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Abstract

Great challenges exist in understanding hovosads impact the chemistry of the
atmosphere, mainly because of their complex chdnsmaposition and their constant
physical and chemical modification as they tramsithe atmosphere. Marine aerosols
and mineral oxides particles are the most abundatotrally emitted aerosols. In marine
aerosols, M§ and Cl play an active role in atmospheric chemistry, ipatarly in
coastal urban regions. The study of the interastmithese ions with water molecules at
the aqueous surface was conducted to help elucitiateole of inorganic cations and
anions in atmospheric processes. In the case draliparticles, not only do they affect
atmospheric chemistry but they also have beenegtlad human respiratory problems.
Crystalline and amorphous SiQarticles are some of the most notoriously toxdiples
in pulmonary diseases. In an attempt to elucidagentolecular effect of the adhesion of
silica  particles to cell membranes, the surface awomation  of
dipalmitoylphosphatidylcholine (DPPC), as a modebiological membranes, at the air-
water and the air-silica surfaces was examined itfdally, the adsorption of gas-phase
species onto the surface of solid and liquid plegids a common process in the

atmosphere. As models of these phenomena, ini@rfagater vapor uptake by



amorphous silica after the exposure to mid RH wamd adsorption of gas-phase alkyl
halides and alcohols to the air-water interfacean@amined.

Sum frequency generation (SFG), a surface péechnique that provides molecular
level interfacial information, was employed as tin@in technique to investigate the
interfaces and surfaces of the systems discussetisndissertation. Complementary
vibrational Raman and infrared spectroscopies \aks@ used.

Aqueous solvation of M§as a function of MgGl concentration in the bulk was
investigated with Raman spectroscopy. The anabfsibe Mg—Qaer hexaaquo stretch
supports the absence of ion pairing in Mgtbrough at least 0.06x (mole fraction). At a
higher concentration, a change in the hydrationirenment of Mg* is observed and
assigned to an increased number of solvent-sharepairs. No contact ion pairs are
clearly observed in agueous solutions of MgCAt the air-aqueous interface, the
disturbance of the hydrogen bonding environmentdependent on the Mggl
concentration. At concentration lower than < 1 Mnani changes are observed. At
concentrations above 1 M the hydrogen bonding enment is highly perturbed. The
2.1 M intermediate concentration solution showsléngest SFG response relative to the
other solutions including concentrations as highrdas M. The enhancement of SFG
signal observed for the 2.1 M solution is attrilobute a larger SFG-active interfacial
region and more strongly oriented water molecuddative to other concentrations. SFG
studies of the dangling OH of the surface wateeatthat the topmost water layer is

affected structurally at high concentrations (> Q)1



Interfacial studies of aqueous solutions of Na@d a model seawater solution
(composed of NaCl and Mg§llwere also explored. The interfacial hydrogen ogd
environment of the model seawater is highly pegdrb The presence of MgGh this
model solution has a strong effect on water strecamd on its electrostatic environment.

In a study related to solid-phase aerosols, dihesilica interface, before and after
adsorption of water in the gas phase and in thedighase, was examined. Free silanol
OH groups are observed after 72 h of exposure tbR# conditions. The free silanol
average orientation determined is 26 + 2° fromsindace normal.

In order to study the interaction of mineratam®ls with cell membranes, interfacial
hydration and orientation of the phosphate group®PCmonolayers in the presence of
sodium ions and calcium ions at air—aqueous andilaia interfaces were investigated.
Sodium ions affect the phosphate hydration subtlyije calcium ions cause a marked
dehydration. Silica-supported DPPC monolayers ifewailar hydration behavior
relative to that observed in the correspondingidicaubphase for the case of water and in
the presence of sodium ions. However, in the pesear calcium ions the phosphate
group dehydration is greater than that from theresponding liquid subphase. The
calculated average tilt angles from the surfacemabrof the P@ group of DPPC
monolayers on the water surface and on the silibstsate are found to be 63° + 3° and
74° + 3°, respectively. The hydration environmantl orientation of the phosphate
moiety of DPPC monolayers are affected considerablye silica surface compared to

that with the aqueous subphase.



Finally, the adsorption of gas-phase alkyl dedi and alcohols to the air-water
interface was studied as a model of gas-phase eftgkiquid aerosols. Methanol and
butanol are adsorbed into the agueous solutioresated by surface (SFG) and bulk
(Raman) spectroscopies. Alkyl halides are not deteat the air-water interface,
although methyl chloride is readily observed in thelk. Orientation (disordered
molecules) and low number density have been invdkedxplain the absence of the

methyl chloride signal in the SFG spectrum.
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Chapter 1

Introduction

This dissertation encompasses interfacial etudf water and amorphous silica in the
presence of ions and lipids. The main motivatiohit@ the work presented here is to
contribute to a better understanding of surfaceamation of water in the presence of
magnesium, and the surface complexation of catamuslipids at the air-water and the
air-silica interfaces.

The study of the interactions between inorgaaits and water molecules that occur
during ion solvation is fundamental to understagdihe role of ions in biological,
geological, and environmental processes, in paaiicin atmospheric aerosol processes.
The role played by atmospheric aerosol in enviramaldssues includes climate change,
stratospheric ozone depletion and tropospheripadiation. % 3

Aerosols are ubiquitous in the troposphere,tand represent an important component
of the Earth’'s atmosphere. They represent the sangecertainty in understanding how
humans are changing the climateBecause aerosols are composed of solid and liquid
particles of varying chemical composition, sized grhase, great challenges exist in
understanding how they impact the chemistry of dtraosphere. Primary aerosols are
emitted by combustion sources (e.g. volcanic eomgti biomass burning, and vehicle
emissions) or by wind-driven processes such asefigspension of marine particles and

mineral dust. These wind-generated aerosols arents abundant natural aerosals.

1



Secondary particles are formed from photochemiattion of gas-phase species emitted
directly in to the atmosphere, producing more hightidized species which can form a
new particle or condensed on exiting particlesae$.*

The most abundant cations in seawateraieis and magnesium, while chloride is
the most prevalent aniofi. Marine aerosols may undergo water evaporatiotheg
transit in the atmosphere and thus an increasedanoentration is found. Experimental
and theoretical studies have reported that aquaariaces of halide salt solutions are ion
enriched, meaning the concentration of ions asthéace is greater than in the bufk?
These findings have atmospheric relevance partiguia the case of chloride. It has
been reported that chloride ions participate irefugieneous reactions to form chlorine
gas in the atmospher®. This gas is known to be photolized to produce ritéoradical
that are involved in ozone depletion eveftdn polluted areas, it reacts predominantly
with alkanes and NO, resulting in ozone formatiéh.?” The surface availability of
chloride ions, and thus its readability to partatgpin heterogeneous reactions could be
affected by the cation ability to form contact ipairs (direct contact between the anion
and cation) during ion solvation. The ability of gm@sium to ion pair with chloride in
agueous MgGI solutions as a function of concentration is disedsin Chapter 3.
Interfacial water organization of aqueous MgGblutions and an aqueous model
seawater solution composed of a mixture of NaCl ligeCl, are examined in Chapter 4
and Chapter 5, respectively. Experimental detads be found in Chapter 2 and

subsequent chapters.



Mineral oxide particles can impact a numbergtafbal processes including Earth’'s
climate through direct and indirect climate forcif A direct effect of these oxide
particles is observed when they scatter and absatiation®®, while and an indirect
effect is present when they act as cloud condemsatuclei * Additionally, these
mineral particles can undergo heterogeneous reactivhile in transit through the
atmosphere, altering the physicochemical propedfethe mineral dust aerosol itself.
Some of these mineral particles surfaces act &s $im gas-phase species, e.g gas phase
adsorption of N@(g) on hydrate silica particles to form HN@ has been reported®
The mineralogical composition of soils on the Earthurface and therefore in the
atmosphere is quite diverse. From the silt frac{joarticles with 2-5um in diameter),
quartz (SiQ) is in average the most abundant min&ahlthough significant amounts are
found in the clay fraction (particles with <u2n in diameter)3? In Chapter 6, the surface
hydroxylation of amorphous silica exposed to midtree humidity values is discussed.

The scientific community’s attention has alsei brought to the study of mineral dust
particles due to the health problems related tdr theposure.®® One of the most
notorious toxic particles in pulmonary diseaseSi®; in its crystalline and amorphous
forms.*® The mechanism by which cell membranes in the huirags degenerate upon
adhesion to silica particles is not well understood® The use of
dipalmitoylphosphatidylcholine (DPPC) as a modelbidlogical membranes is well
documented.®***° Interfacial complexation of cations and the phedphof DPPC

monolayers i) spread on water and ii) supportedilica are discussed in Chapter 7.



As described above, aerosols can vary theimated compositions as they transit in
the atmosphere. One common mechanism is the upfagas-phase species into liquid
aerosols. In Chapter 8, the adsorption of gas-phHdse halides and alcohols in liquid
water is investigated. Finally in Chapter 9, thma@spheric implications of the results

obtained from the studies described in this diasiert are asserted.



Chapter 2

Experimental Methods

In this Chapter, the theory and instrumentatietails of sum frequency generation
(SFG) spectroscopy used to characterize aqueousikral interfaces are described. In
addition, instrumentation details of Raman andairgd spectroscopies, which provide

bulk vibrational information, are provided here.

2.1 Sum Frequency Generation

2.1.1.Theory

Since the first experimental demonstration of stefaibrational spectroscopy via sum
frequency generation (SFG) conducted in 883FG spectroscopy has become a highly
versatile spectroscopic technique to study thecsiras of different kinds of surfaces and
interfaces.” %> ****Detailed theoretical principles of the sum frequeprocess can be
found elsewheré’® " Only a brief description of this process is présdrere.

Being a second-order nonlinear process, SFferisdden under the electric dipole
approximation in a medium with inversion symmetwhere molecules experience a
centrosymmetric environment, but is allowed atidase or interface where the inversion
symmetry is broken namely in noncentrosymmetridrenmvnents. Also SFG is an optical
technigue involving photons, thus the study ofililgsamples is possible. Solid and liquid

samples can also be analyzed under a wide rangessures including atmospheric.
5



Experimentally, when two laser beams, one iasiieam (e.gAvis= 532 nm) and an
infrared beam (e.dur = 3000 nm), are overlapped in time and space attarface and
such that the energies and momenta (phase matcbinte incoming and outgoing
photons are conserved, vibrational SFG photonsgarerated at a visible frequency
(Asr= 452 nm) as shown in Figure 2.1. SFG has beerridedcas the coherent process
of vibrational exciting surface molecules, and diameously exciting an anti-Stokes
Raman scattering process from this infrared exc#tedace as shown in the energy
diagram of Figure 2.2. The energy and momentum eeation (phase-matching

condition) of the photons involved in the SFG psscare shown in the relations:

NeeKg SINGee = N Ky SINB £ Nk g SIN (2.1)
In equation 2.1n is the index of refraction of the medium throughieh the indicated
beam travelsk is the wave vector of the beam and is equal/to(w is the frequency and
c is the speed of light in vacuum), afids the angle of the beam to the surface normal.
The sign between the two terms of the right sidequfation 2.1 depends on the geometry
of the SFG system, the sign is positive for expental geometries with a co-propagating
visible and infrared beam (e.g. Figure 2.1), angatige in case of counter-propagating
geometries.

Under the irradiation of two optical fields, and E> with frequenciesovis and o,
respectively, a second order polarizat®?( wsc = wvis + @ir) iS generated in the

interfacial layer as shown in equation 2.2

PP (e = Qs + W) = Xt (@ = Wi+ W) * By (@) Ex (W) (2.2)



where )(érzf)(aépc;:a?/is"'&{R)is the effective second order nonlinear suscefigiltitnsor

of the interface. For IR-visible SF@\;s is in the visible range andrin the IR range.
The nonlinear polarization generated in media 1 anghust vanish due to inversion
symmetry under the electric dipole approximatiohe Sum frequency intensity in the

reflected direction is given by

_ 8w sec f
c’n, (W )Ny (@) My (i)

X2 1 (o) ) (2.3)

SFG

In equation 2.3, n is the refractive index of nuadlil at frequency, £ is the reflection

angle of the sum frequency field(&, )l &) are the intensities of the two input fields.

The effective nonlinear susceptibilipvéfzf) takes the form of
O O O
X = o) L) |6 o L@ B@,) | L) )| (24)

O
With e(w) being the unit polarization vector ahflv) the Fresnel factor at frequenoy

In the case of azimuthally isotropic interfadbere are only four independent
nonvanishing components}(ﬁ‘z). With the lab coordinates chosen such that along
the interface normal and in the incident plane as shown in Figure 2.1, tlaeg
Xoz = Xyyzr Xsax = Xyzgr Xo = Xzy@nd x,, . These four components can be deducted by

measuring SFG with four different input and outpotarization combinations, namely,
ssp, (where the sum frequency, visible, and theaiefl beams ars-polarized, s-
polarized, andp-polarized, respectively), sps, pss, and ppp. Tiectere nonlinear

susceptibilities under these four polarization corations can be expressed as
7



Q5= (o)L, (@) L (WR)SINB X, (2.5a)

95= L, (e L (@ ) L (WR) SING o,y (2.5b)
G Pss= L () L (L, (Wr)SINBr X, (2.5¢)

& PPP= Lo (02 Lo (@) L () COBr cCORE, SING i
~Lolbga) L (Gyig Lo(@ir) COBecSINA 1 COB R X
+ L, (o) Lo i) L () SINB . COKR 1. COL e X

L (4era) LG L) SN SING 1 SINGRX o, (2.5d)

whereLy(w), Ly(w) andLx(w) are the Fresnel factors at frequergyandf (») are the
incident angles of the optical fields.

The intensity of the sum frequency radiationitezd from an interface may be also
described in terms of the contributing resonant momaresonant components. In equation

2.6 it is shown that the macroscopic second ordmlimear susceptibility)((z), is

. 2 2
comprised of a nonresonant tey, Fﬁ and a sum of resonant term’é )

2

leo Y@ DY@ +Y 42 (2.6)
)(lfz) of a single resonant component is described by
X2 0 —5 (2.7)

w, _@R _irv
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in which A, is the amplitude of the SFG transition momerthefy vibrational mode and

includes both the Raman and infrared transition ems) of the vibration,&, is the

frequency of the transition, and, represents the natural line width of the transitio

When the frequency of the incident infrared radmatig, is resonant with the a

vibrational modew, of an interfacial molecule, the,- w;g term approaches zero and the
value of theX (z)increases, resulting in an intensity increase ef SkG signal as shown

in equation 2.6.

Being a third-rank tensor with 27 individual elertssrl)((z) can be denoted aﬁ%v

. . . 2 .
where |, J, K represent Cartesian coordinates enldhoratory reference framﬂﬂ(ﬂlvls

related to the number density of the interfacialleooles Ns and to the molecular

hyperpolarizabilityﬁ Jy as shown below
@ = 2
1Ky — Ns< IJK,V> (28)
Where< > represents an average over the orientationalldistvn of the molecules. To

convert the laboratory reference frame (denotedhieysubscripts J, K, and L) to the
molecular reference frame (denoted by the subsctiptm, and n) an Euler angle

transformation is conducted and represented bfotleving equation

IBUK,V = ZIUIJK:Imn:BIrm,V (29)



The molecular hyperpolarizabilitﬁ xy explicitly demonstrates the selection rules for

the sum frequency process as shown below
B =9 V) V] 0) (2.10)
where <g|0'|m|l/> represents the Raman tensor for the transitiod,<ab1n|g> describes

the IR transition momeng refers to the ground vibrational state andefers to the
excited vibrational state. The molecular hypergeé&bility is nonzero only when the
Raman and infrared transition moments are nonzéras, a vibrational mode must be
both Raman and infrared active in order for theatibn to be sum frequency active.
2.1.2. Instrumentation

Two different SFG spectrometers were used tomexe the interfacial region of the
samples analyzed in this dissertation, a scannind a broad bandwidth SFG
spectrometers. The main difference between theseStG systems is the bandwidth of
the infrared beam. In the scanning SFG system,eatigily narrow infrared beam is
scanned over a spectral range to generate a speciriile in the broadband SFG a
single infrared pulse is sufficient to cover a gpdaregion. More details of both SFG
systems are provided below.

In the scanning SFG system (Figure 2.3), a Ifif6doeam from solid state Nd:YAG
laser system with 29 ps pulse duration and 10réjetition rate (ESKPLA, PL
2143A/SS) pumps a KTP-KTA based optical paramegeicerator/amplifier (OPG/OPA,
LaserVision) to generate the visible and infrarasel beams. The 532 nm visible beam

with an energy of ~55Qu/pulse is generated by doubling the frequencyofstc
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harmonic) of the 1064 nm pump beam. The mid-iefildseam generated is tunable from
2500 cm to 4000 crit with a bandwidth of 4-8 cthand energy of 200-50@J/pulse,
depending on the spectral region. The input argjleset to 45° and 53° from the surface
normal for the 532 nm and infrared beams, respelgtihe scattered 532 nm beam in
the detection pathway of the SFG beam is removeld am iris, a Schott glass filter
(BG25, 2 mm thickness, CVI Laser) followed by arshpass filter (SPF500, CVI Laser)
and two holographic notch plus filters (Kaiser @atiSystem, Inc). The SFG beam is
collected in a back illuminated and thermoeleathyc cooled EMCCD camera with
QE>90% at 600nm(Andor Technology, DV8B87ECS-BV) wattb12 x 512 pixel array,
16 um? square pixel size. The CCD temperature was s80A€ during the experiments.
The incoming infrared beam is calibrated with ayptjrene thin film placed in the
infrared beam pathway. The resulting infrared eypesy measured as a function of
wavenumbers in the CCD camera. The known infrab=s@pances (or dips in the CCD
counts) of the polystyrene are used to calibrate ittirared beam. Stability of the
scanning SFG system was verified with the reprdulityi of the spectra of neat water
/RecNum> an aqueous solution of 8.0 mM sodium dydedfate (SDS). SFG spectra
were normalized to IR profiles detected in realein8FG spectra with a disrupted
temporal overlap of the visible and infrared wds®abtained to ensure that the detected
SFG signal was truly sum frequency photons. Mor&ildeof the instrument can be
found elsewheré!

