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ABSTRACT 

 

 

As interfaces between various phases of matter are ubiquitous in the environment, 

the chemistry that occurs at these interfaces is of great interest and importance.  In these 

studies, vibrational sum frequency generation (VSFG) spectroscopy is used to selectively 

probe the interfacial molecules of atmospherically relevant model systems.  Pure and 

mixed fatty acid and phospholipid monolayers at the air-aqueous interface are used as a 

model for the fat-coat found on the surface of some naturally occurring atmospheric 

aerosols.  Phase segregation is observed in a 1:1 mixture of oleic and palmitic acids, and 

the oleic acid molecules are observed to influence the structure of the palmitic acid 

molecules that are in close association.  In addition, the soluble surfactant sodium 

dodecyl sulfate, a model for more hydrophilic surfactants found in the aqueous aerosol 

core, is observed to compete with the molecules of an insoluble lipid film for surface sites 

at the air-aqueous interface.  Increased conformational ordering of the acyl chains of the 

lipid molecules is observed in the mixed system.  The results of these studies indicate that 

the molecular composition of both the aerosol surface and the aqueous core can affect the 

surface structure of the aerosol, which has the potential to affect the processing of the 

aerosol in the atmosphere.  Additionally, the adsorption and uptake of gas-phase alkyl 

halide and alcohol molecules by aqueous surfaces are studied due to their potential to 
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participate in atmospheric interfacial chemistry.  Although the alcohols studied are 

observed at the air-aqueous interface, a convolution of residence time, number density, 

and orientation prevent the alkyl halide molecules from being detected at the aqueous 

surface with VSFG.  Nonetheless, bulk phase analysis using Raman spectroscopy 

indicates that methyl chloride is taken up into the bulk aqueous phase from the gas phase. 
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CHAPTER 1
 

 
INTRODUCTION 

 
 
 
 
 Heterogeneous chemical processes have been recognized to play important roles 

in the chemistry of our atmosphere.1  Interfacial chemistry is especially important in the 

atmosphere due to the abundance of surfaces available for interaction with gas-phase 

molecules, including the surfaces of aerosols (biogenic and anthropogenic), the open 

ocean, fog and rain droplets, and the quasi-liquid layer of ice.  Despite the importance of 

such processes and the abundance of surfaces available to support their occurrence, 

atmospheric processes that occur at the interface between two phases are generally less 

well characterized than those that occur in a single phase.   

 The importance of heterogeneous atmospheric processes has been demonstrated 

previously.1  For example, evidence exists for the formation of a surface complex 

(OH…Cl-) during the production of gas-phase molecular chlorine from interfacial 

aqueous Cl- and gas-phase OH.2  In this case, single-phase reactions alone were unable to 

account for the experimentally observed production of molecular chlorine, and inclusion 

of the interfacial processes was necessary to make the model predictions consistent with 

the experimental observations. 
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 Without doubt, single-phase chemical reactions are extremely important in 

describing atmospheric processes.  However, such reactions cannot adequately account 

for all of the chemistry in our atmosphere, and important heterogeneous reactions must 

also be taken into account.  In practice, accounting for interfacial chemistry can prove to 

be a challenging task due to the complex nature of most naturally occurring surfaces in 

contact with the atmosphere. 

 For example, insoluble long-chain hydrocarbons with polar headgroups form 

films at the surface of aqueous aerosols in an inverse micelle configuration, in which the 

polar headgroups associate with the aqueous subphase and the non-polar hydrocarbon 

tails are oriented toward the gaseous atmosphere.3,4  Such surfactant films may have 

important effects on atmospheric processes, such as the uptake of species from the 

atmosphere and the evaporation of water from the aqueous aerosol core.3-10  The 

molecules that comprise these films have a wide variety of sizes and physical 

conformations, and the interactions between the molecules residing at the interface will 

play a large role in how these films interact with their environment and how the aerosols 

are processed in the atmosphere.  Thus, a fundamental understanding of the structure of 

the molecules residing at such interfaces is a critical first step in understanding the 

physical and chemical phenomena that occur there. 

 Characterizing the interactions between the molecules residing at an interface is 

as important as characterizing the interactions between the interfacial and bulk phase 

molecules as the bulk phase molecules move into the interface.  Thus, the studies 

presented in this thesis are investigations of model systems of atmospherically relevant 
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interfaces.  The experiments presented in Chapter 3 probe the structure and interactions 

of surfactant molecules residing at the air-aqueous interface as a fundamental study to 

understand the surfaces of fat-coated aerosols.  The experiments presented in Chapter 4 

probe the interactions of interfacial surfactants with a soluble surfactant introduced to the 

bulk aqueous phase.  Finally, the experiments presented in Chapter 5 probe the 

interactions of gas-phase molecules with the aqueous surface as the gas-phase molecules 

are taken up into the aqueous bulk phase.  The spectroscopic technique of vibrational sum 

frequency generation (VSFG) spectroscopy, described in detail in Chapter 2, is used to 

selectively study the molecules at the air-aqueous interfaces in the following 

investigations. 
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CHAPTER 2 

 

VIBRATIONAL SUM FREQUENCY GENERATION 

 

 

2.1 Vibrational Sum Frequency Generation Theory 

 Detailed theoretical descriptions of the sum frequency process are available in the 

literature.11-15  Only a brief description of this spectroscopic technique is presented here.  

