C}Cl was detected in the bulk aqueous solution iroigathat
CHsCl gas-phase molecules must interact with the atewinterface so that their uptake
into the aqueous phase occurs. The same trendbsasved for the butyl species as was
observed for the methyl species. The butyl alcdiaH,OH) was detected at the air-
water interface whereas the butyl halide specie® wet detecte® It was shown that
although GHyOH was detected in the aqueous phase, the buigehspecies were not
detected, which may be due to their low water stityly”

The lack of alkyl halide VSFG signal at the water interface suggests that such gas-
phase species are not adsorbed at the interfacee\téo, other possible reasons such as
low number density, disordered interfacial arrangetnshort surface residence time,
infrared (IR) absorption by the gas-phase speaiesome combination of them must be
further investigated.

To determine if IR absorption by the gas-phaseies was a factor for the lack of alkyl
halide VSFG signal, we measured the IR energy cgmint of the experimental chamber
using a scanning SFG (SSFG). The results obtaihedied that the lowest IR energy
measurement was obtained after flowingsOH. These results suggested that the IR
energy for the alkyl halide VSFG experiments waéigant to generate sum frequency

signal’’
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The gas phase concentration of3OH and CHCI, which was measured to determine
if gas phase concentration was a factor that darted to the VSFG lack of signal, is
presented here. Additionally, the concentratiorCeEOH in the aqueous phase of the

flow experiments is shown in this chapter.

4.1 Experimental

4.1.1 Materials

Methyl alcohol (CHOH; HPLC grade), n-butyl chloride §8¢Cl; ACS certified), and
n-butyl alcohol (GHyOH; ACS certified) were obtained from Fisher Saient n-Butyl
bromide (GHgBr; 99+% purity) was obtained from Acros Organicklethyl chloride
(CH3CI; 99.5% purity, instrument grade) was obtainemhfrScott Specialty Gases, Inc.
(Plumsteadville, PA). Nitrogen @gNwas obtained from Praxair, Inc. (Danbury, CT).
Deionized water with a resistivity of 18.2 m was used (Barnstead Nanopure
filtration system). All experiments were conductgdroom temperature (21°C £ 1°C).
4.1.2 Methods

The flow of the gas-phase species was perforimed flow chamber comprised of a
stainless steel lid that attaches to a stainless sylindrical base by using a knife-edge
sealing technology in conjunction with a copperkgasThe incident beam(s) enters the
chamber through a BaRkvindow (Reflex Analytical Corp., p/n 8960-1BAF2hcthe
outcoming beam (SFG or IR) exits the chamber thmoaud®dK7 window (Kurt J. Lesker

Co., p/n VPZL-275BK7) (Figure 4.1).
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The gas phase concentration of;OH and CHCI was determined by using a Thermo
Nicolet FTIR (Fourier transform infrared) spectrdere(Avatar 370, Thermo Electron
Corporation). The IR beam was directed out of tlwnmgartment of the FTIR
spectrometer with a series of gold flat mirrorsthie flow chamber. The flow chamber
contained a gold mirror to redirect the IR beamafut. The IR beam coming out of the
flow chamber was then directed back to the deteatdhe FTIR spectrometer (Figure
4.2). CHOH was volatilized by flowing nitrogen gas4Nat 15 standard ctfmin (sccm)
through the liquid CEOH contained in a glass vial. The resulting@®H;OH mixture
was flowed over 24 mL of water contained in a Pdigh in the flow chamber. GBI on
the other hand, having a high vapor pressure wasgefl directly from its pressurized
tank at 10 sccm. The flow conditions for each coumabwere kept the same as described
for the surface analyses completed with the BBS§&3em?*’® Spectra were collected
every 5 minutes at a resolution of 4 'tand averaged over 50 scans for 120 minutes. To
determine the gas-phase concentration oB@HH it was first necessary to estimate
experimentally the extinction coefficient at 2876t

A 22-cm tube was placed between the window$hefRTIR spectrometer. }CH;OH
and CHCI were flowed into the 22-cm tube at the flow sateentioned above. Spectra
were collected every 5 minutes at a resolution ofrd and averaged over 50 scans for
90 minutes. The gas phase concentration in the2Bibe was determined by using the
absorbance of the CO-ss at 1052'crA cross section of 1.388 x T8 cnf/molecule
reported on HITRAN data base was u§é@he concentration was used to construct a

calibration curve for the 2875 ¢habsorbance peak as a function of concentratioa. Th
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slope of the curve corresponds to the extinctiomffaent at 2875 cm. The
concentration of CkCl was estimated by using the absorbance of the<SHit 2922 cm
1-78

The concentration of GH in the aqueous phase of the flow experiments was
determined by ATR-FTIR (attenuated total reflectiblR). A multi bounce ZnSe
crystal trough ATR accessory was used to colleetsppectra at a resolution of 4 tm
The spectra were averaged over 200 scans. A atdibrcurve of CHOH in aqueous
solutions was obtained by using the absorbanchef0-ss at 1052 ¢l The CHOH
concentration was determined at 30, 60, and 120tesrof flow.