In the broad bandwidth sum frequency generatspectrometer, two 1 kHz

regenerative amplifiers (Spectra Physics, Spitfieeptosecond and picosecond version)
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are seeded by a titanium:sapphire oscillator ($adehysics, Tsunami, centered at 792
nm) and pumped by a Q-switched all solid state Né&;Yaser (Spectra Physics,
Evolution 30 at 527 nm). The femtosecond and piomsé amplifiers produce 85 fs
pulses and 2 ps pulses, respectively at 792 nmférhsecond output pumps an optical
parametric amplifier (Light Conversion, TOPAS) tengrate a broadband infrared beam
of ~ 150 cn. The output infrared beam is temporally and spat@verlapped with the
792 nm beam from the picosecond amplifier at théasa of the sample to generate the
broadband sum frequency beam. The input energyeo?92 nm is 30QJ. The infrared
beam energies were3d and GuJ for the low and the high frequency region, respetyi

A propagating geometry is used in this SFG systdmeres the incident angles of the
infrared and visible from the surface normal are &&d 53°, respectively. The reflected
sum frequency beam is dispersed in a monochronfjatbon Research, SpectraPro 500i)
using a 1200 g/mm diffraction grating blazed at ™0, and then collected in a CCD
detection system (Roper Scientific, LNAOOEB, 134400 pixel array back illuminated).
More details of this spectrometer can be foundrévipus publicationd” “® SFG spectra

were normalized to the nonresonant signal from AsGaystal.

2.2 Raman Instrumentation

Raman spectra were obtained using 150 mW or 100froW a 532-nm continuous
wave laser (Spectra-Physics, Millennia 1l). The rheaas focused ~2 mm inside the
sample vial using a 5 mm focusing Raman probe @tdttics). The Raman scatter was

focused with a BK7 lens at the entrance slit of ® 3nm monochromator (Acton
12



Research, SpectroPro SP-500) in a 90° configurafitve residual 532 nm light was
removed with a long-pass 535 nm filter (Omega pficbefore entering the
monochromator. The Raman scatter was dispersed12p@ groove/mm grating blazed
at 1pm and collected on a liquid-nitrogen cooled CCD esan The slit width was set to
100 pm. Calibration of the monochromator was completedifing the 435.833 nm Hg
line of a fluorescent light, and was verified bymgmarison to the Raman spectrum of
crystalline naphthalene. For acquiring polarizednBa spectra, two polarizer films
(Edmund Industrial Optics) were used; one to sdleetpolarization coming out of the
optic fiber and other film was placed after the plmand before the entrance to the
detection system.

A variation of the set up described above was eyguldo obtain unpolarized spectra
in spectral regions above 500 ¢nin this case, the backscattered radiation wasatet
by the fiber optic probe (Acton Research, FC-446)}03upled to the entrance slit of a

500 mm monochromator (Acton Research, SpectroP+50Bl

2.3 FTIR Instrumentation

A Thermo Nicolet Fourier transform infrared (R) spectrometer (Thermo Electron
Corporation, Avatar 370) was employed to acquitenaiated total reflection Fourier
transform infrared (ATR-FTIR) spectra. A 45° singleunce ZnSe crystal mounted on an
accessory (Thermo Electron Corporation, Smart 3pdd&t) was employed to collect

spectra with @pectral resolution of 4 ¢
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IR spectra in transmission mode were obtairgdgua Spectrum Spotlight 300 FT-
IR Microscope (Perkin Elmer). The sample solutiorese placed in-between two GaF

windows. Spectral resolution was determined to ban2.

2.4 Langmuir -Blodgett (LB) Films

The transfer of a floating lipid monolayer tosalid surface was first described by
Langmuir in 1920.*° The most common method of monolayer transfer uised
Langmuir’s original method, but because of its estee application by Blodgetf this
technique is usually referred as the Langmuir-B&itdgechnique. In this method a solid
is placed in water before a Langmuir monolayepigead, and then drawn up through the
surface after formation of the film.

Langmuir phospholipid films were acquired wéahminimicro LB-trough from KSV
Instruments (Monroe, CT). This trough comprisesppidg well and a linear dipper to
transfer the Langmuir film from the water subphas¢o the solid substrate. A clean
substrate was clamped onto the dipper and wasfparthmersed in the dipping well full
of water prior to spreading the phospholipid filin.the Teflon coated film trough a
known volume of a 1 mM solution of phospholipiddhloroform was spread dropwise
on the surface of the water subphase (pH ~ 6) ee@aps solution. After 10 min to allow
for complete solvent evaporation, the compressiothe two hydrophilic barriers was
initiated. The surface pressure was measured usiMjilhelmy plate composed of
Whatman ashless paper. The films were compressadcahstant speed of 5 mm/min.

Films were transferred onto the solid substratedmpressing the phospholipid film to
14



the desired surface pressure (i.e. 40 mN/m) foltblwe withdrawing the solid substrate
vertically through the interface into the air. Téhdrawing speed was 1 mm/min. The

surface pressure was maintained at the desiree alaughout the deposition process.
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Figure 2.1. Schematic of the SFG experiment at an interfacen iso-propagating
geometry. The polarization combination represergesp.

SFG




S —
Vis SEG
N
IR
\ 4

Figure 2.2.Energy level diagram of the sum frequency process.
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Figure 2.3.Scanning 10 Hz SFG system layout.
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Chapter 3

Solvation of Magnesium Dication

Understanding the mechanism of solvation of iopecses has been an important quest
in many fields where this phenomenon has a releval& including biology, and
environmental and atmospheric chemisty>* Magnesium dication is available to the
environment from ocean waters and earth’s cfust its roles in environmental and
atmospheric chemistry are still relatively unknown.

In biological systems aqueous Rgs important in a wide range of processes. In
several instances magnesium is used to stabilizetgtes, such as cell membranes,
proteins, DNA, and RNA%**® The involvement of Mg in biological functions occurs
not only through direct interactions with biolodicaolecules, but also in interactions
through the solvent shell of fully hydrated magnesiications>®>°

Mg**is the second most common cation in seawater (sd@ium§, making its effects
on sea spray and aged sea salt aerosols an isstiadpheric relevance. Experimental
evidence suggest that contact ion pairing may xist at ambient conditions in solutions
of magnesium chloride up to saturation concentafit® This is not typical of most
ions. There has been disagreement in the moledylzamics literature concerning the
existence of contact ion pairing in magnesium détsolution$* ®®In this Chapter, we

seek a fundamental understanding of the solvadtauncture of magnesium in aqueous

solutions. To this aim, a concentration dependemi&h spectroscopic study of the
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Mg—Ouwater hexaaquo stretch is presented in this Chapteror@el was chosen as the

anion because of its prevalence in atmosphericn@a@rosols.

3. 1 Materials

Magnesium chloride hexahydrate (MgdH,O; ACS certified) was obtained from
Fisher Scientific (PA, USA). Deionized water wadaihed from a Barnstead Nanopure
filtration system with a minimum resistivity of B.MQ-cm. A saturated aqueous
solution of magnesium chloride was prepared anad tileered through a Whatman
Carbon-Cap activated carbon filter to remove orgaonntaminants. The concentration of
the filtered solution was determined by the Mohrtimd®® This solution was then
diluted in deionized water to the final concentati To prepare the two highest
concentration solutions, the filtered solution vpastially evaporated for several hours at
70 °C to the final concentrations. The Mg@hole fraction concentrations used were
0.02x, 0.04x, 0.06x and 0.09x. Mole fractions weadculated using densities from the
literature.®’Because our experimental temperature was lowertti@mreported by Phang
et al., our mole fractions are overestimated aretefore reported to the"2decimal.
Concentrations of the Mgg&hqueous solutions expressed in molarity, moleifvacand

the calculated number of water molecules per Mg@lecule are listed in Table 3.1
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3. 2 Experimental details

Raman spectra for Figure 3.1 were obtained with 1% from a 532-nm continuous
wave laser (Spectra-Physics, Millennia Il). The pensolution was contained in a 2 mL
glass vial. The beam was focused ~2 mm inside idleuging a 5 mm focusing Raman
probe (InPhotonics). Raman spectra were acquirédd 1@ min of exposure time and at ~
22 °C. The average of two Raman spectra is shoamEigure 3.2, error bars show + one
standard deviation derived from the spectral fgsiPro 4.05).

For Figure 3.4, Raman spectra were obtained wikkaman Microscope (Renishaw
inVia; Ohio State Department of Chemistry microsedpcility) using 60 microwatts
from a 785-nm continuous wave laser and a 120&/lime grating resulting in a 3 ¢m
resolution at 555 cth The samples, solution drops or solid, were plawed clean gold-

coated glass slide and exposed to the laser radlifti 60 seconds at ~ 22 °C.

3. 3 Results and Discussion

Ab initio and density functional theory (DFT) calculations well as molecular
dynamics simulations show that the first solvatghell of magnesium coordinates six
water molecules* %8 "Both theory and experiments also show that themmablecules
in the first solvation shell around magnesium arargged in a distinct octahedral pattern.
Contact ion pairs occur when a cation and anionaajacent to each other, whereas
solvent-shared ion pairs occur when a cation amthaare separated by a water molecule

that is in the first solvation shell of both ions.
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Raman spectra of aqueous MgGblutions of 0.02x, 0.04x, 0.06x and 0.09x were
acquired in the Md—Oyaer Stretching region as shown in Figure 3.1. A neatew
spectrum is included for comparison. The intermal@cMg*—Oyawer peak is observed
at ~ 355 crit. This peak has been referred to as the hexaaqubl&d>* stretch.’®"
The peak area obtained by curve-fitting increaséls mwcreasing concentration as shown
in Figure 3.2. The analysis reveals a linear cati@h between the peak area of the
Mg**—Owater band and concentration up to the 0.06x Mg&jueous solution. This
linearity suggests that M{cation maintains the six water molecules in itstfhydration
shell. At 0.09x MgC] there is a deviation from linear behavior suggest different
solvation environment for M{ where the primary solvation shell of fgs perturbed,
likely due to the fewer number of water moleculgailable per MgCl (Table 3.1; 10
water molecules per Mggl In addition, the Raman spectrum of the 0.09xeags
solution reveals a 6 chred shift, 354 c to 348 cn, consistent with a perturbed Kig
hydration environment as shown in Figure 3.3. Whtile shift is attributed to a change in
hydration environment, it is not assigned to theniation of contact ion pairs. To further
evaluate the 0.09x solution and to confirm laclcofitact ion pairing, additional Raman
spectra lower in frequency were obtained and coetp#r the spectra from the 0.09x and
0.06x solutions to that of the solid MgdH,O as shown in Figure 3.4. A broad band
was observed from 190 to 250 ¢iim the 0.09x solution spectrum which is not evidan
the 0.06x spectrum, nor from neat water. Althougimf previous work the appearance of
a peak at ~240 cand 230 crl was attributed to Mg—CI™ contact ion pairs from

melts® #° and from aqueous mixtures of Nag?*, CI and SG* at 25C,  and from

22



MgCl, thin films, % we observe resonances in this spectral region fioen solid
MgCl,-6H,0 as shown in Figure 3.4. These bands from thel salmple arise from the
fully hydrated M@* ion without contact ion pairing between Mgnd Cl ions and are
attributed to a phonon band arising from some laagge ordé? in the high
concentration solution and are observed here inllg hydrated M§* scenario. The
crystalline structure of Mg@I6H,O has been confirmed using X-ray diffractih The
observed resonance centered at ~ 230 and the observed frequency shift of the 355
cm® peak from the 0.09x Mgglsolution are therefore consistent with a perturbed
hydration environment of fully hydrated Kfgions in the 0.09x solution. Hence, there is
no clear spectral evidence that contact ion pairsngccurring in the solutions studied
here, even for the high concentration solution.688 (4.7 M) MgCj}.

By analyzing the number of water molecules avadalbbr solvation at each
concentration studied here (Table 3.1), and reaimmithat M§* is more efficient at
attracting hydration water relative to Clve find that in the lower concentration solutions
(0.02x, 0.04x and 0.06x), it is likely that a langertion of the ions have a complete first
and even the second solvation shiédr the 0.09x MgGl solution, there are insufficient
numbers of water molecules available to fill thecs® solvation shell of Mg, or to
complete the first solvation shell of all the iotiserefore, substantial solvent-shared ion
pairing is unavoidable. A change in the hydratiowi®nment of Mg* at the highest
concentration can be easily envisioned when coragi¢hat at 0.06x there are 10 water

molecules in addition to the 6 water moleculesheffirst solvation shell for each Kig
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According to previous research, the remaining 10 0@6x) water molecules are
sufficient to complete a second hydration shelluacbMd* and/or to solvate the Tl
ions/” # 8 However, some solvent-shared ion pairs are stifleeted, even at low
concentrations. The portion of ions in solvent-sldaion pairs is expected to increase
with concentration. Additionally, as concentratiorcreases, some chloride ions will
form solvent-shared ion pairs with more than onedraed magnesium ion
simultaneously. At 0.09x there are only 4 water enales in addition to the first
solvation shell for each Mgion. Therefore, there are a large number of solsbated
ion pairs at this higher concentration.

It has been established Bl initio and DFT calculations as well as NMR, Raman
spectroscopy, and X-ray absorption spectroscopySX@xperiments that magnesium
interactions with water molecules in the first sdlon shell are far stronger than most
other cation§? " #®9Recent molecular simulations of aqueous Mg&llutions with
similar concentrations to those used in this stualye shown that the initial configuration
of the simulation plays a critical role in the fir@airing condition.’’To determine if
contact ion pairs were present at the initial cbods, the authors performed potential of
mean force calculation in which the Helmholtz fexeergy required to move a chloride
ion or water molecule towards magnesium was obtiaagea function of distance from
magnesium. The results suggested omitting contexcpairs from the initial conditions.
In the same report Callahanal. °° compared radial distribution function (RDF) obtn
from X-ray diffraction of 0.0802x MgGlby Caminitiet al.®* with those calculated from

molecular dynamics simulations of magnesium chigrigith and without ion pairing in
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a 0.0888x bulk MgGl system. They showed that no contact ion pairs dmtwchloride

and magnesium were present in a 0.0802x solution.

3. 4 Conclusions

We have established that Raman spectra of thE—MOyaer Stretch show that
contact ion pairing is very unlikely at or belowd6x, though there are definite changes
to the environment of these bonds in the 0.09x Mg&lution that complicate the
interpretation of the spectra at high concentratiomheoretical studies of similar
concentrations have shown that it is unlikely thgileous MgGlforms contact ion pairs
at ambient pressure and temperature even at coatiens approaching saturatichThe
strong hydration, lack of contact ion pairing tdorlde, and ability to strongly orient
water, as observed through vibrational spectrosco@chniques, makes magnesium

dication unique among cations in its effects onshl@tion environment.
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Figure 3.1. Raman spectra of the (Kfg—Ouae) Stretching vibration for aqueous
solutions of MgCJ at different mole fraction concentrations. Neattewaspectrum is
included for reference.
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Figure 3.2.Area under the (Mg—Ouae) peak as a function of Mgg&toncentration.
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Figure 3.3.Peak position of the intermolecular KgDH, band at different concentration
of MgCl, aqueous solutions
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Figure 3.4. Lower frequency Raman spectra of the two highesicentration MgGl
solutions and the solid MgeEbH0. Also the spectrum of neat water is included for
reference.
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Molarity (moles/L) Mole fraction (x) Number of water molecules per MgCJ

11 0.02 49
21 0.04 25
3.1 0.06 16
4.7 0.09 10

Table 3.1.Concentrations of the Mg&£aqueous solutions.
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Chapter 4

Water Structure at the Air-Aqueous Interface of MgCl, Solutions

Inorganic salts in marine aerosols play anvactiole in atmospheric chemistry,
particularly in coastal urban regions. The studyth# interactions of these ions with
water molecules at the aqueous surface helps todabte the role of inorganic cations
and anions in atmospheric processes. Inorganis gadsent in marine boundary layer
(MBL) aerosol originate from turbulent wave acti@inthe surface of the oceah.These
aerosols, typically of the micron size range andl&n travel over continental regions
by being entrained in the air mass in which theyenereated, and have been detected
more than 900 km inland? Aerosols play a key role in the modification oblgél
climate through their effect on cloud condensatomelei prevalence, radiative balance,
and level of precipitatior’” ** Aerosol composition and size have also been aig®lto
thunderstorm severity* Alkali metals (Na, K, Li, Rb), alkaline earth mkstdMg, Ca),
and ammonium (Ni) make up the majority of cationic species, anddesl (F, Cl, Br,
and 1) and oxidized sulfur and nitrogen ions makethe majority of inorganic anionic
species found in MBL aerosof: ® °® While calcium and magnesium are the most
prevalent divalent cations in seawater and MBL s@) chloride anion is the dominant
halide species® Although recent cloud drop measurements in the MiBlow that
calcium concentrations are about 4 times highen thagnesium concentratioris, the

small size and high charge density of #gives rise to a strongly hydrated complex in
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aqueous solution, contributing to its limited alilio form contact ion pairs with anions
such as nitrate and chlorid®: " ®®This trait may also result in an unusual impact on
surface and subsurface physical properties of M&bsol.

Within the MBL, halide chemistry is of globahportance because of its crucial role in
ozone creation and alternatively, ozone depleti@mts.?® For example, chlorine radical
reacts faster with hydrocarbons than hydroxyl raldigvhen chlorine radical and NO
concentrations reach threshold values, ozone ptiotuis dominated by chlorine radical
chemistry.?® This has a major impact on air quality in manystaburban regions of the
world. Recent modeling studies suggest that thedtion and self-reaction of surface
OH---CI complexes is an important route to molecular c¢héorwhich then
photochemically produces two chlorine radicals, #mat large and polarizable halide
anions like chloride play a significant role at thefaces of aqueous particlés?® %

There are many unanswered questions concernirBL Merosols. How do
environmentally available ions organize at theawefof MBL aerosols? How do counter
cations affect the chemistry of MBL aerosols, fotample chloride availability and
reactivity? While most environmentally availabldicas readily ion pair to chloride, the
unique size and high charge density of’Mallow it to remain hydrated by 6 waters, so
that it does not form a contact ion pair with &ren at high concentrations as discussed
in Chapter 3.°° Could this unusual behavior perturb the surface asmbsurface of
atmospheric aerosols and play a role in chloridéviac and availability? Given the
strong ability of magnesium to hold onto water, hdaes concentration affect the

interfacial region of agueous solutions with magma®
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In this Chapter we address these fundamentalaictions and resulting surface
perturbations to surface aqueous structure. Weeptesurface vibrational sum frequency
generation (SFG) spectroscopic studies of aqueatdaces relevant to understanding the

perturbation caused by marine aerosol concenttdMgCh.