Vibrational sum frequency generation (VSFG) is a second-order nonlinear optical 

technique that provides vibrational spectra of interfacial molecules.  In VSFG, a coherent 

sum frequency beam is generated by spatially and temporally overlapping a visible beam 

with an infrared beam at a sample surface.  The resulting sum frequency beam has a 

frequency, 

! 

"
SFG

, that is the sum of the frequencies of the two incident beams, 

! 

"
VIS

 and 

! 

"
IR

 (equation 2.1). 

! 

"
SFG

="
VIS

+"
IR

             (2.1) 

 Both reflected and transmitted sum frequency beams are generated.  Conservation 

of momentum and phase matching considerations dictate that the reflected sum frequency 

beam occurs at the angle predicted by equation 2.2. 

! 

n
SF
k
SF
sin"

SF
= n

VIS
k
VIS
sin"

VIS
± n

IR
k
IR
sin"

IR
          (2.2) 
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In this equation, n is the index of refraction of the medium through which the indicated 

beam travels, k is the wave vector of the beam and is equal to ω/c (ω is the relevant 

frequency and c is the speed of light in vacuum), and θ is the angle of the indicated beam 

to the surface normal.  The addition sign is appropriate for experimental geometries 

utilizing co-propagating visible and infrared beams, whereas the subtraction sign is 

appropriate for counter-propagating beam geometries.  

 The detected sum frequency signal originates from the molecules residing at the 

interface between two isotropic bulk phases and provides molecular-level structural 

information of these molecules.  Polarization analysis of the sum frequency signal aids in 

spectral interpretation.  Being an optical technique, VSFG can be used for a wide range 

of pressures and is useful for investigations of liquid samples that often cannot be studied 

using high vacuum surface science techniques.  The following experiments are 

investigations of the air-liquid interface, and, therefore, provide vibrational spectra of 

molecules adsorbed to liquid surfaces at atmospheric pressure.   

 The intensity of the sum frequency signal is shown in equation 2.3. 

! 

I
"
SFG (")# E

"
SFG $ % (2) : E"

VIS E
"
IR

2

I
"
VIS I

"
IR            (2.3) 

! 

I
"
SFG , 

! 

I
"
VIS , and 

! 

I
"
IR  are the intensities of the exigent sum frequency, incident visible, and 

incident infrared beams, respectively, 

! 

" (2) is the macroscopic second-order nonlinear 

susceptibility tensor for the interfacial molecules, and the absolute square term is the 

electric field at the interface, where the indicated 

! 

E  terms include Fresnel factors that 

describe the relationship between the induced nonlinear polarization of the interface and 
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both the incoming beams and the generated sum frequency beam.  Detailed mathematical 

representations of the Fresnel factors can be found in the literature.11,14-16   

 

! 

" (2) is comprised of a nonresonant term and a sum of resonant terms (equation 

2.4). 

! 

" (2)
2

= "
NR

(2)
+ "

v

(2)

v

#
2

            (2.4) 

The general description of a single resonant component of 

! 

" (2) corresponding to the 

! 

v  

vibrational mode is presented in equation 2.5. 

! 

"
v

(2) #
A
v

$
IR
%$

v
+ i&

v

                        (2.5) 

! 

A"  is the strength of the sum frequency transition moment of the 

! 

v  vibrational mode and 

includes both the Raman and infrared transition moments of the vibration, 

! 

"
v
 is the 

center frequency of the transition, and Γ is the natural line-width of the transition.  When 

the frequency of the incident infrared beam approaches the frequency of the vibrational 

transition, 

! 

"
IR
#"

v
 approaches zero and the value of 

! 

"
v

(2) increases, resulting in an 

increase in the intensity of the sum frequency signal (refer to equation 2.3).  Figure 2.1 

shows the energy level diagram for the sum frequency process, which is considered to be 

anti-Stokes Raman scattering off of a vibrationally excited state.  VSFG provides 

vibrational spectra that are up-shifted into the visible region of the spectrum by the sum 

frequency process, providing a clear experimental advantage over other vibrational 

spectroscopies that require the use of less sensitive infrared detection schemes.   
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! 

"
v

(2) is a third-rank tensor with 27 individual elements.  Thus, to be rigorously 

accurate in notation, the resonant components must be denoted as 

! 

"
IJK ,v

(2) , where I, J, and 

K each represent a Cartesian coordinate (x, y, or z) in the laboratory reference frame.  

Equation 2.6 shows the relationship between the sum frequency signal (via 

! 

"
IJK ,v

(2) ) and 

both the number density and the orientation of the interfacial molecules. 

! 

"
IJK ,v

(2)
= N#$

IJK ,v
%              (2.6) 

N represents the number density of the surface species, 

! 

"
IJK ,v

 represents the molecular 

hyperpolarizability for the 

! 

v  vibrational mode in the laboratory reference frame, and !"K  

represents an average over the orientational distribution of the molecules.  The 

orientation angle of a molecule from the surface normal can be determined 

experimentally, and one method for this calculation is discussed in detail in Chapter 4. 