The number of molecules flowed to the chambes maasured by weighting the glass

vial containing the CEDH before and after the flowing.

4.2 Results and Discussion

The CHOH and CHCI concentrations are shown in Figure 4.3. The;@H and
CHsCl concentrations after two hours were determimedet 4.16 x 18 and 1.17 x 18
molecules/cry respectively. These results show that the@Hjas-phase concentration
was two orders of magnitude greater than that of@HH and therefore the gas-phase
concentration was not a limiting condition for thek of SFG signal of C¥Cl.

The gas phase concentration of;OH measured with the FTIR is compared in Figure
5.4 with the square root of the SFG intensity @& #835 crit peak. The square root of
the SFG intensity is proportional to the numbersitgnof molecules at the air-water
interface. It is observed from Figure 4.4 that @t#;0H gas phase concentration and its
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number density at the air-water interface increggekly during the first 10 minutes of
CH30H flow. After 40 minutes of CEOH flow, the number of CEOH molecules at the
gas phase and at the air-water interface is aliequm. This finding indicates that the
time to monitor the adsorption of GBIH to the aqueous surface was long enough. This
result can be extrapolated to the {CHgas-phase result observed in Figure 4.3. Afger 6
minutes of CHCI flow, the gas-phase concentration is relativagstant and therefore it

is assumed that it is at equilibrium. Thus, theetita monitor CHCI adsorption to the
aqueous surface was assumed to be long enoughllasTherefore, the length of the
CHsCl experiment did not limit for the SFG signal afi¢Cl.

A calibration curve of CEDH in aqueous solutions was obtained to deternmee t
CH3OH concentration in the aqueous solutions of the #xperiments, and it is shown
in Figure 4.5. The CkDH concentrations in the aqueous phase of the ékpperiments
are shown in Table 4.1. The concentration incretisedrly with time, which was
expected since GJDH is soluble in water.

The number of molecules flowed to the chambes maasured by weighting the glass
vial containing the CEDH before and after the flowing. The weight diffece was used
to calculate the total number of molecules flowetd the chamber and is shown in Table
4.2. During the flow, molecules diffuse into the & of water (number calculated from
the calibration curve, third column in Table 4 &}ile others stay in the gas phase. The
number of molecules in the water added to the numbmolecules in the gas phase after
30 min of flow was 1.79 x ¥ molecules/cry which is ~ 85% of the number of

molecules calculated by weight loss. This suggeststhe other 15% of the molecules
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are adsorbed at the water interface. The summafighe number of molecules in the
water and in the gas phase after 60 and 120 milowfare 3.10 x 18} and 6.53 x 18
molecules/c respectively. These two values represent 60% &9d ffom the total
number of molecules flowed, suggesting that watefase is becoming saturated by

CH3OH molecules and that the system is at equilibrium.

4.3 Conclusions

Adsorption of gas-phase alkyl halides and alt®ho the air-water interface was
previously studied using surface sensitive vibralosum frequency spectroscopy. We
showed in previous publicaticfigthat CHOH is present at the air-water interface and in
the bulk agueous solutions, whereassCHwas only found in the bulk. Here, the gas
phase concentration of GEBIH and CHCI was measured to determine its possible
contribution for the lack of VSFG signal for GEl. Our findings revealed that the
number of CHCI molecules in the gas phase was larger than tingbar of gas phase
CH3OH molecules and therefore it is not a factor far flack of VSFG signal. The length
of the experiment was tested to determine if it wdactor for the lack of VSFG signal
for CH3Cl. The results showed that the systems were alilrgum. Therefore, the length
of the CHCI experiment was not a limiting for the lack of &Kignal of CHCI. The
results previously published and those of this tdraguggest that orientation (disordered
molecules) and low number density explain the atrserf the CHCI signal in the SFG

spectrum.
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Table 4.1 Bulk CH;OH concentration of flow experiments. St. Dev is sitandard
deviation of two repetitions

Time (minutes) CH;OH Concentration (M) St. Dev.

30 0.11 0.007
60 0.19 0.016
120 0.45 0.014
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Table 4.2 Number of CHOH in the flow chamber. The total number of molesul
represent the number of molecules flowed into th@nter calculated by weight loss.
Number of molecules in the 24 mL of water was dalmd from the calibration curve.