4. 1 Materials

A saturated aqueous solution of MgGlas prepared and then filtered through a
Whatman Carbon-Cap activated carbon filter to remnavganic contaminants. The
concentration of the filtered solution was detemdinby the Mohr methotf. This
solution was then diluted in deionized water to fim@al concentration. To prepare the
high concentration solutions (3.1 M and above)filkered solution was evaporated at 70
°C for several hours to reach the final concerdratiThe MgC} concentrations used

were 0.1 M,0.3M,1.1M,2.1M,3.1Mand4.7 M.

4. 2 Experimental details

The SFG spectra shown in this Chapter wereirsddawith the broadband SFG
spectrometer. The broadband SFG instrument incidegtes for the IR and visible
beams from the surface normal were 68° and 53%ectisely. The FWHM bandwidth of
the infrared beam was typically 200 to 300 chetween 3000 and 3800 ¢milo cover
the OH stretching region from 3000 to 3800 rfour spectral regions were used. SFG

spectra were normalized to the nonresonant sigaal & GaAs crystal for each spectral
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region. Overlap of the spectral regions as ploitetthe figures was completed through a
rigorous analysis of the SFG intensity above astihol value. In some regions, only the
top 30% energy maximum spectral region was usedhe spectral stitching as
determined by additional spectral analysis throwginying the central IR peak as
determined by the GaAs SFG spectral profile. SF&&tsp were obtained under the ssp (s
for the SFG, s for the 800 nm, and p for the idfdabeam) and ppp polarization
combination (at 3700 ¢ Figure. 4.6). An average of two replicate speistrshown in
the Chapter and error bars show + one standardaifi@vi In the free OH region at 3700
cm’?, the data markers are plotted every 5 data ptiritaprove clarity of the spectra.

Raman spectra were obtained with 100 mW fronurgpolarized 532-nm continuous
wave laser (Spectra-Physics, Millennia Il). Rampacsra were acquired with 2 min of
exposure time and at ~ 22 + 1 °C. The average ofRaman spectra is shown.

IR spectra were obtained using a Spectrum §potBO0 FT-IR Microscope (Perkin
Elmer) in transmission mode. The salt solutions ewplaced in-between two CaF
windows. A total of 124 scans were acquired forhesample. Because variations in the
thickness of the solutions are unavoidable, thetspevere normalized to the intensity of

the 2200 cnt band as described in detail in Appendix A.

4. 3 Results and Discussion
We report surface water organization and strecfrom interpretation of aqueous
MgCl, SFG spectraSFG ssp spectra of 0.1 M, 0.3 M, 1.1 M, 2.1 M, 8,1and 4.7 M

aqueous MgGlare shown in Figure 4.1a and b. Before Mg&dition, the spectrum of
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neat water reveals a broad continuum that spans 3@00 to 3600 cthand is assigned
to the OH stretching modes of hydrogen bonded watelecules. The assignments
within this continuum are controversial and stitlder discussioft ****®however, as the
frequency of the OH stretching modes increases,sttength of the hydrogen bonds
between water molecules decreade®.This spectral region is also affected by coupling
198 and the collective nature of the vibratioffsAt 3700 cni* a narrow peak is observed
and is assigned to the free OH of water molecuias traddle the air-aqueous interface
with one OH bond uncoupled and oriented toward ghe phase and the other OH
interacting through hydrogen bonding with the wabelecules in the liquid phasg’

MgCkL concentrations less than 1.0 M (Table 4.1) argveha Figure 4.1a. These SFG
spectra reveal only minor changes relative to wdter the 0.1 and 0.3 M aqueous
solutions, a slight spectral narrowing is obseraedhe edges of the hydrogen bonding
region at 3000 and 3600 &mlin the 0.3 M solution spectrum, a small intensity
enhancement is observed around 3300.chihe free OH region at 3700 €rshows no
change relative to water. For MgQloncentrations of 1.1 M, 2.1 M, 3.1 M, and 4.7 M
(Table 4.1), the SFG spectra in Figure 4.1b shosigaificant intensity enhancement
around 3300 crh accompanied by an increase in the narrowing ofldle and high
frequency edges of the hydrogen bonding region me oncreases the MggLl
concentration. By analyzing the spectra in Figudand b using parameters identified
through phase analysis of aqueous salt solutionSHan and coworkef, one band at
~3200 cn with positive phase and a second band at ~340Dwith negative phase fit

the spectra rather well (Table 4.2). Additionajpgaks at ~ 3650, 3700, and 3750cm
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were used, all with positive phase. We have alsetethe band amplitudes by increasing
the nonresonant term (as expressed in equation 2%)}*Through the analysis, we
observe that the apparent narrowing of the hydrogending region can also be
interpreted as a blue shift of the ~3200'cband and a red shift of the ~3400 thand
with increasing salt concentrations. Although sp@atarrowing may be associated with
an increase in lifetime of the hydrogen bonds i@ kiydrogen bonding network, it is
difficult to ascertain here.

The spectral intensity at ~3300 timcreases in the order of 0.1 M, 0.3 M, 1.1 M, 2.1
M, and then decreases with concentration aboveM2.the 4.7 M spectrum nearly
overlaps with the 1.1 M spectrum in the hydrogendmog region. Noncentrosymmetric
hydrogen bonding structures may extend deeper bedevgurface of the 2.1 M solution
relative to the other solutions studied here. Aggilon of the SFG selection rule, lack of
inversion symmetry requirement for SFG activitypypdes indirect data on concentration
gradients in the interfacial region up until theGSEoherence length upon reflection.
However, an increase in the ordering of the watpold will also increase the intensity
since SFG is highly sensitive to orientation.

Contrary to the maximum 3300 ¢nintensity observed in the hydrogen bonding
region for the 2.1 M solution in Figure 4.1b, tdensity of the free OH peak centered at
3700 cm' for neat water is reduced in accordance with Gesing water content
(increasing salt concentration), as expected, afthathe intensity reduction is rather
modest. The 3700 chpeak is discussed later with respect to poladraginalysis of

SFG spectra.
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A small broad peak at 3650 ¢rin the SFG spectra of Figure 4.1b is observed and
becomes more easily discernable because of thewiag of the hydrogen bonding
region at higher concentrations. To determine wdrethis peak belongs to vibrational
modes of water molecules hydrogen bonded or frem ®H modes, a temperature study
was conducted and shown in Figure 4.2. In this fl@igbFG spectra of aqueous MgCl
solutions of 4.7 M at 295 K and 285 K and speditalare shown. While, the hydrogen
bonding region below 3550 ¢huecreases with decreasing temperature, the 3650 cm
shoulder and the 3700 cnpeak are not affected, confirming that the shaukte3650
cm™ is a dangling OH bond that is not involved in hygen bonding with neighboring
water molecules. Therefore, a free OH of interfiawiater molecules with their oxygens
interacting with M§* or with the M@" solvation shell contributes to this bantfA peak
in this spectral region was also observed by othrtsassigned to the symmetric stretch
of the decoupled free OH and donor-bonded OH &fettuoordinate water molecul&8
and weakly hydrogen bonded water molecul®s.

Comparison of the data in Figure 4.1a and Ipreviously published surface water
structure spectra of other salts reveals someestiag differences. SFG spectra of
aqueous sodium halide'® ammonium and sodium sulfat® and divalent-cation nitrate
salt solutions’ reveal enhancements in the 34007cregion, although the aqueous
ammonium chloride salt spectrufh showed enhancement at 33007cas is observed
here for MgC}. Also different than observed in Figure 4.1, angigant loss in intensity

in the 3200 crif region was observed in SFG spectra of aqueousirekearth (Mg*,
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cd*, and St nitrate solutions, and a relatively unperturbd®@® cm* band frequency
was observed in SFG spectra of aqueous MgINO

In this study, the necessary Raman and infrefe@tional spectra from the same bulk
solutions were acquired (Figure 4.3 and 4.4) asewesed in the SFG studies. SFG
spectral component peaks can be related to thélgdgalarized Raman (Figure 4.3a)
and IR (Figure 4.4) component peaks (Table 4.2 4B8Y because of the mathematical
relationship between SFG intensity and Raman migdtifoy the IR transition moments
as shown in equation 2.10 in Chapter 2.

As expected, the free OH peak observed solglgathe SFG spectra at 3700 ¢ris
not observed in the Raman or IR spectra. Just #®iBFG spectral analysis, the details
associated with the spectral assignment of the dugr bonding region remains
somewhat controversidl.The controversy mainly attends to arguments agassgning
underlying bands to specific water populations eiticere are strong intermolecular
interactions and coupling that play a role in thape of the spectra in Ram&h and
IR.200. 124 This controversy disallows specific inference taistural details of water
coordination and microstructures from vibrationaéatra, but this is not addressed in this
dissertation. We are mainly interested in compatitggparallel-polarized Raman and IR
with the ssp-polarized SFG component band intesssiti the hydrogen bonding region to
gain insight into the question about the extent tha hydrogen bonding environment is
different at the air-aqueous interface relativéhebulk.

In Figure 4.3a, the parallel-polarized Rampectrum of neat water is affected upon

addition of MgC}. As the concentration is increased, the spectreowawith the 3200
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cm® band decreasing in intensity whereas the 3406 lbamd increases. The increase in
the 3400 cnt band is significantly larger than the decreasthé3200 crit band. It has
previously shown ' ‘that halides strongly perturb the OH stretchingioegn the
Raman spectrum and coined the 3400"trand as the “solvation shell band” because the
polarizability of the water molecules in the soleat shell of a halide become
significantly affected by the polarizability of thealide anions.” ** *” Additionally
observed, the frequency of the 3400 chand progressively changes as the concentration
is increased. Perpendicular-polarized Raman andlanped Raman and of the same
aqueous MgGlsolutions were acquired and are shown in Figu3b dnd c for reference.
Also interesting to note is that the parallel-pal@ad Raman spectra and the unpolarized
Raman spectra follow the same trend.

In the transmission IR spectra (Figure 4.4)in@rease in both the 3200 and 3400°cm
band is revealed. We also observe a larger enhamtesfithe 3400 cthband relative to
the 3200 crit band consistent with the Raman spectra, althowgtas dramatic as that
which is observed in the Raman. Interesting, btityrbexplainable, the 4.7 M Mg{IR
spectrum is enhanced more than expected from thenodd enhancement levels of the
lower concentration solutions. However, the solutis highly concentrated at 4.7 M
MgCl,, and a large portion of the water molecules arprimary solvation shells of the
Mg®* ions. In Chapter®, we have shown that Mgretains its six solvation shell water
molecules in these low water conditions. In thalgsis of the intensity trends of the

band at ~3400 ci) the Raman and IR show that the intensity incieagth increasing
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MgCl, concentration; but as stated previously, the SEensity increases up until 2.1 M
and then decreases with further addition of MgCl

In accordance with equations 2.6 to 2.10, weekemnalyzed in Figure 4.5 the parallel-
polarized Raman and transmission IR spectra aajuiem the bulk solutions to
compare to the ssp polarized SFG spectra from ith@gaeous interfaces for intensity
and frequency trends. In Figure 4.5, comparisotsleft-hand y axis) show the ratio of
the 3400 to the ~3250 ¢mband from the SFG ssp, parallel-polarized Raman, a
transmission IR spectra. This comparison shedd lghthe differences between the
surface (SFG) and the bulk solvation environmemanian and IR). Although we
observe only a small variation in the SFG data, Reman and IR data reveal a
substantial increase in this ratio with increaduhgCl, molarity, especially in the Raman
data. The 3400 cthband positions determined by component peak aisalJable 4.3,
4.4) are shown on the right-hand axis of the plOfsposing trends are observed for the
SFG relative to the Raman. Although the Raman ddfréquency trends are not
completely consistent with each other, there isobgserved red shift from the 4.7 M
solution for both. The SFG spectra have a minimarthe peak position plot for the 2.1
M MgCl, solution that suggests a different hydrogen bapdinucture for the 2.1 M air-
solution interface relative to the lower and higigCl, concentrations. In the bulk
phase Raman and IR spectra there is an overaldserin intensity of the 3400 €meak
with the addition of MgGJ, while in the Raman the 3200 ¢mpeak is greatly diminished

with increasing concentration. This is most notiteat 4.7 M.
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Radial distribution functions of water aroundagnesium* show increasing order
beyond the second solvation shell of ¥1gs the MgGl concentration increases, both in
the bulk and at the interface. As the concentraticreases, a larger fraction of the water
molecules are directly interacting with ions. Alitim calculations on ion-water clusters
suggested that an OH oscillator donating toeRperiences a large increase in intensity.
15 This has been observed for aqueous halide sofufimm Raman spectrd'® These
previous studies strongly suggest that the incréasatensity of the IR and Raman
spectra are at least in part due to increasingaotens of water molecules with ions.

Unlike the bulk hydrogen bonding region whdme spectral intensity increases with
MgCl, concentration, the spectral intensity of the gueous solution interface does not
follow a linear concentration trend. At low conaatibns, increasing salt concentrations
do increase the SFG spectral intensity in the hyeindonding region as with other salts,
in agreement with the idea that addition of sattréases the width of the SFG-active
interfacial layer. However, reported MD density fjes of MgChL aqueous solutions of
similar concentrations have shown vertical compoessf the stratified layers of salt
enhancements with increasing concentratfoit low concentrations this could cause the
water to orient more strongly with increasing cortcation. However, as higher
concentrations are reached, this compression redube width of the non-
centrosymmetric SFG-active environment, eventuallysing the spectral intensity to
start decreasing with increasing concentration1(f2). The effect is considerable at 4.7

M.
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Spectral narrowing in both the Raman and SF&tspéias been observed at every
concentration of MgGlconsidered here, and previously in NaCl solutidrige spectral
narrowing, which has also been viewed as a redisiof the 3400 ci peak and a blue
shifting of the 3200 cfh peak in both Raman and SFG spectra, suggestsngeirathe
hydrogen bonding network. Water-water interactinargy distributions have shown that
the addition of salt (MgGlor NaCl) in neat water results in a loss of watater
hydrogen bond¥ While addition of either salt is expected to digruater-water
hydrogen bonds, it is clear that Kichas a much greater disruptive influence on water-
water hydrogen bonds than Nat the same concentratiéh.Therefore, spectral
narrowing may be linked to loss of water-water log#m bonds, corresponding to
negative interaction energies, while shifting o 8400 crit peak may be loosely related
to the less typical hydrogen bond interactions @aduby ions. Dynamics and therefore
changes of the vibrational lifetime may also act¢don some of the apparent spectral
narrowing.

The free OH stretch at 3700 ¢nwas investigated in a separate set of SFG
experiments to elucidate intensity and frequen@nges of the aqueous MgGurfaces
relative to neat water. In Figure 4.6, ssp polaiaad ppp polarized SFG spectra are
shown. A 5 crit blue shift of the free OH is observed from the dswto the highest
MgCl, concentration: however, the 3700 trmomponent peak of the spectral fits is
observed to red shift with an increase in the ntagei of the nonresonant term.
Therefore, due to the complexity of these spewtearefrain from assigning the observed

shift to a specific interfacial structure.
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Upon further inspection of Figure 4.6, a sigmauction with MgCJ} concentration is
revealed. This reduction is also observed aftesiseity testing of the nonresonant term
in the fitting procedure (Table 4.2). Orientatibaaalysis of the free OH stretch of neat
water has been reported previousty.: **® Briefly, the ratio of different second order
nonlinear polarization tensor elements), in this case sspué=xyyz) and ppp Kzzz Ayyz,
Ayzy, @Nd xzyy), IS related to the mean orientational angle Qrientation analysis reveals
that the ssp to the ppp intensity ratios do nonhgbkaexcept in the case of the 3.1 M and
4.7 M solutions. For these higher concentratioesatverage orientation of the free OH is
determined to be 31 + 2°, whereas the free OH fnewt water is determined to be 33
2°. The angles are within the error of the origotatcalculation where the main
contributor is the spectral fits. Therefore, weigsshe intensity reduction to a reduced
number of free OH oscillators assuming that the f@H bandshape is not strongly
affected by a change in the vibrational lifetiméeThumber density reduction of free OH
of < 10% based on the SFG spectra is smaller tmennoight expect by subtracting
surface waters displaced by surface ClI

Although a small decrease in SFG intensity wittieasing concentration of MgQbr
concentrations up to 2.1 M was observed in FiguBe #olecular dynamics simulations
of the same solutions have shown an increase inntihmmber of free OH as the
concentration increase®. This discrepancy has been previously attributegdeshifting
of free OH in the first solvation shell of Migout of the peak attributed to other free OH
contributions, as well as to perturbations of titensity of free OH stretches by ion¥”

120 For 3.1 M and 4.7 M MgGJ a larger decrease in SFG intensity of the freep@ik is

41



observed relative to the lower concentrations. ke OH orientational distributions
show that with increasing concentration, layerdreé OH with opposing orientations
appear.*? This generates stratification of the net orieotatof the free OH. The SFG
signal from these layers of free OH with opposingmation would be expected to
interfere destructively, leading to a loss in SR&msity in the free OH region in addition

to that expected from frequency and intensity cleardye to water-ion interactions.