An Euler angle transformation, denoted 

! 

µ
IJK :lmn

 in equation 2.7, is used to convert 

between the laboratory reference frame and the molecular reference frame (denoted by 

the subscripts l, m, and n). 

! 

"
IJK ,v

= µ
IJK :lmn

lmn

# "
lmn,v

             (2.7) 

The mathematical representation of the molecular hyperpolarizability in the molecular 

reference frame (equation 2.8) explicitly illustrates the selection rules for the sum 

frequency process. 

! 

"lmn,v =
#g$ lm v%#vµn g%

& IR '&v + i(v
            (2.8) 

In this representation, 

! 

g" lm v  is the Raman transition moment, and 

! 

v µn g  is the 

infrared transition moment, where g is the ground vibrational state and ν is the excited 
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vibrational state.  The molecular hyperpolarizability is nonzero only when the Raman and 

infrared transition moments are nonzero.  Thus, a vibrational mode must be both Raman 

and infrared active in order for the vibration to be sum frequency active.   

 In addition to these selection rules, a lack of inversion symmetry is required for 

VSFG to be allowed, which is the basis for the interface selectivity of VSFG.  An 

investigation of the Raman and infrared transition moments elucidates this final selection 

rule for VSFG activity.17  The electric dipole moment is a vector with three components, 

! 

µ
x
, 

! 

µy , and 

! 

µ
z
 (equation 2.9).   

!
!
!

"

#

$
$
$

%

&

=

z

y

x

µ

µ

µ

µ               (2.9) 

Each component corresponds to one of the three Cartesian coordinates (in the molecular 

reference frame) and has the same symmetry as the corresponding translation (x, y, or z).  

A vibration is infrared active if any of the components of the dipole moment change 

during the vibration.  The polarizability of a molecule is a second-rank tensor with nine 

components and is a measure of the ability of an applied electric field to induce an 

electric dipole moment in the molecule.  An applied electric field along a given axis can 

induce a dipole having any of the components 

! 

µ
x
, 

! 

µy , and 

! 

µ
z
 (equation 2.10). 

!
!
!

"

#

$
$
$

%

&

!
!
!

"

#

$
$
$

%

&

=

!
!
!

"

#

$
$
$

%

&

z

y

x

zzzyzx

yzyyyx

xzxyxx

z

y

x

E

E

E

'''

'''

'''

µ

µ

µ

         (2.10) 

Thus, a field applied along the x-axis can induce a dipole along the x-, y-, and z-axes.  In 

equation 2.10, 

! 

µ
r
 corresponds to the dipole moment induced along the r–axis and Er 
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corresponds to an applied electric field along the r–axis.  The polarizability tensor is 

symmetric with the result that αxy = αyx, αxz = αzx, and αyz = αzy.  The six unique 

components of the polarizability tensor, αxx, αxy, αxz, αyy, αyz, and αzz, have the 

symmetries xx, xy, xz, yy, yz, and zz (or a linear combination of these).  A vibration is 

Raman active if any of the components of the polarizability change during the vibration. 

 Because the components of µ have the same symmetry as the translations x, y, 

and z, they have odd parity under inversion (i.e., they change sign under inversion).  

However, the components of α transform as quadratics and have even parity since they 

are equivalent before and after inversion.  Because a vibrational state cannot 

simultaneously have odd and even parity, a lack of inversion symmetry is necessary for a 

vibration to be simultaneously infrared and Raman active and, therefore, sum frequency 

active.  This requirement must also be satisfied macroscopically because 

! 

"
IJK ,v

(2)  is a 

macroscopic orientational average of the molecular hyperpolarizabilities (equation 2.6).  

 Macroscopically, the requirement is fulfilled at interfaces between two isotropic 

bulk phases.  Sum frequency generation is forbidden in bulk phases where the molecules 

experience a centrosymmetric environment.  The molecules residing at the interface 

between these two isotropic bulk phases experience a non-centrosymmetric environment 

and are sum frequency active by this selection rule.  The unique requirement for both 

Raman and infrared activity, in combination with the requirement for a lack of inversion 

symmetry, is the basis for the interface-specificity of VSFG. 

 Symmetry constraints reduce the number of non-zero components of 

! 

"
IJK ,v

(2)  to 

only seven: 

! 

"
zxx,v

(2) , 

! 

" zyy,v

(2) , 

! 

"
xzx,v

(2) , 

! 

"yzy,v

(2) , 

! 

"
xxz,v

(2) , 

! 

"yyz,v

(2) , and 

! 

"
zzz,v

(2) .  Only non-zero components 
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can contribute to the sum frequency signal and are determined by defining the z-axis to 

be parallel to the surface normal and by assuming that the surface plane (i.e., the x-y 

plane) is isotropic.  Complete details of the symmetry restrictions at the surface can be 

found elsewhere.14,15  Because the x- and y-axes are equivalent for an isotropic surface, 

! 

" zxx,v

(2) # " zyy,v

(2) , 

! 

"xzx,v

(2) # "yzy,v

(2) , and 

! 