Number of molecules in the gas phase was measyredIR

_ _ Total number Number of molecules Number of molecules
Time (minutes)

of molecules  in 24 ml of water in the gas phase
30 2.06 x 16" 1.71 x 16" 3.10 x 10’
60 5.21 x 18" 3.01 x 16* 3.37 x 16/
120 9.12 x 1& 6.04 x 16" 3.92 x 160/
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Figure 4.1 Flow chamber comprised of a stainless steel lat #itaches to a stainless
steel cylindrical base by using a knife-edge seatgchnology in conjunction with a
copper gasket. The incident beam(s) enters the lobathrough a BgFwindow and the
outcoming beam (SFG or IR) exits the chamber thiica&K7 window.
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Figure 4.2 Experiment set up for the determination of thegagse concentration using
the FTIR
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Figure 4.3 Gas phase concentration of §&MH and CHCI measured by FTIR over time
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Figure 4.5 Calibration curve of CEDH in aqueous solutions
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Chapter 5

Air-Aqueous Acid I nterfaces

The chemistry of atmospheric aerosol surfacagsph critical role in the uptake of gas-
phase chemical species and in their reacfiéitserefore it is important to investigate the
identity and orientation of these species at thdasa of atmospheric aerosols. A
molecular-level understanding of air-aqueous iaee$ is a fundamental study that will
help us understand atmospheric aerosol surfaces.

The effect of halide i0A$*°and proton® has been studied previously in our research
group. Leverinf studied the effect of hydrogen halides (hydrodh|dmydrobromic and
hydroiodic acids, HCI, HBr, and HI, respectively) @ne air-water interface using
vibrational sum frequency generation spectroscyHG). In this study, it was found
that HCI, HBr, and HI disrupt the hydrogen-bondmggwork at the air-liquid interface.
This was observed by an enhancement of intensitiggnvater OH stretching modes. It
was also observed that the free OH intensity deectavith all acids tested. In this study,
the authors used a 10Hz scanning systethwhich provides spectra in the 2800 — 4000
cm’ range. In this chapter, spectra at lower fregigsnof neat water, sodium bromide
(NaBr) and HBr are presented. Lower frequenciesewevestigated to further explore

the enhanced intensity of the OH stretching redigrusing a 20 Hz scanning VSFG
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system that provides spectra. Additionally, to detee if the free OH peak decrease is
due to a change in number density or a changeiémtation, the VSFG spectra of two
different HBr aqueous solutions in the free OH oagare presented in this chapter under

ssp and ppp polarization combinations.

5.1 Experimental

5.1.1 Materials

Water was obtained from a Millipore Nanopuretsys (18.3 M2ecm). Acid solutions
were made volumetrically from concentrated HBr ifEisScientific, 48 % wt.) solution.
Sodium bromide salt (certified ACS grade) was pased from Fisher Scientific. The
NaBr salt was baked in a muffle furnace (Fishetesyp) for 6 h at 650°C to eliminate
organic contaminants. All of the solutions were aitesl for organic contamination by
obtaining SFG spectra of the solutions in the speotgion between 2800 and 3000 cm
1.
5.1.2 Methods

SFG spectra were acquired using the 20 Hz segnviSFG system from EKSPLA.
The ssp-polarized SFG spectra were acquired usitly s exposure time for each data
point and are an average of two spectra. The SHKEBtrspwere normalized by the IR
profile since the IR is detected in real-time witle SFG intensity. An SFG spectrum of
an 8.0 mM sodium dodecyl sulfate (SDS) solution aeguired at the beginning of each
experiment day to optimize the overlap of the Vesibnd IR beam at 2940 &m

Additionally, at least one air-neat water spectnwas acquired at the beginning and at
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the end of each experiment day to ensure the gyabilthe SFG system and to confirm
reproducibility. The polarization combination usied these experiments was ssp (SFG,
532 nm, and infrared beams respectively).

SFG spectra of neat water and HBr aqueous eakiin the free OH region (3600 —
3800 cm') were acquired with the BBSFG system. The BBSF&esy is described in
Chapter 2. Here, the angles of the infrared anithleibeam (789.5 cif) from the surface
normal were 68° and 53°, respectively. The inpurgy of the visible beam was 300 pJ
whereas the infrared energy was of 6 nJ. SFG speetre normalized to the nonresonant
signal from a GaAs crystal. The spectra were obthimder the ssp and ppp polarization
combinations with an acquisition time of 3 minutAs. average of two replicate spectra
is shown for each solution and the error bars smethe standard deviation between

them.

5.2 Results and Discussion

The raw SDS spectrum acquired as a control ch eaperimental day is shown in
figure 5.1. The intensity signal required for tH4@ cm' peak to determine that the SFG
system was in optimal conditions was approximatd§ counts as it is shown in Figure
5.1.