4. 4 Conclusions

Spectroscopy results reveal that the disturbarfiche hydrogen bonding environment
of the air-aqueous interface is dependent on theClpgoncentration. At low
concentrations (< 1 M) minor changes are obserddoncentrations above 1 M the
hydrogen bonding environment is highly perturbedheT2.1 M intermediate
concentration solution shows the largest SFG respaglative to the other solutions
including concentrations as high as 4.7 M. The eobment of SFG signal observed for
the 2.1 M solution is attributed to a larger SF@vac interfacial region and more
strongly oriented water molecules relative to otleencentrations. MD simulations
reported in the literatuféreveal concentration dependent compression dffitcalayers
of ions and water orientation differences at higtmmcentrations of Mg@l SFG studies
of the dangling OH of the surface water reveal thattopmost water layer is affected

structurally at high concentrations (> 3.1 M).
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Molarity (Moles/L) Mole fraction (x) Number of water molecules per Number of water molecules per ion

MgCl, (third column/3)*
0.1 0.002 558 186
0.3 0.005 185 62
1.1 0.02 49 16
2.1 0.04 25 8
3.1 0.06 16 5
4.7 0.09 10 3

Table 4.1.Concentration of the Mgglqueous solutions in molarity, mole fraction, and
number of water per Mgghnd per ion.
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Peak position Phase Amplitude FWHM  Area  Amplitude*

cm?
Water 3118 + 48.0 240 41.3
3488 - 48.6 200 63.9
3645 + 2.0 40 0.6
3700 + 13.0 34 30.2
3750 + 6.0 110 1.8
0.1 M MgCl, 3125 + 48.3 250 40.2
3474 - 50.6 210 65.5
364t + 2.C 40 0.6
3701 + 13.1 33.7 31.1
3755 + 6.0 110 1.8
0.3 M MgCl, 3128 + 51.3 264 43.3
3457 - 52.1 210 69.4
364t + 2.C 40 0.€
3702 + 12.5 325 29.4
3755 + 6.0 110 1.8
1.1 M MgCl; 3160 + 49.21 240 46.5
3437 - 64.33 220 100
3638 + 1.5 40 0.4
3702 + 12.64 35.5 27.3
3755 + 8 110 3.2
2.1 M MgCl, 3187 + 62 250 73.1 44 260 34.1
3430 - 73.3 210 137 60 220 87
3630 + 15 40 0.3 5 60 25
3703 + 13.8 38.4 29.7 12.7 40 24.6
3755 + 8 80 51 1 80 0.07
3.1 M MgCl, 3185 + 53.54 230 59.8
3440 - 67.33 210 115.6
364¢ + 0.2 44 0.00¢
3704.4 + 10.5 36.4 18.4
3744 + 14.5 110 10.4
4.7 M MgCl, 3174 + 58.6 250 63.7 37 250 25.4
3449 - 59 182 104.7 47 182 66.5
363( + 2 6C 0.3 10 8C 7.2
3705 + 12.05 48 18 10.52 43.2 15.4
3770 + 26 180 18.3 7 180 1.3

Table 4.2.Parameters for the SFG spectral fits of 0.1 M\N),3.1 M, 2.1 M, 3.1 M and
4.7 M MgCl aqueous solutions. Spectral fits were calculatgld eonstant nonresonant
terms of 0.019 - 0.03except the columns denoted by *. Those parameters obtained
with nonresonant terms of 0.35 -0.03
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Peak position cth  Amplitude FWHM Area (a.u)

Water 3232.2 35354 230 188236
3438.6 7714.8 320 419562
3630.0 1527.6 180 81378
0.1 M MgCh 3230.7 3576.9 230 190630
3438.0 7742.6 320 421152
3630.( 1661.% 18C 88558."
0.3 M MgCh 3232.6 3440.6 230 183081
3441.( 8414.¢ 32C 45737
3630.0 1639.7 180 90297
1.1 M MgCh 3219.9 3023.2 230 161957.7
3442.1 9149.7 320 497011.5
3630.0 759.2 180 40449.4
2.1 M MgCh 3229.3 24475 230 130555.9
3447.3 10360.6 320 561700.7
3630.0 428.3 180 22809.4
3.1 M MgCh 3239.3 27485 230 158447
3446.9 11329.7 290 563956
3630.0 1008.2 180 53730
4.7 M MgClh 3228.3 2157.6 230 115160
3438 12342.5 280 606778
363( 450.f 18C 28190.°

Table 4.3.Parameters for the parallel polarized Raman sgiefits of 0.1 M, 0.3 M, 1.1
M, 2.1 M, 3.1 M and 4.7 M MgGlagueous solutions.
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Peak position cth ~ Amplitude Area (a.u)

Water 3239 0.43 338.1 14.9
3439 0.76 316.8 21.0
3596 0.10 146 4.8
0.1 M MgC, 323¢ 0.44 337.: 15.¢
3439 0.77 310.9 22.7
3596 0.10 141.4 3.1
0.3 M MgCh 3237 0.43 342.7 14.8
3439 0.76 314 225
359¢ 0.1C 140.: 2.¢
1.1 M MgCh 3234.7 0.44 357.8 15.5
3436.6 0.79 313.8 23.3
3589 0.08 135.8 2.6
2.1 M MgCh 3234.3 0.47 348 16.5
3436.7 0.79 312.3 23.3
3579.7 0.08 120 2.4
3.1 M MgCh 3233 0.44 346 15.3
3427 0.83 304 24.7
3582 0.08 1211 2.4
4.7 M MgClb 3233 0.50 350 18.1
3418.7 1.0 308 29.6
3576 0.097 118.1 2.8

Table 4.4.Parameters for the IR spectral fits of 0.1 M, B131.1 M, 2.1 M, 3.1 M and
4.7 M MgCkh aqueous solutions.
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Chapter 5
Water Structure at the Air-Aqueous Interface of a Model Seawater

Solution

Seawater is composed of a combination of imtipgaalts’ After sodium the next
most prominent cation of seawater is magnesiunt) wite Mg* for every eight N§
while the most abundant anion is chloride. Expentakand theoretical studies have
shown that chloride anions are present at the cdutien interface of halide salt
solutions’™ 1215 1724, 12 hig ghservation has been important for the deretnt of a
mechanism for the heterogeneous production of ratdechlorine gas from chloride
ions in sea salt aerosol.

The addition of alkaline earth salts in previousdgts of the chloride enhancement at
interfaces is limited*?? In this chapter, an interfacial vibrational spestiopic technique
was used to investigate the effect of magnesiuratidic in a model seawater solution
aerosol. We use salt solutions that are more carated than seawater in the ocean,
since it corresponds to seawater aerosols that Ihadex chance to undergo evaporation

while spending time in the atmosphere.
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5. 1 Materials

Magnesium chloride hexahydrate (Mg€@H,O; ACS certified) and sodium chloride
(NaCl; ACS certified) were obtained from Fisher é3tific. For the sodium chloride
solutions, the NaCl salt was placed in a mufflero(isher Scientific, Isotemp Muffle
Furnace) at 700C for 4 hours to eliminate any organic contamingmisr to mixing
with Nanopure water (18.2 ©-cm) to obtain the final concentration. For magmesi
chloride, a saturated aqueous solution of Mg&s prepared and then filtered through a
Whatman Carbon-Cap activated carbon filter to reenavganic contaminantsThe
concentration of the filtered Mggéolution was determined by the Mohr metfid@he
concentrated MgGlsolution was then diluted to the final concentraticsing Nanopure
water. The final concentrations of the salt sohgiemployed were 2.1 M for Mg£K.5

M of NaCl plus 0.3 M of MgClfor the model seawater solution, and 4.9 M for NaC

5. 2 Experimental details

SFG spectra of the air-liquid interface werguaed using the scanning (SSFG) and
the broad bandwidth (BBSFG) spectrometer. Detafldhese two SFG systems are
described in Chapter 2. SFG spectra were obtainsderuthe ssp in the SSFG
spectrometer, and ppp polarization combinationthenBBSFG spectrometer. For the
SSFG spectra, each data point was acquired usirsga3@xposure time. SSFG spectra
were normalized by the infrared energy, which wasasared in real time with the SFG

intensity. BBSFG spectra were normalized to theresonant signal from a GaAs crystal.
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An average of at least two replicate spectra isvehim all cases and error bars show +
one standard deviation. In the case of the BBSF&&tep the data markers were plotted
every 5 data points to improve clarity. Spectraen@cquired at ~ 22 C and in a range
from 40 to 50% relative humidity. The SSFG spedfavater and the 2. 1 M Mggl
solution discussed in this Chapter have been pusiyoacquired with the BBSFG
spectrometer and reported in Chapter 4. Both speetreal similar shape, although the
SSFG spectra present better signal to noise raadl regions.

Raman spectra were obtained with 150 mW fronurgpolarized 532-nm continuous
wave laser. Raman spectra were acquired with lofmexposure time and at ~ 22 £ 1 °C.
The average of two Raman spectra is shown. UngeldiRaman spectra were acquired
instead of parallel-polarized spectra in view @ thct that the spectral trend is conserved
in both conditions as shown in Figure 4.3.

IR spectra were obtained using a Spectrum gpotl300 FT-IR Microscope in
transmission mode. The salt solutions were plagdietween two CaFwindows. A total

of 124 scans were acquired for each sample.

5. 3 Results and Discussion

In Figure 5.1 a-c, the ssp polarized SFG speatraqueous solutions of magnesium
chloride, the model seawater, and sodium chlondeshown. The spectrum of neat water
is provided with each for reference. There are ehspectral regions that we will
compare: 3000-3200 ¢l 3200-3600 cr, and 3600-3800 cth Addition of chloride

salts leads to changes in all three spectral regiompared to the spectrum of neat water.
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Before analyzing these changes, a description ef nhat water SFG spectrum is
necessary. This spectrum shows an identical shaghat obtained with the BBSFG
spectrometer shown in Figure 4.1 (Chapter 4). Axcileed early, the broad band that
extends from 3000 to 3600 &nis assigned to the OH stretching modes of hydrogen
bonded water molecules, although the precise asgighwithin this spectral region is
controversial as discussed in Chapter 4. Also sedmpreviously assigned is the free OH
peak at 3700 cth'® The SFG spectrum of aqueous MgGind to a lesser extent the
model seawater SFG spectrum, show a depletiongofkrelative to that of the water
spectrum in the 3000 ¢hto 3200 crit region. This spectral region is generally ascribed
to highly structured water or modes of strongly foggen-bonded water molecules.
Several reasons can be proposed for the obserpdetida of signal in the SFG spectrum
as discussed later.

The region around 3400 &n{3200 cnt to 3600 crit) shows a signal enhancement
relative to that of pure water in the SFG specfrallothe salt solutions. This region is
typically assigned tdess strongly or asymmetrically hydrogen-bondedewanolecules of
varying strengths and geometries. Also this bargllieen referred to as the solvation shell
band (Chapter 4)The largest intensity enhancement is observed anMgClL solution
spectrum (Figure 5.1a). In addition, this enhanaerseems to be red shifted by ~50tm
relative to the NaCl solution spectrum (Figure %.1t the signal enhancement in the
3400 cnt region was caused only by the presence of chlpdde would expect the
largest signal enhancement in the seawater solwibare the total molarity is the

highest. In fact, the opposite trend is detect@tlis suggests that the signal intensity is
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highly influenced by the nature (valence) and cotregion of the cation. That is, the
resultant intensity will depend on the relationsbiggtween the local fields of both the
anion and cation in the aqueous environment. Aghouhe bulk concentration of the
Mg®* cation is half of that of the Nacation the highest intensity is observed for the
MgCl, solution spectrum. This suggests that?Mgas a larger local field effect on the
signal intensity relative to Naat the surface. More importantly, the noncentrasytric
hydrogen bonding structures and hence SFG-actigasagenerated by concentration
gradients in the interfacial regions could differthe different salt solutions. This would
lead to differences in SFG-active region below ihierfacial region among the salt
solutions, and consequently, differences in sigmahsity would be observed.

Raman and IR spectroscopy can be utilized taiobnsight into the bulk hydrogen
bonding. Unpolarized Raman and IR spectra of aguesolutions of MgGl 2.1 M, the
model seawater (NaCl 4.5 M plus Mg@L.3 M), and NaCl 4.9 M were acquired and are
shown in Figure 5.2. Raman and IR spectra of n@a¢mare also included. The presence
of high concentration of chloride salts in watebmth the Raman and IR spectra clearly
reveals a signal enhancement in the ~ 3450 band (which igeferred as the solvation
shell). Additionally, this band is shifted ~15 &nto a lower frequency in the MgCl
solution, while the seawater and NaCl solutionseat\va frequency shift to the blue.
Raman and IR spectra show a substantial intensityedse in the low frequency band ~
3200 cni (assigned to strongly hydrogen-bonded water magsgor all salt solutions,
except for the IR spectrum of MgCMwhich shows higher signal intensity than that of

water. The difference in the Raman and IR spest@ttributed to the different selection
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rules of these spectroscopic technigt/eS8o Md¢* presumably increases the strength of
the dipole but decreases the polarizability. In swary, the strong hydrogen bonding
network of pure water is highly perturbed by thegence of the chloride anions and
cations, resulting in an intensity loss of the 3260" band in the Raman and IR spectra.
Meanwhile, there is a rearrangement into solvasioells that results in a weakening of
the hydrogen bonded network after the chloride adliition. This gives rise to an
intensity gain and a frequency shift to the ~ 3460" band. The frequency shifts in this
region are consistent with the observed frequenttgnges in the SFG spectra. In
previous Raman spectra of aqueous salt solutians, generally reported that as the
concentration of the salt increases the intendithe® ~ 3450 crl band increase's: 1 %2
Additionally, this band shifts to a higher frequgramd the bandwidth decreasé$™*’In
the case of different salts the intensity of thisalp is associated not only with
concentration, but also with size and polarizapitit the anion (> Br> CI).*0 17 125 127
Historically, the identity of the anion has heeslated to changes in water spectra
(SFG, Raman and IR), although most studies have memovalent cationg® 7 18 109
125 124owever, very recent publications show that andase in intensity in the high
frequency region (3400 ¢t accompanied by a decrease in the low frequengipme
(3200 cm) is characteristic of several doubly charged catisuch as Mg, C&*, and
Sr**, lending support to the hypothesis that these gésin intensity are related to strong
water-cation interactiort?” %9

SFG spectra at air-aqueous interfaces provifternation about the interfacial effect

of chloride salts on the hydrogen bonding netwdrivater. SFG transition moments are

56



related to the Raman and IR transition momeHts>> 3% B! Therefore, the intensity
enhancement observed in the 3400"cregion in the SFG spectra in all chloride salt
solutions was somewhat expected. Moreover, theshétl of ~50 cm' observed in this
region of the MgG solution relative to the NaCl solutions was aldiserved in the
Raman and IR spectra as discussed above. The itytémss in the 3000-3200 ¢
region of the SFG spectrum of the Mg&blution, however, cannot be explained by these
means and other possible reasons are proposedsandsed later.

The vibrational spectra of salts solutions tipalarly the comparison of solutions of
divalent salts to monovalent salts and neat waterery complicated. There are effects
from the presence of the ions on interruption efwrater structure, and effects of the ions
on the dipoles and polarizability of the water e first solvation shell. Additionally, for
the case of magnesium is very likely that contiing from additional solvation shells
that influence absorption and scattering crossaesitand overall field effects from the
layering of the ions, and other basic selectioresulsuch as the averaging of net
orientation in SFG would have an impact in the Itesy SFG signal. Several points
needed to be discussed in more detail.

While the signal from 3000 — 3200 ¢ris noticeably less than water for Raman and
SFG of the MgGl solution, there is an enhancement in signal inlthspectrum in this
region, showing that oscillators vibrating in tifi@quency range do exist in the solution.
In fact, in the MgCl solution enhancement is observed for the entire Sitching
region up to 3550 cth The overall increase in intensity of the IR speaut of aqueous

MgCl, could be due to MY inducing a stronger dipole in water not only is first
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solvent shell water molecules, which are somewbaalently bonded, but to some extent
the water molecules beyond this as well. This wdaddn agreement with the work by
Krekeler et al., in which they determined from nuoilar simulations that Mg borrows
electron density from the oxygen atoms of the doigawater, giving the first shell water
molecules a net charge that is seen by outsider wadkecules as being a similar charge
density to sodiunt>?

Sodium would have a much weaker effect on waifgsles, primarily because it has a
lower charge and would likely only affect the fissilvation shell of water. However, the
formation of ion pairs would not only reduce themher of water molecules sodium
interacts with directly by occupying neighbor pumsis, but it would also reduce the
strength of sodium-water interaction. This woulditveaddition to the added disorder of
the water structure from the presence of the iarfsch one would naturally expect to
cause an increase in the water stretching regionndr 3450 cil, and a decrease at
lower frequencies, which is observed. The Ramaftssbf aqueous salt solutions is the
consequence of strong electric fields exerted leyamhion on adjacent hydroxyl groups,
but those contributions cancel out in SFG becahsesblvation of ions tends to be
symmetrical® Additionally, differences at the interface resdtom ion-specific
spontaneous layering of charges at the interfdce.

Another important point involves the surface cornicion of cations. Differences in the
surface concentration among the solutions are ¢apeddditionally, each Mg is
certain to interact directly with 6 water moleculeslike N&, which forms contact ion

pairs with CI), so the water structure surface may be more gplisduthan it was in the
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bulk. In addition, differences in the overall otiation of the water molecules between
systems are also expected.

The free OH region, which corresponds to whtglrogen atoms that are not hydrogen
bonded or directly interacting with chloride anioneither cation, occurs roughly from
3600 cm' to 3800 crit. The frequency of the free OH is affected by tlyelrbgen
bonding configuration that the bonded OH tAKeThe free OH at 3700 chis mainly
attributed to three-coordinate water moleculesdatwatet’®although this peak is rather
broad and likely contains two-coordinate speciesigtier frequencies™’ *3*In the three
solutions the intensity of the free OH stretch paal3700 crit is slightly reduced in
comparison with that of neat water.

Generally, the intensity of this peak is usedcompare the number of free OH
oscillators; however, if the salt present affetis dipoles and polarizability of the water
molecule this comparison becomes more complex.,Algterences in the nonresonant
background magnitude (see equation 2.6) from eakhien could lead to variation in
the measured SFG intensity. Additionally, sum fesqry intensity is not only
proportional to the number density, but also to thréentation of the molecules.
Therefore, if the interfacial water molecules chatigeir mean orientation, a difference
in the intensity may also be observed for the sdprization combination. To determine
if the reduction in the ssp intensity was due tchange in the average orientation or a
reduction of the free OH oscillators, a moleculaiemtation analysis was conducted
using an additional polarization combination. SF@ctra using ssp and ppp polarization

combinations of all the chloride salt solutions evacquired with the SSFG and BBSFG
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spectrometers and are shown in Figure 5.3a-c, c8sply. The ssp polarized SSFG and
BBSFG spectra reveal a small reduction in the Sktnsity for all salt solutions
compared to that of water. The scanning SFG speetier provides slightly improved
signal to noise in this spectral region, and welkesa clearer spectral decrease in the
corresponding spectra of Figure 5.3a. (The lowét i8/the BBSFG ssp spectra was a
consequence of optimizing the ppp intensity for BBSFG system.) The ppp polarized
BBSFG spectra of MgGland the model seawater solutions show no sigmnifichange in
the intensity relative to that of neat water. Hoege\the BBSFG ppp spectrum of the
NacCl solution reveals a very slight intensity erdeament compared to that of neat water
(Figure 5.3c) inferring a possible orientation ajpanAdditionally, in both ssp and ppp
polarized BBSFG spectra a small blue shift of ttee fOH relative to that of water is
observed. This blue shift increases from 2*cim the MgC} solution to 4 crf in the
NaCl solution. In the ssp polarized SSFG spectisalilue shift is not as obvious due to
the fact that in the SSFG system the infrared feeqy is scanned every 5 ¢m
However, as discussed earlier we refrain to agsignshift to a specific interfacial water
structure.