"xxz,v

(2) # "yyz,v

(2) .  The four unique components of the 

macroscopic susceptibility are probed experimentally by using different polarization 

combinations of the three beams (listed in the order: SFG, VIS, IR).  The electric field is 

perpendicular to the plane of incidence (the plane containing the surface normal and the 

incident beams) for S-polarized light and is parallel to the plane of incidence for P-

polarized light.  When the x-axis is in the incident plane, S-polarized light has only a y-

component in the laboratory reference frame, and P-polarized light has both x- and z-

components, as shown in Figure 2.2.  Thus, 

! 

"yyz,v

(2)  is probed by SSP polarization 

combination (S-polarized SFG, S-polarized VIS, P-polarized IR), 

! 

"yzy,v

(2)  is probed by SPS 

polarization combination (S-polarized SFG, P-polarized VIS, S-polarized IR), 

! 

" zyy,v

(2)  is 

probed by PSS polarization combination (P-polarized SFG, S-polarized VIS, S-polarized 

IR), and 

! 

"
xxz,v

(2) , 

! 

"
xzx,v

(2) , 

! 

"
zxx,v

(2) , and 

! 

"
zzz,v

(2)  are probed by PPP polarization combination (P-

polarized SFG, P-polarized VIS, P-polarized IR).  The first two subscripts of 

! 

"
IJK ,v

(2)  are 

interchangeable because they refer to the Raman process.  Thus, 

! 

"yzy,v

(2)  and 

! 

" zyy,v

(2)  are 

equivalent, and SPS and PSS polarization combinations provide similar spectra (the only 

difference is in the associated Fresnel factors).  Experimentally, only SSP, SPS, and PPP 

polarization combinations are used in the following studies. 
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2.2 Broad Bandwidth Sum Frequency Generation Instrumentation 

 Complete descriptions of the broad bandwidth sum frequency generation 

(BBSFG) spectrometer employed in the following experiments can be found elsewhere.18  

A brief description is provided here, and a diagram of the instrument is shown in Figure 

2.3.  The BBSFG system uses two regenerative amplifiers (Spectra-Physics Spitfire, 

femtosecond and picosecond versions) to produce fs and ps visible pulsed laser beams 

with 1 kHz repetition rates.  Each regenerative amplifier is seeded by half of the output 

from a mode-locked Ti:Sapphire laser (Spectra-Physics Tsunami) and is pumped by a Q-

switched all solid-state Nd:YLF laser (Spectra-Physics Evolution-30). The Ti:Sapphire 

oscillator has an output centered at 800 nm with a bandwidth of approximately 350 cm-1 

(82 MHz repetition rate, sub-50 fs pulse duration) and is pumped by 4.7 W of power from 

a diode-pumped continuous wave Nd:YVO4 laser (Spectra-Physics Millennia Vs).  The 

1064 nm output from the lasing transition in the Millennia Vs is frequency doubled to 

532 nm using an intra-cavity LBO crystal.  The Evolution-30 laser is also intra-cavity 

frequency doubled using an LBO crystal, resulting in 20 W of 527 nm output (1 kHz 

repetition rate) that is used to pump the Ti:Sapphire rods in the femtosecond (8 W) and 

picosecond (12 W) regenerative amplifiers. 

 The regenerative amplifiers produce pulses of high peak power (1 kHz repetition 

rate) by stretching the seed pulses from the Tsunami by positive chirping, amplifying the 

stretched pulses in the resonator cavity, and then compressing the amplified pulses upon 

cavity dumping.  The output of the picosecond regenerative amplifier is a narrow 

bandwidth visible beam (800 nm center wavelength, 15 cm-1 bandwidth, 2 ps pulse 
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duration)18 that is used for the sum frequency process.  The output of the femtosecond 

regenerative amplifier is a broad bandwidth visible beam (800 nm center wavelength, 

~300 cm-1 bandwidth, 85 fs pulse duration)18 that is used in an optical parametric 

amplifier (Spectra-Physics OPA-800CF) to generate the broad bandwidth infrared pulses 

that are used for sum frequency generation.  In the OPA, nonlinear processes in a β-

barium borate (BBO) crystal produce signal and idler beams that subsequently undergo 

difference frequency mixing in a AgGaS2 crystal to produce a broad bandwidth infrared 

beam.  The wavelength of the infrared output is selected by angle tuning the BBO crystal.  

The spectral bandwidth of the infrared beam is >300 cm-1 in both the C-H and C-D 

stretching regions probed in these experiments.    

 Mirrors direct the picosecond visible and femtosecond infrared beams through 

polarization optics and focusing lenses to the sample surface where they are spatially and 

temporally overlapped.  The infrared beam is focused onto the sample surface using a bi-

convex BaF2 lens (125 mm focal length at 4µm), and a MgF2 window is used for 

polarization selection.  The visible beam is focused slightly beyond the sample surface 

using a 500 mm focal length lens to prevent the sample from being damaged by the high 

power at the focal point.  A half-wave plate is used in combination with a Glan polarizer 

in the visible beam line for power attenuation, and a second half-wave plate is used for 

polarization selection.  Temporal overlap of the beams at the sample surface is achieved 

by adjusting a delay stage in the visible beam line.  Spatial and temporal overlap of the 

narrow bandwidth picosecond visible and broad bandwidth femtosecond infrared beams 

generates the broad bandwidth sum frequency beam (>300 cm-1 in both C-H and C-D 
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stretching regions).  This broad bandwidth technique generates a full vibrational spectrum 

from each laser pulse.  Because large signal-to-noise ratios can be achieved in seconds, 

dynamic surface processes can be monitored with this instrument, such as the phase 

transitions during the compression of lipid monolayers at the air-water interface. 