The VSFG spectra of neat water in the range86D2- 3800 ci is shown in Figure
5.2. The spectra show a broad continuum from 300€ ¢o 3600 cit which has been

assigned to the OH stretching bands of hydrogemiddmvater molecules:*#3At 3700
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cm®, not part of the continuum, a narrow peak whichatisibuted to the dangling OH
(free OH directed into the vapor phase) is observed

VSFG spectra of neat water, 0.050x NaBr, an8@MBr (Figure 5.3) were acquired
to explore the enhanced intensity of the OH stiatciegion in the VSFG spectra of
agueous acid solutions. Additionally these spestvald provide further support for the
existence of WO and HO," in the interface at frequencies lower than 2800".cAs
shown in Figure 5.3, the VSFG spectra of aqueouBrNalution have no enhanced
intensity at frequencies in the range of 2000 —-0326i' as compared to that for neat
water. On the other hand, the aqueous HBr soluMi&FG spectra clearly show a
significant intensity enhancement of the hydrogend®d stretching region (2400 — 3200
cm?) and a decrease of the free OH peak intensity whempared to both aqueous NaBr
and neat water. Spectral backgrounds on the sameles with the timing of the pulses
offset, as are typically done for our control expents, are shown as open circles. The
observed VSFG enhancement is consistent with tilsereed enhancements in IR and
Raman spectr¥, that is, the proton continuum. This continuum dieandicates that
HsO" (and/or HO,") exists within the air-aqueous acid interfdt&nhancement of the
3200 cnt region is most likely due to the presence of hgirm ions at the air-aqueous
interface. This is consistent with previous expermal studie¥®® and molecular
dynamic simulation&*®” This important result clearly lays to rest the sjign of
hydrated protons in the interfacial region.

Previous investigations have inferred the presesf the hydronium at the air-water

interface as discussed below. Petersen and SaYaélye clearly shown that iodide ions
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are enhanced at the air-water interface in aquelb@s opposed to aqueous Kl and Nal,
inferring that the hydronium is surface active @hereby allowing the iodide anions to
be more surface active relative to the aqueousnidl Idal surfaces. Jungwirth, Tobias,
Allen and coworkef¥ postulate through MD simulation and VSFG data thatronium
exists in the interfacial region. Richmond and coeo$® also strongly suggest that
hydronium resides in the surface region of aquémlsgen acid solutions. With respect
to surface HO", Lee and coworkef8 observed the gas phase infrared spectra of the
hydrated hydronium cluster iong®' (H,O), (n = 1, 2, 3) from 3550 to 3800 EmTwo
features were visible for 4@,": a broad, featureless band at 3608.8'@nd a higher
frequency band centered at 3684.4 ci@raham and Robeffshave also examined the
infrared spectrum of the HCI « 6B complex; vibrational modes centered at 1770 and
1275 cnt and the broad peak between 2500 and 3108 were assigned to the, vo,
andvs; modes of HO", respectively. Scherer, Voth and cowork&isvestigated the
infrared spectra of HCl and HBr aqueous solutiams$ @bserved a continuous absorption
from 1000 to 3400 cthand three broad bands at 1760, 2900, and 3350 wirich are
attributed to the hydrated proton.

In summary, the proton continuum observed irufgdh.3 provides strong evidence for
the existence of hydrated protons@ and HO,") within the air-aqueous acid interface.
The VSFG spectra of HBr also reveal a decreasedr8700 crit peak (free OH stretch)
intensity relative to neat water as shown in Figbu& To determine if this is due to a
change in number density or a change in orientatios VSFG spectra of two different

HBr aqueous solutions in the free OH region werguaed under ssp and ppp
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polarization combinations (Figure 5.4). The specaveal that the ratio of the ssp to the
ppp intensity in the free OH peak is relatively stamt for two different aqueous HBr
concentrations.

According to previous studiés?? the orientation fluctuation of the free OH ostitka
may occur in a time scale that could match itsatibnal relaxation time or even shorter.
Reorientation affects the SFG intensity responsedfientation is fast? However, this
effect is relatively modest under the ssp and pplarization conditions. Moreover, in
addition to the fast reorientation motion effebig applied orientation angle distribution
can also affect the SFG intensity response. Warty caworker8"®® determined the
average orientation angle of the free OH oscillatorthe neat water surface to be® 33
with respect to the surface normal with a consgdiarientation distribution less than°15
assuming a Gaussian distribution. In order to lulie same degree of intensity loss
found in the spectra, the orientation angle distrdn has to encompass a much wider
spread, which is physically unreasonable. Thisoigsistent with an intensity decrease
due to a number density decrease of free OH osw#lat the surface and not a change of

orientation angle and/or orientation angle distiduwidth.