Orientational analysis of the SFG free OH strgieak has been discussed in detail in
Chapter 4. In the case of the free OH stretch peakorientation angle from neat water
is calculated to be 33 + 2° which is consistenth® value reported by Gas al.**The
calculated mean orientational angles for the Mgld seawater solutions are within the
range of that obtained for neat water. In the cdigbe NaCl solution the average angle is

calculated to be 29°. However, the error assatiaith the SFG intensity (see error bars
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of Figure 5.3a and b) reveals that the orientatiocakulation, which is based upon the
intensity ratios, overlaps. Thus, within statistieeror, the free OH calculated angles are
not differentiable from that of neat water for aflthe chloride solutions. Therefore, the
reduction in the ssp spectra of Figure 5.3a avddojd seem to point to a small decrease
in the free OH number density at the surface ottileride solutions relative to that from
the neat water surface. It is important to notat twith lower concentration (1 M)

aqueous NaCl solutions, a decrease in free OH ipgatksity was not observed.

5. 4 Conclusions

Vibrational spectra of the surface and the bulkagueous magnesium chloride,
aqueous sodium chloride and model seawater systemesexplored. We conclude that
magnesium has a strong effect on water structuce edactrostatic environment in
general, including the interfacial environment.c®irchloride experiences less contact ion

pairing in the seawater and MgGimulations this may affect its surface reactivity
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Chapter 6

Silica Hydroxylation

Mineral dust particles originate from windblowails and deserts are one of the most
abundant natural aerosol species. These particdesegond in emitted mass only to sea
salt. *Mineral dust particles serve as cloud condensatimglei (CCN), thereby
influencing the formation and properties of cloutfsAnthropogenic activities including
land use, coal mining, stone crushing and incinamgbrocesses have been reported to
contribute to the emission of mineral oxide paeticto the atmosphere. REF The study
of mineral oxides surfaces exposure to mid-relativenidity values is of atmospheric
relevance due to their direct and indirect effestthe surface albed&®These particles
also have been related to respiratory distressinams.

SiQy is a major component in earth’s crisand consequently is frequently detected in
natural and engineered particles. Amorphous shizs been studied extensivefj: 3/
including second harmonic spectroscopy studiesegited by the Eisenthal and Geiger
groups *¥¥14t however there are few studies at the air-soltérface under ambient
conditions with mid-range (~45 %) relative humidi®H). *° Silica is fully hydroxylated
in water-saturated conditiori&: yet in non water-saturated conditions (dependimghe
RH), there are a number of monolayers of water de@sbon the surfacé®’ Surface

silanol groups'*act as adsorption sites for adsorbates capablendérgoing donor-
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acceptor interactions. Thus, surface silanol grqulpg a key role in sorption processes
involving physical (including hydrogen bonding) awtemical bonding forces. The

surface charge of a mineral is the consequencenefptotonation-deprotonation of

surface functional groups, mostly OH? Far from the point of zero charge (PZC) at low
or high pH, the surface charge is dependent opktees of the oxide surface in addition

to the solution ionic strength and the nature efeékectrolyte in the solution. Oreg al.

140 studied the silica surface and measured the twa'spkising second harmonic

generation. The pH at the point of zero chargepipHeported for amorphous silica

ranges from 2 to 3.52% 1% *The surface is positively charged at a pH <,gHand

negatively charged at a pH > pHd

6.1 Materials

Infrared-grade fused (amorphous) silica platt4.00 inch diameter and 0.188 inch
thickness were obtained from Quartz Plus Inc. Alsgware used was cleaned with
(NH4)2S,0g in H SOy solution (0.08 M) to eliminate trace organics amtsed with
Nanopure water (18.2 8-cm).

The silica plates were annealed in a muffleno@i@sher Scientific, Isotemp Muffle
Furnace) at 900C for 12 h to eliminate adsorbed organic substantleey were then
cooled to room temperature for 30 min. Then speofréhe air-solid interface were
acquired. These spectra are referred to as cléea. Several silica plates were exposed
to the laboratory RH conditions and stirred in wate monitor water (gas and liquid)

adsorption prior to spectral acquisition in an ogel. Spectra of the air-solid interface
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of these silica plates were obtained at differeqgosure times (vapor adsorption) and

after water evaporation. Spectra obtained in ttag were highly reproducible.

6. 2 Experimental details

SFG spectra of the air-silica interface werguired from 2800 to 3900 chusing the
scanning SFG spectrometer. The free silanol re@i8@50 cn') was also probed using
the broad bandwidth SFG spectrometer. Details ede¢hliwo SFG systems are described
in Chapter 2. The polarization combinations usedte scanning SFG experiments was
s, s, and p for the VSFG, 532 nm, and infrared lseseapectively. Additional spectra
were acquired under ssp and ppp for the free dilamentation calculation with the broad
bandwidth SFG spectrometer. All the spectra weqgiiaed in ~45 min, unless otherwise
indicated. The scanning spectra were normalizedheyinfrared profile, which was
detected in real time with the SFG intensity. Theaband spectra were normalized to
the nonresonant signal from a GaAs crystal. Powegeddence experiments were
conducted to ensure that the SFG intensity wasiipeorrelated to the input energy of
the visible and infrared beams. All the spectraensrquired at ~23C and at 47 £ 8 %

RH.

6.3 Results and Discussion

Water vapor adsorption at the silica surface wevestigated at ambient conditions

(~40% RH) to monitor the silica hydroxylation. Sealespectra series of the air-silica
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interface exposed to water vapor were acquiredfasaion of exposure time. In Figure
6.1 and its inset one such series is shown. A gtpeak at 3750 cthis observed and
assigned to the free silanol stretch vibratie®iO—H). **'This peak intensity decreases
over time. These results indicate that water vapolecules interact with the surface
silanol groups. The free silanol peak continuebembserved after 72 h (inset of Figure
6.1). Additionally, a small shoulder is observed-a735 crit, and is attributed to water
weakly bound to silanol groug® somewhat similar to a “silica-gel” structut&’

After 24 h a broad band at 363600 cn is also observed ambsigned to hydrogen
bonded OH stretching modes. The precise assignmignin this broad band remains
controversial as previously discussédrlhis region intensity increases with increasing
exposure time. The interfacial structure of adsdrvater on a surface can be found by
the analysis of the two spectral bands at ~3200 3D cni corresponding to the
stretching modes of the ordered, and the less edddrydrogen bonded water,
respectively.?*These bands have also been reported as stronglyveakly hydrogen
bonded water molecules, respectivéfy!*° After 24 h both bands are observed. Further
exposure results in an increase in the intensityndy the 3400 ci band. Others have
observed using FTIR a combination of ordered asdrdered layers with a dominance
of ordered water on silicon dioxide and oxide stefaafter adsorption of water vapor at
~40% RH.*" ®Others, using SFG, also observed a slight dominaficke 3200 cn
band at neutral pH indicative of an ordered intdiawater structure at the liquid
water—silica (and quartz) interface; the orderingswhighly dependent on surface

ionization and therefore pH* *4n our study the pH was ~6.5, at which the surface
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negatively charged (pH>pk), although the majority of the surface groupsexeected
to be SOH groups:*We observe a combination of ordered and disordasettogen
bonded water after 24 h as shown in Figure 6.1. é@ny we observe a small
enhancement of the 3400 ¢rband after 72 h that suggests disordered hydrbgaded
water molecules are adsorbed with subsequent watgrosure. The intensity
enhancement of the 3400 ¢mband suggests that water adsorbs to silanol-baatdr
and forms clusters rather than a uniform fifif{: *>Adsorption of water to water is more
energetically favorable relative to adsorption aftev to silica>> **Cluster formation is
typical of surfaces that are partially hydrophoBi: 3" °2 153This surface structure is
rather stable as evidenced by the highly reprodieisipectra.

The square root of the VSFG intensity is prtipoal to the number of oscillators at
the interface. The reduction in the free silandémsity shown in the inset of Figure 6.1
could be assigned to a reduction in the numberigeiighe average orientation of the
free silanols is relatively constant over time. determine the cause of the intensity
reduction the ssp and ppp spectra of the freedilaver time were acquired with the
broad bandwidth spectrometer and are shown in Ei§2. The orientational analysis of
other vibrational modes is well document&d . Briefly, the ratio of different second
order nonlinear polarization tensor elemengg)( in this case sspué=yxyy.) and ppp
(zzz Ayyz, Ayzy, @NA yzyy), IS related to the mean orientational and® (The bond
polarizability used was that reported for the f@e of water (r = 0.32)°Detection
efficiency differences between tseandp SFG signal were avoided by changing phe

SFG signal tos-SFG signal with a wave plate. The calculated fséanol average
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orientation at 3750 cthwas 26 + 2° from the surface normal. These freegBitips are
more perpendicular oriented to the surface thasdticee OH from liquid water with an
average orientation of 33 + 2° from the surfacamadr

Figure 6.3 shows the relative free silanol petage as a function of time (h). To
determine the free silanol percentage, it was asdutmat at time zero (Figures 6.1 and
6.2, “0 h” spectrum) 100% of the silanol groups eviee. Error bars show the standard
deviation in the calculated percentage from diffiérglica plates. The water adsorption
follows two regimes, a fast component (< 20 h) arlthear component (> 20 h). In the
fast regime, the formation of clusters occdrs.

The 30003600 cnt intensity can be modified by hydroxylation of thsane (Si—
O-Si) groups. These are generated by the cleamowegure of the silica plates, which
includes heat treatment at 900 °C in air. The hydation of surface siloxane groups
generates an increased number of silanol grougscthdd subsequently interact with
water vapor. Under our experimental conditions, pi@te hydroxylation to regenerate
the initial silica surface is not expectétf.

To examine further the time dependency of watksorption to the surface, spectra of
the air-silica interface after addition of liquidater (exposure <1 min), and stirring in
water (exposure ~30 min) were obtained as showkigure 6.4. A clean air-silica
spectrum is also shown. Upon liquid water dropvasielition, the spectrum reveals a
pronounced decrease of the silanol peak, and aaneement in the hydrogen bonded
OH region (3000-3600 ch). This spectrum is similar to the spectra of watapor

adsorption shown in Figure 6.1. The spectrum obthiafter stirring in water shows a
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decrease in the 3650 &megion, and an increase in the 3400 aeyion relative to the
water dropwise addition spectrum. The intensityhef 3200 crif band in both spectra is
similar. As described earlier, the higher intensityhe 3400 cif band is the result of the
incorporation of more disordered hydrogen bondetemmnolecules. Both spectra show
an increase in the 3650-3740 tregion which we assign to water weakly bound to
silanol groups and vicinal pairs of isolated silantf® *There is also a possible
contribution from the free OH stretch of water (@h&d at 3700 cilj, water dimers, and
weakly hydrogen bonded watéf® **®The silica surface hydration evolves over time. In
the environment, mineral surfaces tend to hydrolgmailting in the dissolution of the

surface species to form bulk silicic acid and tfeeeexposing new silicon atons®

6.4 Conclusions

Vibrational sum frequency generation spectrpgosas used to examine the air-silica
interface before, and after adsorption of watethimm gas phase and in the liquid phase.
Free silanol OH groups are observed after 72 hxpbsure to mid RH conditions. Silica
hydroxylation from water molecules in the gas phimdlews a rapid and slow regime
which is characteristic of cluster formation. Theeef silanol average orientation

determined was 26 * 2° from the surface normal.
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Chapter 7
Na* and Ca®* Effect on the Hydration and Orientation of the Phsphate

Group of DPPC at Air—Water and Air-Silica Interfaces

Water is critically important in the functiomnof biological molecules and their
assemblies including membranes. Water-membrandaonés play a role in fundamental
biochemical functions such as the transport of i@nts, protein synthesis, and DNA
replication. ™ **° Biological membranes consist of a lipid matrixvitnich membrane
proteins are embedded. These lipids, mainly phdgplle in eukaryotic organisms, are
charged entities that are surrounded by an aquamtisonment containing ionic species.
The properties of these membranes are affectechd\electrostatic character of their
chemical environment, which includes ionic strengtid pH. The interactions between
phospholipid membranes and ions play a centralirol@any biological processes such
as neural signal transductiétt and membrane fusioff?

Cations are attracted to the carbonyl groupgstae PQ of the phosphate group of
phospholipids.'®*®” The interaction between acidic lipids and catidasfavored
according to the Gouy-Chapman theory of the eleaitdouble layer'®® The interactions
of cations with the headgroups of phospholipids erpected to be stronger for

negatively charged lipid monolayers such as phdgphglycerol compared to those of
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zwitterionic phosphatidylcholine (PC) monolayers clsu as
dipalmitoylphosphatidylcholine (DPPC). Binding ctargs of calcium ions to glycerol
and PC headgroups were found to be similar in ntad@i when corrections for the
difference in electric surface potentials were iedriout.*®® Moreover, small changes in
the headgroup orientation after ion binding wasashto alter the electrical properties of
the membrane surface, having an impact on the plogscal and biochemical properties
of the membranég/® 1"

The predominant ions surrounding biological hemes include NaK*, C&*, Mg**
and C1.*2The interactions between monovalent ions and exidgttic lipids are generally
assumed to be somewhat weak. Yet, the knowledgehef interaction between
monovalent ions and phospholipids is less detadleart from theoretical work >
Divalent cations such as calcium ions are knowmt@ract strongly with charged lipids,
but only moderately with zwitterionic lipidS’’ Although calcium binding to charged and
zwitterionic lipids has been previously investight& 164 167,169, 170. 178, 1{P g gijl| not
well understood. Spectroscopic molecular investgst of the binding site, the
phosphate group, are required to further elucitteeinding event.

As an alternative to studying monolayers at #iewater interface, these same
monolayers can be transferred to solid supportslif¢rent surface pressures. The
interactions between membranes and solid surfasetha subject of study for several
industrial and biomedical processes. For instatfvere have been studies in toxicity
reduction of pyrite'®, and in cell recognition and adherent®.These interactions are

also important in cell rupture caused by inhalederal dust particles in the lung¥.
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Crystalline and amorphous SiQarticles are notoriously toxic and pose serigsis to
human health®*® The molecular mechanism by which cell membranegeerate upon
adhesion of silica particles to the cell surfacstiis not well understood? 18 183

In this chapter we analyze the macroscopi@fices from monolayers of DPPC, the
most abundant of the pulmonary surfactafifs spread on water, NaCl solutions, and
CaClL solutions using compression isotherms obtainedm frgurface pressure
measurements. To study the microscopic differeneesurface selective vibrational
spectroscopic technique, sum frequency genera®hG) spectroscopy, was used to
examine the hydration and the orientation of thesphate group of DPPC monolayers at
the air-aqueous interface of these three diffesabphases. Additionally, in an attempt to
elucidate the molecular effect of the adhesionilafasparticles to cell membranes, we
probed the phosphate group of DPPC monolayers siggpon silica as a planar
membrane model system. The silica-supported DPP@blagers were transferred from
aqueous subphases containing NaCl and £&®ientation information of the phosphate

group of DPPC monolayers at the air-aqueous anskilma interfaces was also

examined.

7.1 Materials

1,2-dipalmitoylsn-glycerol-3-phosphocholine (DPPC), with > 99 % puriwas
obtained from Avanti Polar Lipids Inc. (Alabastedl) and used without further
purification. Spectral grade acetone and chlorofarene purchased from Sigma-Aldrich

(PA, USA). Hellmanex Il solution was obtained byllHa Cells, Inc. (Plainview, NY).
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Infrared grade fused (amorphous) silica plates .60 linch diameter and 0.188 inch
thickness were obtained from Quartz Plus, Inc. ¢RBlioe, NH). All glassware used was
cleaned with (NH).S,0Og in H,SO, solution (0.08 M) to eliminate trace organics and
rinsed with Nanopure water from a Barnstead systéma resistivity of (18.2 MRecm).
Sodium chloride (NaCl; ACS certified) and cahoi chloride dihydrate (CagPH,0;
ACS certified) were obtained from Fisher Scientiffittsburgh, PA). For the sodium
chloride solutions, the NaCl salt was placed inufim oven (Fisher Scientific, Isotemp
Muffle Furnace) at 700C for 4 hours to eliminate any organic contamingrisr to
mixing with Nanopure water to obtain the final centration. For CaGJ a saturated
aqueous solution was prepared and then filteredugir a Whatman Carbon-Cap
activated carbon filter to remove organic contamisal’he concentration of the filtered
CaC} solution was determined by the Mohr metfb@he concentrated Caolution

was then diluted to the final concentration usirambpure water.

7.2 Experimental details

Substrate cleaning. Amorphous silica plates were cleaned by a seriesopication
steps}® First, they were sonicated for 15 min in acetaimsed in nanopure water, then
sonicated for 15 min in 2 % Hellmanex Il solutiorhieh is an alkaline solution
specifically designed to clean quartz cuvettesn thiesed in nanopure water. Then the

plates were sonicated in water for 15 min. Finalhg silica plates were dried in an oven
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at 70° C for 10 min. Clean silica plates were aredyby SFG spectroscopy to verify the
absence of CH resonances attributed to organi@asonants.

Langmuir Films. The surface pressure-area isotherms were obtairigd avKSV
minimicro (KSV, Finland) described in detail elsewé.*® The procedure followed to
obtain the isotherms has been described previotishl the isotherms were collected at
22 °C+ 1.