 A co-propagating geometry is used for the visible and infrared beams, and the 

reflected sum frequency beam is detected (Figure 2.4).  The angles of the infrared, 

visible, and sum frequency beams from the surface normal are 71°, 58°, and 60°, 

respectively.  The reflected visible beam is spatially filtered after the sample, and all 

residual light is optically filtered by three short pass (SPF-750, CVI, Albuquerque, NM) 

and two notch (Kaiser Optical Systems, Inc., Ann Arbor, MI) filters positioned in the sum 

frequency beam line.  The reflected sum frequency beam subsequently passes through a 

Glan polarizer, used for polarization selection, and a 75 mm focal length lens that focuses 

the beam onto the slit of a 500 mm monochromator (Acton Research, SpectraPro SP-

500).  The sum frequency beam is dispersed by a 1200 g/mm grating blazed at 750 nm in 

the monochromator and then detected by a liquid nitrogen-cooled CCD (Roper Scientific, 

LN 400EB, back-illuminated, 1340 x 400 pixel array).  The monochromator is controlled 

using SpectraSense software (Acton Research, version 4.4.0) and is calibrated using the 

435.83 nm peak of fluorescent light.  The resolution of the BBSFG system is 

approximately 8 cm-1. 19 

 Sum frequency peak positions are calibrated in the C-H stretching region using 

the absorption bands of a polystyrene film positioned in the infrared beam line during 

acquisition of a sum frequency spectrum of a GaAs crystal.  In the C-D stretching region, 
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sum frequency peak positions are calibrated using the absorption bands of ambient CO2 

vapor.  Background spectra are acquired for each sample by adjusting the delay stage in 

the visible line to disrupt the temporal overlap of the beams, and the background-

subtracted sum frequency spectra are normalized to the nonresonant signal from a GaAs 

crystal surface.  Igor software (Wavemetrics, Inc., version 3.1) is used to plot and fit the 

sum frequency data.  The sum frequency spectra presented in this thesis are plots of the 

sum frequency intensity versus the incident infrared frequency. 
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Figure 2.1.  Energy level diagram for the sum frequency process.  

! 

g  is the ground state, 

! 

v  is a vibrationally excited state, and 

! 

s  is a virtual state that is far from an electronic 
state of the molecule. 
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Figure 2.2.  S- and P- polarized electric field vectors for incident and reflected beams.  S-
polarized light has only a y-component when the plane of incidence is the x-z plane, 
shown here as the plane of the page.  P-polarized light has both x- and z-components in 
this reference frame. 
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Figure 2.3.  Broad bandwidth sum frequency generation system: (a) Nd:YVO4 laser, (b) 
Ti:Sapphire laser, (c) Nd:YLF laser, (d) femtosecond regenerative amplifier, (e) 
picosecond regenerative amplifier, (f) optical parametric amplifier, (g) sample stage, (h) 
monochromator, and (i) CCD.  Beam paths shown are representations only and 
correspond to: orange-fs visible, red-ps visible, black-fs infrared, and purple-sum 
frequency. 
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Figure 2.4.  Co-propagating beam geometry used for sum frequency experiments.  Spatial 
and temporal overlap of the visible (red) and infrared (purple) beams at the sample 
surface is necessary for generation of the sum frequency beam (orange).  The reflected 
sum frequency beam is detected in these experiments. 
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CHAPTER 3 

 

PURE AND MIXED FATTY ACID AND PHOSPHOLIPID MONOLAYERS 

 

 

 For several years, it has been recognized that organic surfactant-like molecules 

may play an important role in the chemistry of atmospheric aerosols.3,4,20  These 

surfactant species are long-chain hydrocarbons attached to various functional groups, 

including sulfates, phosphates, alcohols, and carboxylic acids, among others.  The 

naturally occurring fat coat found on the surfaces of atmospheric aerosols is believed to 

play a major role in the processing of these aerosols in the atmosphere.3,4,9,20  Because of 

the wide variety of organic surfactants that are believed to exist in atmospheric aerosols, 

a fundamental understanding of the structures and interactions of various surfactant 

species at aqueous surfaces is necessary to understand the processing of such aerosols in 

the atmosphere.   

 In the experiments presented here, a Langmuir trough is coupled with the VSFG 

system to obtain both spectroscopic and thermodynamic data of pure and mixed insoluble 

monolayers at the air-water interface during isothermal compression.  Pure and mixed 

fatty acid systems are compared with the corresponding phosphocholine.  Noting their 

prevalence in naturally occurring atmospheric aerosols,21-23 fatty acids and 
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phosphocholines with palmitoyl and oleoyl chains are studied.  The palmitoyl chain is a 

fully saturated C16 acyl chain, and the oleoyl chain is a singly unsaturated C18 acyl chain 

with a cis double bond between carbons 9 and 10, as depicted in the top panel of Figure 

3.1.  The R-groups on the acyl chains are either a single hydrogen atom, making the 

species a fatty acid, or one of the positions on a phosphocholine headgroup, also shown 

in Figure 3.1.  The R-groups attached to the phosphocholine headgroup can be either the 

same acyl chain or two different chains, resulting in an asymmetric phosphocholine.  