5.3 Conclusions

The air-aqueous interface of agueous HBr andriaRitions was investigated using
vibrational sum frequency generation spectrosc@&mnhanced intensity was observed in

the water OH stretching modes of the HBr solutioffse SFG spectra reveal a surface
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proton continuum at frequencies below 3000*¢imdicating that hydronium ions and

Zundel ions (HO* and HO?") exist at the air-water interface.
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Figure5.1 ssp VSFG raw spectrum of an 8.0 mM SDS solution.
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Figure 5.3 ssp-polarized SFG spectra of 0.05x HBr (greerdswicles) and 0.050x NaBr

(orange solid circles) compared to that of neatewéblack solid circles) showing the

proton continuum arising from the 0.05 mole fraetldBr solution. The open circles are
the corresponding HBr (green open circles), NaBar{ge open circles), and neat water
(black open circles) background spectra (the \asibhd infrared input pulses were
temporally misaligned at the sample). The openleidata points show the actual
background that contributes to the spectrum, canirig that the SFG intensities are real.

Spectra obtained with the scanning SFG system.
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polarization combinations. Error bars show the earisy standard deviation) of the

intensities. Spectra acquired with the broad badthwsFG system.
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Chapter 6

Environmental | mplications and Future Work

The work presented in this thesis was motivdigdan interest in understanding the
surface structure of atmospheric aerosols. For @ms, atmospheric relevant model
systems were investigated. A great number of oocgaompounds are emitted into the
atmosphere from both biogenic and anthropogeniccsesutherefore it is expected that a
variety of organics exist within the surface regadratmospheric aerosols.

Mixed monolayers of fatty acid and alkyl halidesre investigated as proxies of fat-
coated marine aerosols. Fatty acids such as pelamnti stearic acid can coat the surface
of marine aerosols affecting the surface propeudifesuch aerosols. The presence of an
insoluble fatty acid monolayer at the air-wateerfdce affects the transport of volatile
species through the interface. Long-chain alkyldesl can also coat marine aerosols if
fatty acid molecules are present at the interféoereby fatty acid films can transport
alkyl halide molecules to the atmosphere which mtise would be limited to remain on
water surfaces. In addition to impeding the tramspbgas-phase species, organic surface
compounds will reduce the evaporation of water fritv@ aerosol which in turn will
enhance the aerosol lifetime. This can lead toothidizing of the film depending on the

orientation and accessibility of the moleculesha film. It was found that alkyl halide
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molecules have gauche defects in the mixed monday&auche defects have

implications for reactivity (e.g. with OH radicalsht high surface pressures there is
phase separation as the alkyl halide moleculesareezed out which indicates that they
will also separate in naturally occurring systerashsas the monolayers found on fat-
coated aerosols. The presence of organic compoahdhe surface of atmospheric
aerosols can reduce the growth rate of the aercsiote the film would impede the

adsorption and uptake of volatile species.

The adsorption and uptake of atmosphericallgvaait gas-phase species (methyl
chloride and methanol) to the air-water interfacesalso investigated. These gas-phase
species can be adsorbed at the interface of atradsperosol or like methyl chloride,
they can be absorbed into the bulk. The presensaalf species will modify the physical
and chemical properties of atmospheric aerosols.

Additionally, the air-aqueous interface of aquediBr was investigated. The presences
of H;O" and HO?" at the air-water interface affect the physicalrabgeristics and the
chemistry of atmospheric aerosol surfaces, (i.edrdyhobicity, particle growth,
morphology, and acidity) which can lead to the apison and absorption of gas phase
molecules. The adsorbed species can then par@cipatlifferent reaction altering the

atmospheric heterogeneous reactions.

In Appendix C an analysis of the BrHex decread®RAS and SFG signal is performed.
Future experiments are necessary to determineHéBmolecules go the water subphase

upon compression. To do this, enough water subp$laseld be taken and evaporated
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(see Appendix C) to have an aliquot of > 2ppm dfi®« so it can be detected by the
mass spectrometer (MS) or by Raman available gl #tn.

Additional SFG experiments for the different \dllhalides at different ratios would
help to understand the different behavior of edttese would include:
dPA-BrPent 3:1, 1:1, and 1:3
dPA-BrHex 3:1, and 1:3
dPA and CIHex 3:1, 1:1, and 1:3

Furthermore, the acquisition of SFG spectrahim €=0O and OH vibrational regions
would help to determine if the alkyl halide intetsaevith water molecules or with the
carboxylic group of the fatty acid molecules.

As with the alkyl halides, mixed monolayer seglof alkanes are necessary to probe
the minimum chain length for alkanes to incorpoiate fatty acid monolayers. These
experiments are important since a number of aliphatdrocarbons are emitted to the

atmosphere.
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Appendix A

Thermodynamic Analysis of Mixed Monolayer |sotherms

Mixed monolayers were studied to obtain informatigggarding their molecular
packing and molecular orientation of their compdae number of parameters were
used to characterize the degree of mixing and tgilisy of the monolayer, including
MMA, collapse pressures, excess areas, and thes®x@ibbs free energy of mixing as a

function of RX mole fractionx).

A.1 Mean Molecular Area

Analysis of MMA is used to characterize mixed fmwith respect to
miscibility. 38479 Thus, the surface pressure-area isotherms wetgzadan terms of
mean molecular areas as a function of the alkytibahole fractions.