Langmuir - Blodgett (LB) Films. Langmuir DPPC films were acquired with a
minimicro LB-trough from KSV Instruments (Monroe,TL This trough comprises a
dipping well and a linear dipper to transfer theaguauir film from the water subphase
onto the solid substrate. A clean silica plate wksnped onto the dipper and was
partially immersed in the dipping well full of tregueous phase prior to spreading the
DPPC film. In the Teflon coated film trough a knowalume of a 1 mM solution of
DPPC in chloroform was spread dropwise on the sartd the water subphase (pH ~ 6)
or agueous solution. After 10 min to allow for cdetp solvent evaporation, the
compression of the two hydrophilic barriers wadiated. The surface pressure was
measured using a Wilhelmy plate composed of Whatdfamshless paper. The films
were compressed at a constant speed of 5 mm/nhins Fiere transferred onto the silica
substrate by compressing the DPPC film to 40 mNlowed by withdrawing the silica
plate vertically through the interface into the dihe withdrawing speed was 1 mm/min.
The surface pressure was maintained at 40 mN/nughiaut the deposition process. The
temperature for all of the procedures was 22 °C he average transfer ratio measured

was ~ 1.03 during the transfer process. This fimliy parameter is the ratio of the
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coated area of the solid substrate to the areapgatiby the monolayer on the liquid
substrate'®Silica coated plates (and uncoated as a controB wealyzed within an hour
after film transfer by SFG spectroscopy.

Broad Bandwidth Sum Frequency Generation Spectroscopy. Spectra were obtained
under the ssp (s for the SFG, s for the 792 nm,@fat the infrared beam) and ppp
polarization combinations. SFG spectra were noarrdlio the nonresonant signal from a
GaAs crystal. Detection efficiency differences betw the s and p SFG signal were
avoided by changing the p-SFG signal to s-SFG &igita a half wave plate just prior
reaching the CCD camera. Spectra calibration waslwtied with the absorption bands
from a polystyrene film placed in the output pofttbe OPA when acquiring the
nonresonant SFG spectrum of a GaAs crystal. THibraked SFG system is able to
resolve a 1 ci peak shift. Fresnel factors are considered inotientation analysis of
the v PO,. An average of at least two replicate spectrahmavs in all cases. Spectra

were acquired at 22C + 1 and in a range from 30 to 40 % relative hutyid

7.3 Results and Discussion

In our initial studies, DPPC monolayers spread qureaus solutions with a range in
concentration of 0.1 M to 0.5 M of NaCl and Ca@kre examined. Preliminary results
showed that the effect of calcium on the DPPC mwotis was more pronounced than that
of sodium. From the aqueous NaCl solutions teshexigreater concentration is presented

here to show that even at relatively high concéioimeof sodium, only a modest effect on
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the surface organization of phospholipids is obsgncompared to that of lesser
concentrations of calcium.
I sotherms of DPPC

Pressure-area isotherms of Langmuir DPPC monolayergater, 0.5 M NaCl, and 0.4
M CaCl subphases are shown in Figure 7.1. The isotheeweal distinct phases that
have been previously identified® ¢ Although differences among the isotherms in
Figure 7.1 are observed, with the increase of sarfpressure (obtained from the
difference between the surface tension of the mubphase and with the spread
monolayer) the liquid expanded (LE), the coexistenegions between LE and liquid
condensed (LC) and the pure LC phases are observall the subphases. The gas phase
(G) is only observed from the water and the Na@thsrms.

Investigation of the monolayer on the 0.5 M NaQuston reveals that the isotherm
shifts to slightly higher mean molecular areas (MAn both the LE and the LE-LC
regions consistent with other studieS’ %8 The shift has been assigned to the
interactions of the sodium ions with the headgrobihe phospholipids inducing disorder
in the lipid chains®"® Previously, it has been suggested that the cldaaitons are
excluded from the headgroup region, particularyuad the phosphate grodf *"* 1
and are therefore not discussed in this analysis.

With calcium ions in the subphase, a more puoed shift to higher MMA of the
DPPC isotherm is observed at all surface pressooesistent with previous studig¢g®
In the LE phase, similar to the DPPC isotherm widdium ions, this shift could be the

result of calcium ions binding to the headgrouphef phospholipids, providing additional
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surface area for each DPPC molectf8.1t has been suggested that at higher surface
pressures (~ 16 mN/m) 1:1 phospholipid/Ceomplexes are formed leading to a larger
MMA by ~ 4 A?/lipid. This change in MMA corresponds to the?Cimn cross sectional
area.'®® Above 16 mN/m the change in MMA is reduced by half 2 A% lipid)
suggesting the formation of 2:1 phospholipid/@amplexes?®® 167- 188

In comparing the results for the €aand the Nasubphases in the LC region, the
phospholipid organization is more affected by*Qans than N&ions, consistent with
previous findings*®® 1" 1¥%syrface charge density of €as approximately twice that of
Na' given that the ionic radii of Gaand N4 are similar (100 and 102 pnif* Above 16
mN/m in the LC phase, the isotherm from the Nstiphase overlaps with the purely
water subphase. It could be that the Mes are being squeezed out from the headgroup
region. Contrary to the NaCl subphase isotherrat, ¢ the CaGl subphase is clearly
shifted to larger MMA suggestive of ionic bindirgthe headgroup.
DPPC monolayers at air-aqueous interface

Molecular level information of the interacti@nd binding of the cations with the
phospholipid phosphate headgroups was obtained 86 spectroscopy. Phosphate
groups are likely the most hydrated moiety of thegpholipid molecule within the
monolayer. Water molecules also interact with thebenyl groups®?*% The water
molecules that solvate these groups form strongdugh bonds®® %29 Therefore a

direct interaction of the cations with the phosphgiioups would require the removal one

or more of these solvating water molecules fromddgon and the phosphate group. The
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ability of these ions to lose a portion of theitvation shell ultimately determines the
strength of the ion-phosphate interaction.

To elucidate the extent of the cation-phosplratraction, SFG spectra were obtained
from the phosphate group of DPPC monolayers inptiesence of sodium and calcium
chloride salts. SFG spectra of DPPC monolayers aterw0.5 M NaCl, and 0.4 M CaCl
at three surface pressures 4 mN/m, 12 mN/m, antiMOn phases are shown in Figure
7.2 a, b, and c, respectively. These spectra wegeir@d under the ssp polarization
combination. The phases of the DPPC monolayer spored to the LE at 4 mN/m and to
the LC at 12 mN/m and 40 mN/m as shown in Figutte Two peaks at ~ 1070 ¢hand
1100 cm' are observed in all the spectra and are assignétetphosphate ester stretch
C-OP and the symmetric stretch of the,PQ@s PO,) respectively®® *°*The v, PO,
peak is clearly asymmetric towards the low freqyeside, suggesting a third component
peak at ~ 1090 crhwhich is assigned to the vibration of the R—-O-PRO*®

After compression from 4 mN/m to 40 mN/m of BPC monolayers on the three
different subphases, a ~ 2 ¢mlue shift of the C-OP and the R-O-P-O-R peaks is
observed A significantly larger blue shift of the; PO, peak at ~1100 cthis observed
upon compression; yet the extent of this frequesiaift is highly dependent on the
subphase composition. The blue shift of all thesakp is generally attributed to a
difference in the hydration state of the phosplgateip from different surface pressures.
The smaller shift in frequency observed in the C-e0& the R—-O-P-0O-R peaks relative
to that observed in the PO, peak is attributed to the fact that the formereties are

solvated more weakly than tR©, moiety. *°® Therefore, to follow the hydration state
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and ion coordination of the phosphate group in DPRG@nolayers we focus our
discussion on thes PO, peak at ~1100 cth Detailed analysis of these spectra from the
DPPC monolayers of the three different subphasdessribed below and spectral data is
summarized in Table 7.1.

On water, the compression of the DPPC monolayen #anN/m to12 mN/m results in
a blue shift of thevs PO, peak from 1098 cihto 1103 crif. Further monolayer
compression to 40 mN/m results in an additionajdency shift to 1104 cth This blue
shift has been previously attributed to a diffeeeircthe hydration state of the phosphate
moiety in different structural phases (LE vs. L@jhere a blue shift is synonymous with
dehydration3® The reorganization and resultant dehydration efghosphate has been
commonly referred to as a squeezing out of the mmtaecules. In the LE phase the
loosely packed phosphate groups of the DPPC maesaie well solvated; however as
the DPPC molecules are compressed to the LC phesevater molecules of the
phosphate’s hydration shell reorganize and decremasember and, hence, dehydration
of the phosphate group occurs. Even within the b@sp (at 12 and 40 mN/m), different
hydration states of the phosphate are observed.iliue to the fact that at 12mN/m the
DPPC molecules are not totally condensed sincaduompression of the monolayer is
possible. A shift in frequency attributed to a ofjpann the hydration state of the
phosphate moiety has also been reported in IR Epeopic studies of DPPGY203
From the perspective of hydration, theoretical ®sdof the P@ moiety of
methylphosphocholine have shown that upon hydrdtiere is a loss of electron density

of the P-O bonds due to strong hyperconjugation with theHOantibonding orbital of
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water that then weakens the-® bond resulting in a red shiff®* This finding is
consistent with our compression studies showinglwee Ishift with dehydration. In
addition to the shift, we also observe a changhenfull width half maximum (FWHM)

of thevs PO, peak, which decreases as a result of the monotayepression. From peak
fitting, the FWHM of thevs PO, peak at 4 mN/m, 12m N/m, and 40m N/m is determined
to be 40 crit, 36 cm', and 34 crl, respectively.

In the presence of sodium in the aqueous suepli@.5 M NaCl), SFG spectra
obtained upon compression of the DPPC monolayer edseals shifts of similar
magnitude to the water subphase spectra. Thereibis, likely that in addition to
dehydration, the sodium ions are not affecting @letronic structure of the phosphate
moiety to a significant extent, suggesting that ithres are not binding strongly to the
PQO,. However, upon examination of the FWHM, we obsesigmificant differences for
the spectra of aqueous sodium vs. purely watertsaggs. Unlike on the water subphase
where narrowing of the spectra is observed with gr@ssion, the FWHM of the; PO,
peak remains constant at ~ 44 tnindicating a broader distribution of solvation
environments for the sodium subphase monolayens. mlay be also due to a broader
distribution of the orientation of the phosphateieties in the presence of sodium as well
as to vibrational relaxation effects and therefdnanges in the lifetime of the transition.
Although we do not observe a frequency shift wigdiam, the significant changes in the
FWHM indicate that sodium ions do perturb the plase group and therefore the

monolayer. This perturbation may include an alterabf the ordered water molecules
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adjacent to the DPPC headgraipdue to the concentration gradient of idffs *** %
near the DPPC monolayer.

The findings presented in this study are consistétit recent molecular dynamics
studies of DPPC bilayers that have shown that sodieracts with the phosphate group
creating complexes with several DPPC moleculesid@se pressures of ~ 10 mN/mM?
1781t has been suggested that the sodium ions las@ptheir first solvation shell water
molecules to interact with the unperturbed hydratiedsphate group’**"®However, the
binding constants of Naand Cl to the phosphate and choline group have been asiim
to be relatively weak in a range from 0.15'& 0.61 M’ for sodium and 0.16 Mto
0.28 M* for chloride!’* 29297 syggesting ion exclusion at high surface pressur

In brief, from the studies presented here, the gmes of sodium chloride in the
subphase causes a perturbation of the phosphate giothe DPPC monolayers. At
lower surface pressures binding of the sodium @the phosphate group is suggested.
As the DPPC monolayer is compressed the interadfae water molecules and the
sodium ions with the phosphate group is weakenad, a slight perturbation of the
phosphate group is observed.

The SFG spectra of the DPPC monolayer in the poesehcalcium (0.4 M Cag) are
remarkably different than those observed in theeabs of ions (neat water) and in the
presence of sodium as shown in Figure 7.2. Thedtiulr environment of the phosphate
moiety is affected by the monolayer organizatioriffierent structural phases, and also
by the binding of calcium to the phosphate gronghk LE phase as shown in Figure 2a,

a similar peak position of the PO, peak is observed from all the subphases, although

85



clear differences in the FWHM are revealed. Witltican present, the larger FWHM of
the vs PO, peak is partially assigned to calcium ions bindioghe phosphate group.
Upon compression of the DPPC monolayer to 12 mi/the presence of calcium, the
PO, peak is ~ 6 cr blue shifted with respect to the peaks observeddter and in the
presence of sodium. This suggests that calciumirgndesults in phosphate group
dehydration. This is consistent with exclusion bé twater molecules from both the
phosphate group and the calcium hydrate upon kinéfiAThis is in stark contrast to the
sodium cations that bind to hydrated phosphatepgoas shown here and discussed by
others. **1® The stronger attraction between calcium and thesphate groups
compared to that between sodium and the phosphatgpg is consistent with the
reported binding constants for these ions to thesphatidylcholine groups. The binding
constant for calcium was estimated to be in a rdngm 12 M* to 37 M* 169 170. 205
which is two orders of magnitude larger than theggorted for sodium (see above). At
higher surface pressure (40 mN/m) th®0O, peak is 2 cril blue shifted relative to that
obtained at 12 mN/m suggesting a larger exclusibrnwater molecules from the
phosphate group as more calcium ions are boundseTtesults are in agreement with
previous reports that suggest that the binding teomf calcium ions to the phosphate
moiety is sensitive to the phase state of the lipldyers in the order of gel state >
pretransition state > liquid staf&®

Larger FWHM values of thes PO, peaks compared to those on water and with
sodium present were calculated at all surface press With calcium present, the

FWHM of thevs PO, peak changes from 53 ¢hin the LE phase to 61 chin the LC
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phase at 12 mN/m and 40 mN/m as observed in Figuréhese larger FWHM are
partially attributed to a broader distribution betorientation of the phosphate group in
all phases upon calcium binding.

The observed spectral blue shift of thePO, peak is consistent with theoretical
studies on dimethyl phosphates in the presenceatdrvand calcium that have shown that
as the calcium cation approaches the anionic oxsygeblue shift of both the symmetric
and antisymmetric modes of the P& observed?”® The internal geometry of dimethyl
and dihydrogen phosphates has been reported tens@ige to the counterion position.
219 Then it is expected that upon direct calcium bigdihe symmetry of the phosphate
group is modified to some degree. This argumenidcalso be applied when sodium ions
are present in the subphase; however the extetttiofperturbation is expected to be
smaller because water molecules mediate the caioinbetween the phosphate group
and the sodium ions.

The hydration environment of the phosphate groway be also affected by the
calcium concentration available in the subphaseFifure 7.3, the SFG spectra of the
DPPC monolayers at 40 mN/m in the presence of 0ahi¥0.4 M CaGlin the subphase
are shown. The SFG spectra of a DPPC monolayeadpme water is also shown for
reference. These spectra reveal that as theoBacentration increases a larger blue shift
of the vs PO, peak is observed. This suggests that a larger nuwibthe phosphate
groups are bound to €awith the increased availability of €ain the aqueous phase.

Also observed is a difference in the signal intgnef thevs PO, peak in both calcium

solutions relative to the purely water subphases Tritensity decrease is likely due to a
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convolution of two factors: a change in the averagentation of the phosphate group as
Cd* cations are bound, and a variation of the exwmctioefficient of the PO group
when the P@—-Ca complex is formed.

In the analysis of the spectra presented inrEgy7.2 and 7.3, a clear increase in the
signal intensity is observed as the DPPC monolagezscompressed in all the three
subphases. However, sum frequency intensity isgotigmal not only to the number
density (M), but also to the mean molecular orientation. Belthe orientation of the
phosphate group of a DPPC monolayer spread onwaat in the LC phase is analyzed
in detail.

The orientation of the DPPC phosphocholine geagp, which is related to the
structure of the interfacial phospholipid monolaykas been the subject of study in
previous reports®’: 174 176. 211-21] g netheless, these studies are mainly theoreftits.
Because of the lack of experimental techniques dbledetermine the headgroup
orientation, there is a dearth of experimental ena to support or refute the theoretical
data. An SFG polarization study could offer headgrarientation because of its
capability of providing quantitative orientation lwas given certain theoretical
treatments. To this aim the ppp polarized spedtra DPPC monolayer on water at 40
mN/m surface pressure was obtained in the phospeaien (~ 1100 cif) after an
improvement of the IR energy output and a modiftcain the geometrical configuration
of the input laser beams. This SFG ppp spectrurd, Larder the ssp polarization for

reference, are shown in Figure 7.4.
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The experimentally measured SFG intensity ffedint polarization combinations is
related to macroscopic orientational avergfe, through the microscopic molecular
polarizability tensor betg3, (as shown in Eqg. 2.8) and the symmetry of the grdine

PO, moiety on the DPPC headgroup can be treated asg@y, symmetry. Hence the

macroscopic susceptibilities in ssp and ppp pa#éon combinations are expressed as

follows %
Xoz = Xy
1 -
= E N[(C082 l//)ﬂaac + (Sln ‘/I)Bbbc + ﬂccc](cose)
1

5 NI(SIN () Baae + (COS ) B, — Bisc1(COS 6)

Xz = NI(SIN* @) B, + (COS ) B ) (COSE)

= N[(SIN* ) Buge + (COS ) By, = Brss1(COS' 6) (7.1)

0 is the average tilt angle of FQroup to the surface normat,is the average twist
angle of the P® group about its molecularaxis as shown in Figure 5a. When the,PO
group is allowed to rotate about ésixis freely, the value of <si > and <coSy > can
be integrated to 1/2. In many cases, as here irDPBC headgroup, this rotation is
hindered and therefore the value of twist anglelade be assumed. In the present study,
the value ofy is assumed to be zero.

Given the value of molecular polarizability $ens, the average orientation of the,PO

group is obtained through the SFG intensity rafiesp to ppp. Previous SFG studies
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have demonstrated that the ratio fbfcan be determined through the experimentally
measured Raman depolarization ratié-orC,, symmetry, it is described by:

3
@1+2r)?
(1-r)?(L+3cos 1)

(7.2)

o=

4+20

Wherer is the single bond polarization derivative ratmmais the angle between the two
bonds (angle O-P-0) i€,y symmetry. Based on bond polarization derivativéora
model, the ratio of can be expressed as:

Boe _ @+r)—(@-r)COST
B.. (@+r)+(@-r)cos

Bone - 2r .
ﬂccc (1+r) + (1_r)COST .