Studies of the mixed acyl chains both as fatty acids (palmitic and oleic acids) and as the 

acyl chains attached to a single phosphocholine headgroup (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine), as shown in Figure 3.1, are presented.  Pure monolayers of 

the fatty acids and the corresponding symmetric phosphocholines are also studied.    

3.1 Materials 

 Solutions of oleic acid (OA), palmitic acid (PA), palmitic acid with a deuterated 

acyl chain (PA-d31), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine with deuterated acyl chains (DPPC-d62), and 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine with a deuterated palmitoyl chain 

(POPC-d31) were prepared in chloroform (99.8%, Sigma-Aldrich).  Oleic acid (99%) 

was obtained from Sigma-Aldrich, palmitic acid (99%) was obtained from Aldrich, and 

palmitic acid-d31 (98%) was obtained from Cambridge Isotope Laboratories, Inc. 

(Andover, MA).  DOPC (99%), DPPC-d62 (98%), and POPC-d31 (98%) were obtained 

from Avanti Polar Lipids, Inc. (Alabaster, AL).  All chemicals were used as received.  

Structures of these species are depicted in Figure 3.1.  Solutions of 1:1 oleic acid:palmitic 
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acid-d31 and of 1:1 palmitic acid:palmitic acid-d31 were prepared from the fatty acid 

solutions.  Monolayers were spread on deionized water with a resistivity of 18.3 MΩ-cm 

(Barnstead Nanopure).  

3.2 Experimental Method 

 In this study, the optical parametric amplifier was tuned so that the infrared light 

was centered at either 2900 cm-1 to cover the C-H stretching region of the acyl chain of 

oleic acid or 2100 cm-1 to cover the C-D stretching region of the deuterated acyl chain of 

palmitic acid and had a spectral bandwidth of ~400 cm-1 in both of these regions.  Taking 

advantage of the different vibrational frequencies of deuterated acyl chains from their 

protiated counterparts allows the study of mixed monolayer systems.  In this study, the 

palmitoyl acyl chains probed are deuterated, and the oleoyl acyl chains probed are 

protiated.   

 The input energy to the sample surface was 300 μJ/pulse from the visible beam 

and 8 μJ/pulse from the infrared beam.  BBSFG data reported in this work were recorded 

in the SSP polarization combination (S-polarized SFG, S-polarized visible, P-polarized 

infrared).  All spectra are background-subtracted and normalized to the nonresonant 

VSFG signal produced from a GaAs crystal.  Peak frequencies are reported as the 

observed frequencies, not from spectral fits. 

 Surface pressure-area isotherms were obtained with a low-volume Langmuir 

trough (KSV Instruments Limited Minitrough) equipped with two Delrin barriers used to 

symmetrically compress the film.  The surface pressure was monitored during film 

compression using a Wilhelmy plate made of filter paper.  The aqueous subphase was 
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replaced after each experiment.  A measured volume of lipid solution was spread on 

deionized water with the barriers in the open position using a 50-μL Hamilton syringe.  

Ten minutes elapsed before isothermal compression to allow the chloroform solvent to 

evaporate.  The barriers were compressed at a rate of 5 mm/minute.  Isothermal 

compression data for the pure and mixed monolayers are depicted in Figure 3.2.  BBSFG 

spectra, averaged for 30 seconds of data acquisition, were taken concurrently with 

isotherm compression data.  All experiments were conducted at room temperature (23°C) 

and at atmospheric pressure.  All isotherms were obtained at least 3 times to ensure 

reproducibility.  The Langmuir trough was placed in a box, which was continuously 

purged with nitrogen, in order to inhibit the oxidation of the oleoyl chains with ambient 

ozone.24 

3.3 Results and Discussion 

 In this study, the Langmuir trough was coupled with the BBSFG experiment to 

take concurrent thermodynamic and spectroscopic data of the monolayer. The isotherms 

shown in Figure 3.2 are typical for the lipids studied.25  Data were collected to the point 

just before film collapse.  The data have been normalized by plotting the isotherms as the 

surface pressure versus the mean area per chain, since the phosphocholine species have 

two acyl chains per molecule and the fatty acids have only one.  The top panel of Figure 