Mixed monolayers are analyzed in terms of areanp#ecule as a function of its alkyl
halide composition at various surface pressuresg. Jioperties of a mixed monolayer
will reflect those of the separate single componeonnolayers if they are immiscible.
The area occupied by immiscible components whiale e interactions between them
in a mixed monolayer is the sum of the areas ofdiyearate films. Assuming ideal
miscibility or complete immiscibility in a two-congpent mixed monolayer at a given

surface pressure, the MMA per molecule followsatiditivity rule (eq A.1347%°
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As = XA TXA, (A.1)

In eq A-1,x is the mole fractionA the MMA, and the subscripts 1, 2, and 12 refer to
the pure components 1 and 2 and their mixture ectgely. For this study, the subscript
1 refers to the fatty acid (dPA or dSA) and thessuipt 2 to the alkyl halide (BrPent,
BrHex or CIHex). Although this type of analysis fonolecules that do not form
monolayer by themselves is not found in the lite@tA, is taken as zero in this
dissertation. TakingA, as zero is somewhat controversial because BrHexeaulds
always occupy an area. In this analysisAarof zero does not mean that alkyl halide
molecules do not occupy an area on the water sgbphifter spreading BrHex in
chloroform on the water subphase, they occupy sspaee as it is observed in the BAM
images (Figure 3.9). However, they form 3D aggregaivhich means that several
molecules occupy the same area. Al8g,refers to the area per one molecule at a
particular surface pressure in the monolayer. Stheee is no monolayer, the area is
considered to be zero.

Figure A.2 shows the experimental and ideal MMAadsinction of alkyl halide mole
fraction at different surface pressures for dPA d&& mixed monolayers. Deviations
from equation A.1 provide evidence for nonideal aitidity in a mixed monolayer.
Negative deviations generally indicate attractiveetiactions between the components of
the mixed film whereas positive deviations indicdite presence of repulsive interactions

between the components of the fitfit>**However, in these studies, negative deviations
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are unlikely to occur because the area of pure &Xr{ equation A.1) is taken as zero. If
RX molecules incorporate in the monolayer, regasllef the kind of interactions

between the components of the mixture, the MMA Wwal larger than that of the pure
fatty acid. In fact, experimental MMAs for all dPsad dSA systems (Figure A.2) show a
positive deviation from equation A.1 at all surfapeessures and mole fractions
(experimental MMAs are greater than ideal MMAshc& the alkyl halides do not form

monolayers by themselves, the observed positiveatiens suggest incorporation of

alkyl halides into the fatty acid monolayer and ideal miscibility.

From Figure A.2 we can see that the MMA decreasils xy consistent with the
squeeze out of alkyl halides as the surface predsareases, albeit at a rate that is not
known. It is observed in Figure A.2 that at low fage pressure areas the largest
difference between experimental and ideal MMA istfee BrHex mixed monolayers (C:
dPA-BrHex and D: dSA-BrHex). Large MMA for the Brikdenixed monolayers suggest
a more expanded conformation of the molecules cosdp@® those of mixed monolayers
with BrPent and ClHex (A, B, E and F). Nonethelessas been previously shown that
as the alkyl chain length increases for an alkylidea the molecule orients more
perpendicular to the surfaéeMD simulations have shown that surface-adsorbkdl al
halides such as butyl halides are disordered witllecules predominantly aligned
parallel to the surface whereas similar chain leragtohols orient perpendicular to the
surface?” Thus, it is expected that BrHex occupies larger Mi¥lan BrPent. As for the
ClIHex, chlorine atoms are smaller than bromine atamd so it is expected that BrHex

mixed monolayers molecules may occupy larger areas.
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If the above analysis was done for dPA-alkanetumeés and using aA; of zero for
the alkane molecules, no deviations from idealitgtied lines in Figure A.2) would be
estimated, indicating no incorporation of the akamolecules in the fatty acid
monolayer. For the dPA-alkane mixtures, we seeahat of zero does not mean that the
alkane molecules do not take space, it indicatey ttho not occupy space in the

monolayer.

A.2 Excess Area

To further examine the miscibility of the mixed notayers, the excess area was
determined. The area of mixed monolayer can be aoedpto that of the unmixed, pure
component monolayers by analyzing the excess dreaixing, which represents the
difference in packing efficiency of the mixture gpoments over the additive mixing
values in which no interactions are present betwkertwo components. Excess area is

calculated by eq A.2%9102

AA = A, = XA XA, (A.2)

In Figure A.3 plots of the excess area as a funatioc, at different surface pressures
are shown. If the components of the mixture are isuible, the excess area is zero. Any
deviation from this relationship indicates that #ystem is miscible. Condensing of the
molecules leads to negative values of the excessarmixing, whereas expansion leads

to positive deviations. Both effects are due to ngewic factors and hydrophobic
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interactions'’ However, in our case negative deviations are rRpeeted since th&A;
term is zero (recall that RX molecular areas are)z&ositive deviations are expected if
component 2 (alkyl halide) is incorporated into ament 1 (dPA or dSA). As shown in
Figure A.3, both dPA and dSA mixed monolayers slpositive AA« values at all mole
ratios and surface pressures, which suggests ioi@ipn of the corresponding alkyl
halide molecules. It can also be observed from rféigM3 that as the surface pressure
increasesfAq decreases, indicating that the alkyl halide mdesare squeezed out of
the fatty acid monolayer.