With the value of the measured Raman depolaizaatio 0.05 with ar of 120°
reported for dimethyl phosphat¥, we calculate the ratio of the molecular polariligb
tensors, hence the average tilt anflepf PG was obtained. The calculated tilt angle of
the PQ of DPPC monolayers in the water surface is foumde 63° + 3° from the
surface normal. A variation of + 10% of the Ramapalarization ratio (RDR) value
leads to a change in the tilt angle of the,RD + 8% showing the sensitivity of the tilt
angle to the RDR used. Our tilt angle value iseasonable agreement with previous
results from IR studies of DPPC bilayers that regmb66°1% 28 SFG studies of bilayers
of DSPC (distearoy$n-glycero-3-phosphocholine) or,O have determined the tilt angle
of the choline group, specifically, the angle of (8Hs)s" to be 66° + 4° with respect to

the surface normaf® With this tilt angle value and the values of tinglas reported for
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the P-O, O-C, C-C?* the tilt angle of the PO of the phosphocholine group was
determined to be 70° to78° which is also in goote@gent to the estimated value
reported here.

In the presence of sodium and other divaletibes, the angle of O—P-0 in dimethyl
and dihydrogen phosphates is affectéy similar changes would be expected in the
phosphate moiety of DPPC. As shown in equationsaid® 7.3, a variation im would
have an impact in the determination of the,Ri@ angle. However, if one assumes that
the change in is negligible, and that the symmetry of the phaselgroup has not been
modified, the P@tilt angle of DPPC on the salt solutions can beeined as was done
here from the spectra shown in Figure 7.4b and. Mhe PQ tilt angle on the sodium
subphase was calculated from the surface normia¢t66° + 3° as compared to that on
water, 63 ° + 3° However, the calculation for DPBIC the CaGCl solution did not
provide a physically reasonable ratio, confirmihgttthe assumptions in this case were
flawed.

The orientation of the headgroup of phosphétithline is usually referred to as the
angle between the vector connecting the phosplatnm and the nitrogen atom (P—N
vector, Figure 5b) with respect to the surface rabrii” 1'* 176 21221 heoretical studies
of DPPC bilayers have shown that the angle of ¥ fector changes in the presence of
halide salts compared to that in pure watéf.*’% 21® 224Ca|cium ions were shown to
have a larger effect on the angle of the P—-N leadinsmaller angles. In general, the
presence of both sodium and calcium ions lead®#i¢ vector to lie more outward from

the membrane (smaller angles from the surface riaridighough the P@ tilt angle, as
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calculated here, provides information on the DPR@dgroup, the headgroup itself is
better described by the P-N vector. Additionallpacges in the conformation of the
headgroups of DPPC bilayers and monolayers have tescribed in theoretical and
experimental studies in different phas&s: ?° These studies have shown that the P-N
dipole of the DPPC headgroup exhibits an in-planentation with respect to the
monolayer in the LE phase (liquid crystal in th&aper), and a more tilted orientation is
found in the LC phase (gel phase in the bilayer).

DPPC monolayers at air-silica interface

To examine the interactions of the headgroup BPD monolayers with the silica
surface, Langmuir-Blodgett (LB) films deposited amorphous silica were obtained and
then analyzed by SFG spectroscopy. SFG spectrheofair-silica interface after the
deposition of DPPC monolayers in the phosphateoregiere acquired under the ssp
polarization combination and are shown in Figuré. 7These DPPC films were
transferred at a surface pressure of 40mN/m frotenv8.5 M NaCl, and 0.4 M Cafl
subphases.

Similarly to the air-aqueous SFG spectra showigure 7.2c, the SFG spectra at the
air-silica interface in Figure 7.6 reveal three mpeaks which have spectral positions
that are highly dependent on the composition oftilgphase where the monolayers were
transferred from. Spectra from clean silica platese also acquired (spectra not shown)
as control experiments and no SFG signal was detect

In the SFG spectra from the silica-supported?OPnonolayer transferred from a water

subphase, the C-OP and the R-O-P-O-R peaks anvebsg 1073 cihand 1090 cm
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! respectively. These peak positions are almostiicirtb those obtained from the water
subphase at 40 mN/m (Figure 7.2c) at 1072 amd 1090 ci. ThevsPO, peakis found
at 1106 crit which is 2 crit blue shifted relative to that on water suggestngjightly
different hydration state of the phosphate groupBPC at the silica surface; the peak
position from aqueous sodium/silica versus aquesmgBum is the same. Whereas the
peak position differs by 9 cifor the aqueous calcium/silica (1120 tnversus the
aqueous calcium (1111 ¢imsubphases. Also different are the FWHM valuethefPQ
peak from the silica-supported DPPC monolayers a/ttee FWHM value is 10 — 35 ém
smaller than that found on the aqueous subphases gding from the water/silica to the
aqueous calcium/silica subphases, indicating eermifit hydration environment of the
phosphate group and possibly a narrowing of thentation distribution on the silica-
supported subphases. Although, differences initreakintensity of the POpeak in the
aqueous and solid support are observed, this eédylitue to differences in the Fresnel
factors of both surfaces. Organization of the alityhins in both the water subphase and
the silica substrate revealed minimal differencesh& surface pressure (spectra not
shown). To summarize, as shown by the peak posdioth the FWHM values, the
phosphate moiety of DPPC is significantly affedbgdhe presence of the silica surface.
As previously described, the phosphocholinedhgiup is sensitive to the electric
surface charge and dipole field$! The surface charge on silica emanates from the
protonation-deprotonation of surface silanol groapd has already been studied in great
detail. *® 3" The pH at the point of zero charge ¢pHreported for amorphous silica

ranges from 2 to 3.5° #*’Therefore, the amorphous silica surface is neghticharged
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under the experimental condition of this study sitlte water pH > pHpzc. Even on a
negatively charged surface the majority of the aefgroups expected are the neutral
silanol groups, that is, Si-OH** Precisely, these silanol groups could form hydmoge
bonds with the phosphate groups causing a pertarbat the hydration environment of
the phosphate moiety seen as a blue shift ofvtheO,” peak. This hydrogen bond
formation has been previously suggested by Chunbal.én NMR studies of DPPC
liposomes and silica particleS? Yet for the formation of these hydrogen bondss the
water molecules present between the silica surdacethe headgroup of DPPE %24
that are responsible for maintaining the membréauidify in solid supported systeni&’
that would need to be displaced.

At this near-neutral pH, there is a relativeseaixe of orientational order of water
molecules induced by the surface charge of siicahmwn by our earlier wofk® and by
others*" ** *The dipole potential of the headgroup of the DRR@ecules leads to an
ordering of adjacent water moleculé®’ Consequently, the trapped thin water layer is
likely to be highly structured which can alter theadgroup hydration (studies are
underway in our laboratoryf?’ In fact, recent molecular dynamics simulationslef
palmitoyl-2-oleoylsn-glycero-3-phosphocholine  (POPC) bilayers interagti with
amorphous silica have shown that this water lagekd bulk like properties, and is thin
enough to consist only of bound waters hydrating tipid head groups and the
hydrophilic silica surface® Then the interaction of the phosphate group of DR®C
monolayers with the silica surface take place thhohighly structured water molecules

adjacent to the silica surface leading to a reddyidehydrated headgroup.
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The interaction of the silica surface with tmeadgroup of DPPC could also involve
electrostatic interactions between the positivélgrged choline groups with negatively
charged Si—Ogroups. Studies of bulk adsorption isotherms oPDR/esicles on quartz
at 55 °C have suggested that the electrostaticartitens between these groups are
negligible compared to interaction between the phate group and the silica surfat®.
This was attributed to the lower positive chargasity associated to the choline group
compared to the negative charge density assodiaténd phosphate moiet§?® The lipid
adsorption affinity to the silica surface is notdifid or altered by the phase of the lipid.
229 NMR studies have reported that the choline groapbility of DPPC decreases after
interacting with quartZz*° suggesting a weak electrostatic interaction betvike quartz
surface and the headgroup of DPPC.

In the presence of sodium (Figure 7.6), the Sp@ctrum of the silica-supported
DPPC monolayer shows an identical spectral posdfdhe C-OP and the R-O-P-O-R
peaks as those of the DPPC monolayer transfermed & water subphase. As stated
above, thers PO, peak is found at 1104 cthwhich is 2 crif red shifted relative to that
from water, and the FWHM of the PO, peak in the presence of sodium is ~ 10tm
smaller than that found from a water subphase siiggea perturbation of the phosphate
group in the presence of sodium as previously eleskin the aqueous subphases (Figure
7.2). The sodium ions are known to interact elestétically with the negatively charged
Si-O groups®! screening its surface charge, and also promotggtive surface charge
density by deprotonating the Si—OH group¥ Induced orientational order of water

molecules near the silica surface in the preseh®a@l has been reported at the pH of
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these studies?®® ?** As discussed above, the headgroup dipole poteleig@ls to an
ordering of the solvating water molecul&¥. As a result, the trapped thin aqueous layer
between the silica surface and the headgroup oDIREC monolayer is likely to be
structured as described for the case in the abs#rgats. Interestingly the, PO, peak

in the silica supported monolayer exhibits the sapectral position as that found in the
0.5 M NacCl solution subphase (Figure 7.2c), sugggst similar hydration environment
of the phosphate group. It is suggested that ireiggrthe phosphate group hydration is
not strongly affected by the surface charge ofsiliea surface in the presence of sodium
ions.

The SFG spectrum of the silica supported DPRGatayer in the presence of calcium
ions reveals similar peak positions of the C-OP #red R—-O-P-O-R peaks as those
found in the absence of ions (pure water/silicapbalse, Figure 7.6). The P(preak
however reveals a significant blue shift of 12 tmelative to that found on pure
water/silica. This peak is 9 ¢hblue shifted relative to that found from the 0.40@C}
subphase (Figure 7.2c), suggesting a differentdtiar environment of the phosphate
moiety in both subphases (aqueous'Css. aqueous CGHsilica). Differences in the
FWHM values in the presence of calcium and in weatier are observed on the silica
supported DPPC monolayers, as observe in the ¢dlse aqueous solutions (Figure 7.2).
Similar to the case of sodium, water orientatioarrtbe silica surface and promotion of
the negative surface charge density are expecteth whlcium ions are preseft® %
This surface charge increment is greater compavethat induced by sodiunf?

consequently the induced order of the water moéechly the surface charge is expected
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to be greater. Upon calcium binding to the phosplggbups the zwitterionic nature of
the DPPC molecules is perturbed and the generafianpositive charge is expected on
the monolayer surface, similar to the increasehm zeta potential observed on DPPC
liposomes studies in the presence of calciéithThe water layer hydrating the silica
surface, the headgroups and the calcium ions,lisvied to be more structured than that
observed in the presence of sodium ions and imlisence of ions is consistent with our
work (SFG spectra not shown). This results in dedigdl phosphate moieties in the
proximity of the silica surface under these expental conditions.

Orientation of the POmoiety of the headgroup of silica supported DPRfhotayers
was obtained using the SFG intensity ratio of sspdp as previously described. SFG
spectra of a silica-supported DPPC monolayer aosvshin Figure 7.7. The refractive
indices of silica at 1100 ¢ 795 nm, and 731 mn were obtained from the liteeaf>®
The calculated average tilt angle from the surfacemal of the P® of DPPC
monolayers supported on silica is found to be 73° which is 11° larger than that from
the water subphase. This indicates that thg #€tor is oriented more in the plane of the
silica surface when the DPPC monolayer is suppooedhat surface. As indicated
above, by making assumptions, in the case of theae N&silica and the Cé/silica
subphases, the BQilt angle is calculated to be 49° and 26°, respely. The calculation
from the intensity ratio from the E€silica subphase produced a physically reasonable
tilt angle, in contrast to the aqueous’Tsubphase. Because of the assumptions made, we
are cautious about these estimated numbers; howdeechange in PCilt angle from

water/silica to aqueous Nailica to aqueous Gésilica subphases is consistent with the
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picture of more and more ions being bound to thesphate moiety, modifying the FO
tilt angle relative to the surface normal

Differences in the orientation angle of the N-@34 of the choline group of 1,2-
distearoylsn-glycero-3-phosphocholine (DSPC) bilayers in conteith the silica surface
and in contact with the aqueous phase have beentedpby Liu et al**? In the Liu study
the choline group vector was shown to be orientedenin the bilayer plane when the
DSPC bilayer was in contact with the silica surfakgditionally, other effects have been
described in computational studies. For instantejnio calculations performed by

Murashov et alP®’

revealed that dihydrogen and dimethyl phosphaienanshow a
reduction of the COPO torsion angle upon coordimatwvith orthosilicic acid. Also
molecular dynamic simulation of 1-palmitoyl-2-oléeyp-glycero-3-phosphocholine
(POPC) bilayers showed that diffusion of lipidstime monolayer having direct contact
with the silica surface is substantially reducedreunder conditions where no structural
change of the alkyl chains is observ&The same conclusion was drawn from NMR
studies of DPPC bilayers supported on silf¢aFrom the studies presented here, we find
that that both the hydration environment and thentation of the phosphate moiety of a

DPPC monolayer is affected considerably at theassdurface compared to that in contact

with the aqueous subphase.

7.4 Conclusions

Results from hydration and orientation stud¥ghe phosphate moiety from DPPC

monolayers on water, aqueous'Nand aqueous Gasubphases were compared to each
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other and to studies from DPPC monolayers on vailied, aqueous Nisilica, and
aqueous Cd/silica subphases. The P@noiety from the DPPC headgroup was observed
to undergo dehydration with increasing surface qunes and additional dehydration
environments from the interactions with Nand C&" ions. C&" was observed to bind
effectively to the P@ of the phosphate group for the purely aqueous dred t
aqueous/silica studies, although™N#so showed some evidence of binding. Significant
differences in FWHM from the spectra of the hyddatslica surface were observed,
revealing varied hydration environments in thecailsupported systems, particularly in
the case of the aqueous®Usilica subphase. Moreover, the larger differeringbe PQ

tilt angles from the water and aqueous salt vetbeswater/silica and the agueous
salt/silica subphases reveal influence of the asilsupport Modified strongly by the
presence of salt. This finding additionally prowsdeformation that may be relevant with

respect to understanding the pathogenicity ofasilicpulmonary systems.
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Figure 7.1.Pressure-area isotherm of DDPC on different sulgjaneat water (blue), 0.
5 M NacCl (green) and 0.4 M CaQbrange).
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Figure 7.3. SFG spectra of DPPC monolayers on 0.1 M and 0@a@} obtained at 40
mN/m. SFG spectra of a DPPC monolayer on waterOami/m is also shown for

reference.
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Figure 7.4. SFG spectra under ssp and ppp polarization combnsatof DPPC
monolayers on a)water, b) ).5 M NaCl, and c) 0.4C€CL subphases at 40 mN/m

surface pressure (LC phase).
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Figure 7.5.Graphical representation of a) the molecular abdriatory axesa,b,c andX,

Y, Z, respectively of the phosphate group where dhand X axes are chosen to be
overlapped. The tilt angl®, which is considered to be betweZrandc, and the twist
angleY which is considered to be zero, are also shownb)inthe DPPC molecule
showing the phosphate-nitrogen vector with a yellowow and the tilt anglé of the
phosphate group in the inset is shown with a smaglley arrow. The carbon, oxygen,
phosphorous, nitrogen, and hydrogen atoms are sepied by gray, red, purple, blue,

and white spheres, respectively.
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Figure 7.7. SFG spectra under ssp and ppp polarization coridnsa of DPPC
monolayers on silica transferred from a) waterQ.B)M NaCl, and c) 0.4 M Cagét 40

mN/m transfer pressure.

Aqueous \ Silica
- PO, PO,

Subphase Surface Pressure PG, POy
mN/m Peak Position cth FWHM Peak Position cth | FWHM
Water 4 1098 40 - -
0.5 M NaC 4 110(¢ 44 - -
0.4 M CaC, 4 110C 52 - -
Water 12 1103 36 - -
0.5 M NaCl 12 1103 44
0.4 M CaGC, 12 110¢ 61 - -
Watel 40 110/ 34 110€ 24
0.5 M NaCl 40 1104 44 1104 17
0.4 M CaC} 40 1111 61 1120 36

Table. 7.1.Peak positions and full width half maximum of #@, peak of DPPC in the
agueous and silica supported monolayers.
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Chapter 8
Surface Uptake of Alkyl Halides and Alcohols at th&ir-Water

Interface

The study of halogenated species is of atmosphelggance due to the implication of
these species in the destruction of ozone in tmeosphere.? One of the major
contributors of organic chloride to the atmosptisrmethyl chloride (MeCI)**® Several
sources of MeCl have been reported including, talpplant$®®, coastal marsh&¥,
biomass burnind? and the oceafi"® which has also been recognized as a net sink of
MeCl at high latitudes.

The main components of atmospheric secondapgaks are water, inorganic salts and
organic compounds. The uptake of oxidized orgaspexies has been related to aerosol
growth ** and may affect the properties of atmospheric asodn this chapter the
organization of gas-phase alkyl halides and alcomalecules adsorbed to the air-water
interface is examined. Additionally, the bulk ague@hase was analyzed for the uptake
of gas-phase species.

This study was conducted with the collaborata@inKandice Harper and Roxana
Sierra-Herndndez. Some of the data presented & dmapter have been previously

published in Harper's M.Sc. thesis and pap&r.2*in this chapter complementary SFG

data under ppp and sps polarization combinatiorssnd®d spectra of all the aqueous
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solutions after the flow of gas species, and IRrgyndest are presented. Additional
studies of the IR absorption of the gas phase spawere conducted and are presented in

Sierra-Hernandez's Ph.D dissertatitH.

Chemical abbreviations used in this Chapter are:
MeOH (methanol); MeCl (methyl chloride); BUuOH (botd); BuCl (butyl chloride);

BuBr (butyl bromide).

8.1 Materials

Methyl alcohol (CHOH; HPLC grade)n-butyl chloride (GHoCl; ACS certified), and
n-butyl alcohol (GHoOH; ACS certified) were obtained from Fisher Sdignt n-Butyl
bromide (GH¢Br; 99+% purity) was obtained from Acros Organicklethyl chloride
(CHsCI; 99.5% purity, instrument grade) was obtainemhfrScott Specialty Gases, Inc.

(Plumsteadville, PA). Nitrogen was obtained frorexir, Inc. (Danbury, CT).