3.2 is isothermal compression data of a PA-d31 monolayer.  Phase transitions occur as 

the PA-d31 monolayer transitions from the gas-condensed coexistence region to the tilted 

condensed phase at mean chain area of 25 Å2 and then from the tilted condensed phase to 

the untilted condensed phase at a mean chain area of 18 Å2, as is consistent with 
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previously published palmitic acid isotherms.26  The second isotherm in Figure 3.2 is the 

isotherm for DPPC-d62, the corresponding phosphocholine to PA-d31.  This 

phosphocholine is comprised of two palmitoyl chains attached to a single phosphocholine 

headgroup, as pictured in Figure 3.1.  The differences between the isotherms of the fatty 

acid and the phosphocholine show the difference in the phase behavior of the materials, 

where the DPPC-d62 monolayer is in the gas-liquid coexistence region before 

undergoing a first-order phase transition at 47 Å2/chain.  The monolayer is then in the 

liquid expanded phase before entering the liquid expanded-tilted condensed coexistence 

region at 31 Å2/chain and then finally undergoing another first-order phase transition to 

the tilted condensed phase at 24 Å2/chain.   The differences in the phase behavior are 

attributed to the effects of the headgroup, since the acyl chains of the fatty acid and 

phosphocholine are identical.  The phosphocholine headgroup also allows the monolayer 

to be compressed to a higher surface pressure before film collapse, as evidenced in the 

isothermal compression data. 

 BBSFG data was taken concurrently with the isothermal compressions.  The 

isotherms for the PA-d31 and DPPC-d62 are replotted in Figures 3.3 and 3.4, 

respectively.  The spectra demonstrate how this surface-specific technique can be used to 

monitor phase changes in the monolayers.  The labels correspond to the points in the 

isotherm where the spectra were taken.  Both Figures 3.3a and 3.4a are spectra taken after 

the lipid was spread but before compression of the barriers began.  At this point, the acyl 

chains in the monolayer are both dispersed and disordered and, therefore, not satisfying 

the requirements for number density or overall orientation for a detectable VSFG signal.  
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As the monolayers are compressed, the number density in the spot where the beams are 

overlapped increases.  More importantly, however, is that as the monolayers undergo 

phase transitions, the overall order in the monolayer changes, meeting the requirement for 

net orientation of the acyl chains.  An increase in the number density and the orientation 

leads to an increase in the VSFG signal from the monolayer.  The peaks in the VSFG 

spectra in these figures are attributed to the CD3 symmetric stretch (SS; 2066 cm-1), the 

CD2 SS (2096 cm-1), the CD3 Fermi resonance (FR; 2121 cm-1), the CD2 asymmetric 

stretch (AS; 2198 cm-1), and the CD3 AS (2217 cm-1), following assignments made by 

Yang et al.27  In the final frame for each of the figures (3.3c and 3.4e), the SSP-

polarization VSFG peaks from the CD2 SS and CD2AS are absent, indicating that the acyl 

chains are free of gauche defects with CD2 vibrational signals being canceled through 

inversion symmetry.28,29  The CD2 peaks are, however, evident in the spectra of the 

monolayers when in less ordered states.  The presence of these peaks in Figures 3.3b, 

3.4b, and 3.4c is evidence of gauche defects in the acyl chains.29 

 The OA isotherm presented in the third panel of Figure 3.2 is also consistent with 

previously published isotherms and shows the liquid-gas coexistence region above the 

first-order phase transition at 51 Å2/chain, the liquid phase region from 28 to 51 Å2/chain, 

and the film-collapse occurring at 28 Å2/chain.25,30  VSFG spectra are presented in Figure 

3.5 with the peaks present in the OA monolayer spectra attributed to the CH2 SS (2846 

cm-1), the CH3 SS (2876 cm-1), the CH2 FR (2923 cm-1), the CH3 FR (2941 cm-1), and the 

olefinic (=CH) stretch at the carbon-carbon double bond (3014 cm-1), following 

assignments and arguments made by Wang and co-workers.31  The isothermal 
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compression data and BBSFG data are also consistent with previously published results 

from the Allen group,24 where the intensity of the CH3 SS is the highest intensity peak 

when the monolayer is in the most ordered, fully compressed state. 

 The fourth panel of Figure 3.2 is the isotherm for DOPC, the corresponding 

phosphocholine to OA with two oleoyl chains attached to a single headgroup.  As in the 

OA isotherm, the DOPC isotherm shows a single phase transition from the gas-liquid 

coexistence region to the liquid phase at 59 Å2/chain. This phase transition is shifted to 

the right on the isotherm compared to the OA isotherm, once again indicating that the 

difference in the headgroup is affecting the phase behavior of the monolayer.  Figure 3.6 

is the concurrent isothermal compression and BBSFG data for the DOPC monolayer.  

The increase in VSFG intensity between 2925 and 2975 cm-1 is attributed to the C-H 

stretching from the phosphocholine head group, as demonstrated in the VSFG spectra of 

the C-H stretching region for a DPPC-d62 monolayer presented in Figure 3.7.  In this 

spectrum, the C-D stretching from the acyl chains is not present due to the difference in 

frequency of the C-D stretching region from the C-H stretching region, and the signal 

comes solely from the protiated headgroup.  The peaks present are the CH2 SS at 2912 

cm-1, the CH2 AS at 2950 cm-1, and the choline (N-CH3) SS occurring at 2974 cm-1. 32  The 

difference in the peak intensity ratio between the CH3 SS and CH2 SS from the acyl chain 

in the fully compressed OA monolayer compared to the DOPC monolayer indicates that 

the oleoyl chains in the DOPC monolayer are in a more disordered state than those in the 

OA monolayer.24  Both the isotherm and the spectroscopic data show how changing the 



 26 

headgroup from a carboxylic acid to a phosphocholine affects the orientation of the 

monolayer at the air-water interface. 