In a previous study, Peters and Rotfeshowed that chlorooctadecane can form stable
monolayers with SA up to 0.35x of alkyl halide. VHeund that for higher compositions
molecules are squeezed out of the monolayer. Hiffarent study, llharco et &l
transferred cadmium heptadecanoate/chlorohexadecanand cadmium
heptadecanoate/bromohexadecane to, Gabstrates for mole fractions of alkyl halides
up to 0.3. In our investigation using dPA and d8# areas (MMA andA.) suggest
that at low surface pressures and bewthe components of the mixed monolayers are
nonideally miscible. As the surface pressure irs@sathe alkyl halide molecules are
squeezed out. This analysis also suggests that htdigle molecules occupy smaller

areas compared to the fatty acid molecules.

A.3 Excess Gibbs Free Energy of Mixing
Now that partial miscibility between the two comeats has been established, the
excess Gibbs free energy of mixin§Gec) can be used as an indication of interactions
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and stability of the mixed monolayer. Many autf{6f&****%have determined the excess
free energy of mixing from the surface pressureaetherms of the mixed monolayers
following a method developed by Goodrith.We have used eq A.3 according to

Goodrich’s method to calculafeGe,c.

DG, = [ Adrm=x [ Adrr-x,[" Adr (A-3)

as the surface pressure where the monolayersealyidniscible, which is assumed to be
close to zero mN/m. In practice* is set to the lowest measurable surface pressare.
this work, we setr* to the surface pressure at the lift-off valueeaich isotherm, which
was ~0.5 mN/m.

As with AAe, ideal mixing leads to an excess Gibbs free enefgyero, whereas
negative deviations from ideality indicate the rmatdion between components is
energetically favorable and the mixture is mordlstaPositive deviations indicate some
packing constraints suggesting the possibilityluise separatiofi’:?>10*104

Figure A.4 shows the calculat&h,,. at different surface pressures for all the systems.
For all mixed monolayers, at low pressures positigkies ofAGe are observed and
increase as the surface pressure is increased.awalso observe th#iGe,. increases
with alkyl halide concentration, which suggests théstence of repulsive interactions

and separation phase. As the surface pressureasssethe intermolecular distances
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become shorter, making molecular interactions betwthe mixed components less
attractive which explains the increaseM@¢ with surface pressure. To conclude if there

is separation phase the total free energy of mirimgt be calculated according to eq A.4

AG,, =AG,, +RT(x Inx +X,Inx,) (A.4)

Negative values ofAGS,

are calculated for all mixtures and compositionaskimg

phase separation unlikely.
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Figure A.l. Surface-pressure area per fatty acid moleculéhesms of mixed
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Appendix B

IRRAS Spectra of Mixed Monolayer with p polarization
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FigureB.1l. IRRAS spectra of dPA and dSA on a water subpaag8s mN/m

respectively. Spectra were collected with p potatilight.
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FigureB.2. IRRAS spectra of the dPA-BrHex mixture at 1,5, &nd 25 mN/m obtained
with p polarized light. Panels a (dAPA-BrHex 3:1§dn(dPA-BrHex 1:1) show the CD

stretching region, which represents the dPA compbinethe monolayer. Panels ¢ (dPA-
BrHex 3:1) and d (dPA-BrHex 1:1) show the CH stnetg region, which represents the

BrHex component in the monolayer.
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FigureB.3. IRRAS spectra of the dSA-BrHex mixture at 1, 5, &nd 25 mN/m obtained
with p polarized light. Panels a (ASA-BrHex 3:1§dn(dSA-BrHex 1:1) show the CD

stretching region, which represents the dPA compbinethe monolayer. Panels ¢ (dSA-
BrHex 3:1) and d (dSA-BrHex 1:1) show the CH stnetg region, which represents the

BrHex component in the monolayer.
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Appendix C

Analysis of the BrHex Decrease in IRRAS and SFG Signal

The SFG and IRRAS results in Chapter 3 revedled alkyl halide molecules

incorporate into the dPA and dSA monolayer, and thay are not retained as surface

pressure increases. This was concluded by theatexir the IRRAS and SFG intensity,

which indicates a decrease in the number of modsdokéing probed. One question arises

from this, where do BrHex molecules go? To answer guestion, all possibilities are

analyzed.