8.2 Experimental details

Air-water interfaces were analyzed with a broaddvadth SFG spectrometer during
the flow of gas-phase compounds into a closed cbamintaining 24 mL of water in a
Petri dish as shown in Figure 8.1. The SFG spestee acquired for 1 min and
continuously obtained for up to two hours. SFG spewere background-subtracted and
normalized to the nonresonant SFG signal from asGagstal. The effect of evaporation
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was tested during these experiments to ensure pplap of the incident pulses.
Detailed description of the chamber and flow cdndi can be found elsewhef& The
SFG spectra were acquired under the ssp, ppp, psdpslarization combinations.
Infrared energy tests to verify that there werdicieht infrared photons after flowing all
the gas-phase species was performed in the scar8#i®@ system. Details of this
spectrometer can be found in Chapter 2.
Bulk aqueous solutions were analyzed with a &aspectrometer that uses 150 mW

from 532 nm continuous wave laser. An acquisitiometof 3 minutes was used for all

the spectra.

8.3 Results and Discussion

The air-aqueous interfaces after 2 h of flowatkyl halides and alcohols were
analyzed by SFG spectroscopy and their spectrashmvn in Figure 8.2. The
polarization combinations used were ssp, ppp, @sdase shown in Figure 8.2a, 8.2b,
and 8.2c, respectively. The left panels show théhyhespecies, while the right panels
show the butyl species. The presence of CH strmgjcpeaks at the surface of water
clearly indicates the adsorption of MeOH and Bu@Haddition, this indicates that these
alcohol molecules are not completely disorderedréiiter have a preferential orientation
at the interface. Previous molecular dynamicsistudf short chain alcohols at the air-
aqueous interface indicate that the hydroxyl grofithe alcohol hydrogen bonds to the
surface water molecule$®?*° The peak positions of MeOH and BuOH spectra are in

agreement with previously reported studies of morepounds at the interfacg’ 22
109



In contrast, no CH stretching peaks were detkeat the air-aqueous interface after the
flow of the alkyl halide species under any polatiaacombinations (Figure 8.2a-c). This
suggests that alkyl halide species either do nsbrbdto the aqueous surface upon
collision or do adsorb to the agueous surfacehbue a low number density, disordered
interfacial arrangement, very short surface residdime, or some combination of these
phenomena.

Raman spectra were acquired immediately dfterflow of the gas-phase species of
each compound and are shown in Figure 8.3 in theflequency region (Figure 8.3a)
and in the CH stretching region (Figure 8.3b). iguFe 8.3a, a broad peak is observed in
all the spectra at ~800 ¢hand is assigned to vibrational modes from watelemdes.
Additionally in this region, a peak at 710 ¢nis observed and assigned to the C-Cl
stretcH* in the spectrum of MeCl. The presence of a pe#ibated to MeCl in the
spectrum of the bulk aqueous phase is direct evalehat MeCl is taken up into the
aqueous phase from the gas-phase during the flperiexents. No peaks from the C-CI
and C-Br stretches of the butyl species are obderUbkis indicates that unlike MeCl,
these species are not taken up into the aqueokigpbate. This could be attributed to the
low water solubility of these speci€s? A peak at ~1026 cthis observed and assigned
to the C-O symmetric stretching of MeOH. Uptakegas-phase MeOH into the bulk
aqueous phase has been reported previdtsly. Figure 8.3b, CH stretching peaks are
observed only in the Raman spectra after the flbalamhols.

Although MeCl is not detected at the interfdoeing the SFG experiments, the Raman

bulk-phase studies indicate that some interactiothe gas-phase molecules with the
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aqueous interface must occur because uptake of Me@l the gas-phase into the
aqueous phase is observed (Figure 8.2). To exthlage results, several reasons must be
considered including orientation and number densitthe molecules at the surface. In
addition, absorption of the incident infrared lasgeam by the gas-phase molecules
before reaching the surface could lead to a lacE® response. To verify that there
were sufficient infrared photons after flowing dllalides, the infrared energy coming
out of the chamber was measured. This set of axpets was performed on the
scanning SFG system. The infrared beam reflectad & gold mirror was monitored as
the infrared beam was scanned from 2800 to 3106. @&nscan of the empty chamber
was acquired and is shown in Figure 8.4 (initidlere is a relative constant infrared
energy of ~ 18QuJ in this wavenumber range. Then the gas-phasecofmpound was
flowed for approximately an hour and the infrarecrgy was measured from 2800 to
3100 cm'. The chamber was then evacuated with purentil the initial infrared energy
(~ 180pJ) was recovered. Then the same procedure wasvedldor all the compounds
and the results are shown in Figure 8.4.

Several dips are observed in the spectra afatipounds. These dips correspond to
the absorbances (assigned to ;Cehd CH symmetric stretches, GHand CH
asymmetric stretches, and ¢&hd CH Fermi resonances) of the gas-phase molecules of
the alkyl halides and the alcohols. Also, it wasesled that the infrared energy after
MeOH flow was the lowest. From these results, it b@ suggested that the infrared

energy after the alkyl halide flow is sufficientgenerate sum frequency signal.
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Regarding the orientation of the MeCl molecwdéshe water surface, by comparing
electronegativities the C-CI bond in MeCl, it ispexted to be slightly more polar than
the C-H bonds. Therefore it is plausible that th€l®ond might preferentially associate
with the aqueous phase compared to the more hydbapk-H bonds, which would then
be expected to be oriented more toward the vapasghA low number density of
interfacial MeCl could be the result of a low prbbigy of adsorption upon collision, fast
desorption from the surface for those molecule$ dwaadsorb upon collision, or fast
solvation of adsorbed molecules.

Molecular dynamic simulations of a water slathwleCl molecules show that MeCl
is present at the air-water interface and thatatscentration is significantly enhanced in
the interfacial regioA*> Also shown is that unlike MeOH, Me@ioleculesform a rather
dynamic and highly disordered surface layer on wadtke most surprising finding from
these simulations was thah average the MeCl molecules are oriented withGhg
group, rather than the halogen atom towards thenf/&tin brief, despite analogies in
physical and chemical properties between alkyldesliand alcohols, MeCl interacts with
the aqueous surface in a different way and adogiffarent geometry at the air-water
interface than MeOH. In the case of the BuCl an@Bthese molecular dynamic studies
24> showed that similarly to the MeCl, these speciesaalsorbed at the surface, although
no butyl halide molecule was observed to entebtlik liquid region of the water slab. A
low number density due to short residence timdsuofl halides on the surface as well as
the large degree of orientation disorder are likelyoe the cause for the absence of the

SFG signal corresponding to BuCl and BuBr.
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8.4 Conclusions

Adsorption of gas-phase alkyl halides and adt®ho the air-water interface was
studied using surface sensitive vibrational sunguesncy spectroscopy. MeOH and
BuOH are adsorbed into the aqueous solution asaleyeby surface (SFG) and bulk
(Raman) spectroscopies. MeCl, BuCl and BuBr were detected at the air-water
interface, although MeCl was readily observed ie thulk. Orientation (disordered
molecules) and low number density have been invdkedxplain the absence of the
MeCl signal in the SFG spectrum. These findingsléwedy to have consequences for
atmospheric chemistry, in particular for photod@aton of MeCl when adsorbed on an

aerosol surface.
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Chapter 9

Environmental Implications

The research presented in this dissertation wasvatetl by a desire to contribute to
the knowledge on interfacial water organizatioraimospheric marine aerosols, and the
interfacial cell membrane interactions with inhag#lita particles in the lungs. Structure
and chemistry at aqueous interfaces are topicarafd@mental interest, with applications
ranging from heterogeneous reactions in the atneysplio ionic transport across
membranes. Given the complexity of atmospheric laintbgical relevant interfaces in
nature, it is important to design model systemgifgailed experimental investigations of
fundamental interactions. With this in considenatithe work presented here seeks to
advance fundamental understanding of interfaciadbwarganization in the presence of
magnesium and cation-lipid interaction at the a@tev and air-silica interfaces.

The air-aqueous interface of a marine aerosol,dbasehe work presented here, is Cl
and Md" rich. Both ions will be further attracted towatwtsurface as the aerosol loses
water during continental transit. Additionally, thveater surface structure is highly
influenced by the presence of the divalent magmestation, which does not form
contact ion pairs with Cleven at high salt concentration. Becausei<ktloser to the
interface in the presence of Mgthe surface reactivity of the marine boundanetaig

likely enhanced when the aerosol passes over doyginental regions as it is transported
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inland. Also shown is a reduced number of intediacivater molecules as the
concentration of the salt increases, limiting thdace area of water for the adsorption of
gas-phase species.

Water uptake by amorphous silica after the exposuraid RH values is shown. Water
adsorption modifies the optical properties of mahexerosol particles by changing their
size and index of refraction. Also the hydratedae could act as a sink for gas-phase
species (e.g. N£). The removal of these active gas-phase specigdhmae an impact on
the chemistry of the atmosphere.

DPPC headgroups are affected considerably atsiliea surface compared to the
aqueous subphase. This finding may be importarit véspect to the pathogenicity of
silica in pulmonary diseases.

Adsorption and uptake of methanol, butanol and methloride at the water surface is
revealed. Once adsorbed, these compounds havetinatipl to participate in interfacial
processes in the atmosphere. The presence ofdbegmunds at the surface makes them
susceptible to photodissociation and, as descrdiee, will modify the physical and

chemical properties of aerosols.
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Appendix A: IR transmission spectra of liquid sampeks

In the past!” * 2 1¥he ATR-IR spectra were used in place of transmissR
because of difficulties with keeping the requirdmbrs path length of the cell constant.
However, a new method to circumvent this issueyiadquiring the data in transmission
mode (where small path length variations are urtalie) and then normalizing the
spectra to the combination band at ~2200' since this band is insensitive to addition of
ions.256'258

The transmission spectra were obtained by usingectB8im Spotlight 300 FT-IR
Microscope (Perkin Elmer). The sample solutionsewplaced in-between two CaF
windows. A total of 124 scans were acquired forhesample. ATR-FTIR spectra were
acquired in a Thermo Nicolet spectrometer (TherreztEon Corporation, Avantar 370).
128 scans were obtained for each sample. In bp#hdy spectra the resolution was set to
be 4 cnf.

The ATR-IR spectra and IR transmission spectragakaus MgGl solutions of 0.1 M,
0.3M,11M,21M, 3.1Mand 4.7 M in the OH $tleng region are shown in Figure
A.1 and A.2, respectively. The ATR-IR spectra ie tOH stretching region present a

different shape compared to the transmission mpéeta. This is due to a change in

refractive index and the inclusion of the real mdrthe index.
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Figure A.1. a) ATR-IR and b) transmission spectra of aqueog€Msolutions of 0.1 M,
0.3M,1.1M,21M,3.1Mand4.7 M in the OH s$ttgng region. Neat water spectra are
included for reference.
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Appendix B: Determination of the average angle orietation of the

phosphate group of DPPC

An SFG polarization study provides the averagentaigon of a specific moiety given
certain theoretical treatments. Different composemtf 5 are related to the
spectroscopically active components of moleculgengolarizability tensop® by the
average orientation angle of the functional grotfy: '8 3% 135 2%The molecular
symmetry determines the nonzero elementg®f?*® The PQ" moiety on the DPPC
headgroup can be treated as havilig symmetry. Mathcad software was used to
determine the orientation angle of the symmetnetsh of the P® of the phosphate
group of DPPC. For different chemical system thiies of n1, n2, n3 and r should be
modified.

Here are some definitions for some parameters instds program:
»=SFG;wnl=vis;®2=IR

nl is the refractive index of air.
n2 is the refractive index of water.
n3 is the refractive index of interfacial region

nle is the refractive index of air at the wavelengtisBG

n2e is the refractive index of water at the wavelergftlsFG

n3w is the refractive index of interfacial region bétwavelength of SFG
nlwl is the refractive index of air at the wavelengthvistble

n2ml is the refractive index of water at the wavelergjtiisible

n3ml is the refractive index of interfacial region agtwavelength of visible
nle?2 is the refractive index of air at the wavelengthR

n2m?2 is the refractive index of water at the wavelengfttR

n3m?2 is the refractive index of interfacial region aetwavelength of IR

B is the incident angley is the refraction angle
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Bo is the incident angle for SF@ w1 is the Vis incident angl§im?2 is the IR incident angle
vo is the incident angle for SF@1 is the Vis incident anglgi®?2 is the IR incident angle
L is the fresnel factor
% is the 2nd order susceptibility
paac andgiccc are the molecular hyperpolarizability
nlwl:=1 nla? :=1 nlw:=1
actual peak position of the 800 nm
wl:=79!
n2ul :=1.332
actual peak position of the IR cnt
w2 =110
n2u2 :=1.2!
calculated peak position of SFG (nm)
w =731.068
n2w:=1.33

incident angles of 800 nm and IR (degree)

Bul :=53.: Bu2 :=7(

W2lw
180asin = @in| ol B | + L %Ein pueEl-
ol 180) 7 180

Bw:=

Tt

calculated incident angle of SFG (degree)

Bw =54.188

calculated refractive angle of 800 nm (degree)

(—B'“(M%OD

yol = 36.961

yol = 1804
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calculated refractive angle of IR (degree)

asir( n;sﬂz Bin(BmZEIl%Ojj
o2 = 180——1

I
Vo2 = 48.743

calculated refractive angle of SFG (degree)

asi n—MBin Boo[—ln—
v = 1803 n2w 180
' s
yw = 37.537

calculated interfacial refractive index n3 of 800 m

n2m14 + 5|]12m12

4@12.012 +2

n3wl = 1.149

calculated interfacial refractive index n3 of IR

4 2
202 "+ 52w
n3u? = ﬂ—

AMAR° + 2

n3u2 = 1.115

calculated interfacial refractive index n3 of SFG

4 2
n2w + 52w
ndw=|——m
AP + 2
n3w = 1.149
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Fresnel factors for SFG beam

AhiwEoy Yo T
180
Lxow =
nlwod yo F— | + n2wdos BwE— Lo = 1.009
180 180
1Ll
ZDh:ImIItos(BwEllEo)
Y@= T T Lyyw =0.713
nlwlidos BwE— | + n2wldoy yw EF—
180 180
T nlw 2
2h2wldos BwE— —
180/ ) \ n3w
Lzaw:= Lzaw = 0.751
nlwlco wall + n2wldo BmEll
180 180
Fresnel factors for 800 nm beam
Zﬁhluil.@o{yml [—»l%))
Lxwl =
nlolod yol B— | + n2lfdod Bol B Lowl = 1
180 180
zmmmo{ﬁmal%))
Lyywl :=
nlolGog BulE— | + n2wilGod yul B— Lyywl = 0.722
180 180
T nlwl 2
(mmmo{ﬁm%))[é 3@1)
Lzzol := n
Lzzol = 0.758

nlwlitos yol B— | + n2wltod pul G—
180 180
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Fresnel factors for IR beam

2m1m2mo{ym2 [—»1"%)
LxooR =
nl2od yu2 B | + n22eod puE— Loo2 = 1.213
180 180
25111&2@0{5&291%))
Lyyo? :=
nle2tod BuBE | + n2u2itod yu2 B Lyy 2 = 0.586
180 180
m )\ ( nle2 )2
2ha2eoy BuRE—
180) ) { naw2
Lzaw := Lza2 = 0.633

n1a2eod yu2 B | + n2u2tod BuRE—
180 180

The single bond polarizability derivative ratio r is obtained by the
Raman depolarization ratio as follows:

1201
T.=—— cos(t) =-0.5
180 s(0)
f(r) := 3
1+ 292

4+ 2
’ ﬁ(l—r)ztehscos(r)z)]
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f(r)

1 1 1 1
-04 -02 0 0.2 0.4

-.5 r 5

for a f(r) = 0.05°"thenr = 0.24. Ifa=r then

o (1@ = (1= 3cos(t)

= Ra= 1.884
(1+ a + (1 - acos(1)
=2 a Rb= 0.558
[(1+ 3 + (1-acog(1)]
R.= L1+ 39 - (1~ Jicos(r) R =1.221
MV2[(1+ 8 + (1 - @Bos(T)]

orientation angle of@ of phosphate (PQ) group

6:=0,1.9(
Bcee:=1 Ns:=1

For PO, -SS, wherey = 0, the components of are given by

3
._1- Tt _ _ Tt
Xyyz_S§6) = ZENS[BCCC[E(l + R3 EO{OBJEOJ (1 Rb)Etos(eElﬁ)) }

3

1 Tt T

zy SY0) ;= —[NsPBccel{l — Rl co§ 6+— | — cog 6F—
Xyzy_SY6) > (Beeeld )EE { 180) {BJJ
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XXz is equal toyyyz andyxzx is equal toyyzy andyzxx is equal toyzyy

3

e T

zzz. S :=Ns[BcccIRbtog 6-— | + (1 - Rb[dog B8F—
Xzzz_S®) ® % { 180) ( ) { 180)}

Normalization to the Fresnel factors to estimatgeffective
xeffective_ssp_S0) :=Lyy oolILyywlDlzzuZBin( BuR Blngoj Dyyz_SS6)

: m 1l . TI
xeffective, ppR,. $$0) = ~LowllxowllzaR(éos BwE— |dos BulE— (Binl BuRE— z _SY0
) P 180 P 180 P 180 Ryz_S0)

n n n
- Lowlzzoldlxxdoy BwE— |B8in| BwlE— |[Bos BuREF— zy SY6
( {B 180) (B 180) {B 180)|§ky Y-S ))
T m T
+ Lzz2odlxxl Axx28in| BwE— |[Bos PuwlEF— |[Bos BuREF— zy SY0
oo Pl Jooo suei Jooey s
1 n n
+Lzallzzal Mz 8in| BwE— |(B8in| BulE— |[B8in| BuRE— |Xzzz_ S
(B 180) (B 180) (B 180)Bt —S%)
xeffective_sps_S®80) := Lyy wllzanlMlyy mZBin( Boil Bl%o) Dyzy_SS0)

x2ssp_S%0) := (| xeffective_ssp_S9)| )2

X2ppp_S%6) := (| xeffective_ppp_S$6)| )*

x2sps_S%0) := (| xeffective_sps_S$9)| )2
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0.1
X2ssp_S%$0)

X2ppp_S©)

X2sps_S$0)
0.05
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o |
X2ssp_S%0)
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