BrHex molecules in the mixed monolayer can go to

1.

2.

3.

4.

5.

gas phase

top of the monolayer

remain in the dPA monolayer
walls of the trough

water subphase

Evaporation of BrHex to the gas phase is unjilshce its vapor pressure < 1 torr at

20°C. This is approximately 20 times less volatihhan water at this temperature. To

corroborate the low volatility of BrHex, an evapiwoa test was performed. 1 ml of pure

BrHex was placed on a Petri dish and weight in malydical balance (accuracy to 0.1
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mg) over a period of 48 hrs. No evaporation loss @laserved. Therefore, evaporation of
BrHex is ruled out.

If BrHex molecules remain in the dPA monolayewould be expected to obtain SFG
signal. However, it is observed in Figure 3.2 c #iisence of CH signal at 25 mN/m
which indicates that BrHex is not in the mixed miayer. On the other hand, IRRAS
signal of CH peaks is still observed at high swefpeessures. IRRAS as opposed to SFG
does not require a lack of inversion symmetry dradfore when we see IRRAS signal
from the CH peaks we can only conclude that BrHeteoules are being probed either
in the dPA monolayer, on top of the monolayer, athbSince SFG suggests that BrHex
molecules are not in the dPA monolayer, one carclode that the BrHex molecules
probed by IRRAS should be on top of the monolayteralso considering dispersion
forces between the tail groups of both molecules.

Another possibility for the BrHex molecules asrove to the walls of the trough which
are hydrophobic, although the barriers are madeydfophilic Delrin. However this is
unlikely since BAM images of pure BrHex showed aggtes of it on the water
subphase, distant from the trough walls.

In a different experiment, pure BrHex and waterevmixed in a Petri dish. After
agitation, the BrHex emulsified in the water. Thigggested that BrHex could emulsify in
the water subphase under compression. To deteifridnelex molecules go to the water
subphase, approximately 60 ml of water subphase wadten from the trough after
compression of a dPA-BrHex 1:1 monolayer, makingesthe monolayer was not

disturbed. Then, this aliquot was evaporated at tlewperature on a hot plate until the
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volume was ~ 5 ml (a 10 times decrease in voluifiels was then analyzed by Raman
spectroscopy. The Raman spectrometer employedisnettperiment uses a 532 nm
continuous wave laser (Process Instruments; mdeleCR-785-300-SH) as an excitation
source. The laser beam (0.2 mW) is delivered tas#mple by the same fiber optic probe
(InPhotonics) used to collect the scattered lidihte scattered light was dispersed by a
600 g/mm grating blazed at dm in a 500 mm monochromator (Acton Research,
SpectraPro 500i; 5@m slit width) and detected using a liquid nitrogesoled CCD
(Roper Scientific, LN 400EB, back-illuminated, dedgpletion, 1340 x 400 pixel array).
If BrHex goes to the water subphase, a C-Br peakldvbe observed at ~ 600 €niThe
Raman spectrum did not show the C-Br peak, thisbeadue to the absence of BrHex or
the detection limits of the instrument. Typicaleasion limits in Raman spectroscopy are
in the parts per million (ppm) or parts per thous§ppth) for sampling solvated organics
in aqueous media and is discussed below.

Considering that 60 microliter (ul) of a 2 rtiolar (mM) dPA-BrHex (1:1) solution in
chloroform are spread on a 100 ml water subphadeaasuming that all of the BrHex
emulsifies in the water subphase, the concentragfdBrHex, if fully emulsified in the
subphase, would be 0.6 pM (183 ppb by weight; m&@ddex to volume of water
assuming 1 ml= 1 g). This concentration is belogvdbtection limit of the Raman, which
as stated above is in the ppm or ppth range, wimialg explain the absence of C-Br

signal.
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2.0mmolesBrHex x 30x 1021l Br Hex Dol ution x 1 » 3.05x10 gBrHexx

1L BrHex (ol ution 1x10°mH,0  1moleBrHex

ImiH,0 _ 183x10*gBrHex
1gH,0 1x10°gH,O

=183ppb

To further determine if BrHex is in the waterbphase, the water subphase after
evaporation was analyzed by mass spectrometry.ukéBmrmicroTOF mass spectrometer
(MS) with electrospray ionization, time-of-fight OF) mass analyzer and Faraday cup
detector was used. The manufacturer specifiesextit limit for this MS of < 2 ppm.
The MS spectrum did not show any peak from the Brit@s can be due to the detection
limits of the instrument.

This analysis suggests that upon compressior ®nidex molecules remain on top of
the dPA monolayer (suggested by the IRRAS speetnd)others emulsify in the water
subphase. However, future studies should readtinessby additionally concentrating the

subphase and reanalyzing.
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