 Lipid monolayers occurring in natural systems are not the pure systems 

represented by the data presented thus far.  Instead, naturally occurring monolayers are 

comprised of mixtures of lipids.  The final two panels of Figure 3.2 are of monolayers 

with a mixture of acyl chains.  The penultimate isotherm in Figure 3.2 is for a 1:1 

OA:PA-d31 mixture.  This isotherm, when compared to the pure fatty acid monolayers, 

demonstrates colligative properties of the mixture.  The lift-off point where the surface 

pressure begins to read a value above zero is shifted to a lower mean chain area compared 

to the pure OA monolayer.  The surface pressure sustainable before collapse by the 

mixed monolayer is higher than the pure OA monolayer and lower than the PA-d31 

monolayer.  The corresponding phosphocholine to the 1:1 OA:PA-d31 mixture is POPC-

d31, a phosphocholine with one protiated oleoyl chain and one deuterated palmitoyl 

chain attached to the same headgroup.  The isothermal compression data for this species 

is presented in the final panel of Figure 3.2.  Again, the initial phase transition from the 

gas-liquid coexistence region occurs at a lower mean chain area in the phosphocholine 

than in the fatty acid system, and the ultimate achievable surface pressure is higher for 

the phosphocholine system than for the corresponding fatty acid system. 

 Following theory and arguments presented by Goodrich,25,33 the isothermal 

compression data is used to determine whether or not the 1:1 OA:PA-d31 monolayer is 

phase separated by calculating the excess Gibbs energy of mixing,  
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where the excess area, AE, for the binary mixture is calculated by 

221112
AxAxAA

E
!!= ,            (3.2) 

and A12, A1, and A2 are the mean molecular areas of the mixed monolayer and the pure 

monolayers at the given surface pressure, π.  AE and GE(π) for the 1:1 OA:PA-d31 

monolayer at surface pressures of 5, 10, 15, 20, 25, and 30 mN/m are plotted in Figure 

3.8.  The positive excess areas and excess Gibbs free energies at all surface pressures 

indicate that the OA and PA-d31 in the monolayer are phase separated. 

 The contribution to the VSFG signal from the different acyl chains in the mixed 

monolayer systems can be determined by taking advantage of the different vibrational 

frequencies of C-H and C-D stretching modes.  The VSFG spectra of the 1:1 OA:PA-d31 

and POPC-d31 monolayers taken in both the C-D and C-H stretching regions, showing 

the contribution from the deuterated palmitoyl and protiated oleoyl chains respectively, 

are shown in Figures 3.9 and 3.10.  The experimental setup does not allow simultaneous 

acquisition of the spectra in both regions.  Therefore, the C-D spectra shown in Figures 

3.9 and 3.10 are from different, but reproducible, isothermal compressions than those in 

the C-H stretching region.  As with the previously presented lipids, peaks in the VSFG 

spectra for the 1:1 OA:PA-d31 mixture and POPC-d31 are not evident until after the first-

order phase transition from the coexistence region to a more ordered phase. 

 The decrease in BBSFG signal in the spectra of monolayers with mixed acyl 

chains compared to the monolayers with only one acyl species is attributed to the 

decrease in both number density and orientational order of the monolayer at the interface.  

To better understand the structure of the acyl chains in the monolayers, experiments were 
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designed to increase the signal-to-noise ratio.  Monolayers were compressed in the 

Langmuir trough to the point just before film collapse and then the surface pressure was 

maintained through computer control of the barriers to take spectra using a 2-minute 

acquisition.  Spectra taken in this manner are presented in Figures 3.11, 3.12, and 3.13.  

Figure 3.11 shows the C-D stretching region for the monolayers with deuterated acyl 

chains, including the spectra of a 1:1 PA(protiated):PA-d31 monolayer.  The spectrum of 

this mixture demonstrates the effect of a change in number density at the interface on the 

BBSFG signal.  Figure 3.12 shows the C-H stretching region for the monolayers with 

protiated acyl chains.  Figure 3.13 shows the mixed acyl chain monolayers from Figures 

3.11 and 3.12 replotted on a different scale to make changes in BBSFG intensity more 

evident.    

 Focusing first on the differences in the C-D stretching region, the absence of CD2 

stretching in the PA-d31 and POPC-d31 monolayers presented in Figure 3.11 indicates 

that the palmitoyl chains in these monolayers are free from gauche defects.  The CD2 

peaks are also absent in the spectrum of the 1:1 PA(protiated):PA-d31 monolayer 

presented in both Figures 3.11 and 3.13.  The change in VSFG intensity between this 

spectrum and the PA-d31 monolayer spectrum is solely attributed to the change in the 

number of deuterated acyl chains in the probe area.  The CD2 stretching peaks are, 

however, present in the spectra of the monolayers of mixed oleoyl and palmitoyl chains 

(1:1 OA:PA-31 and POPC-d31), indicating that there are some gauche defects in the 

palmitoyl chains in these monolayers.  The cis configuration of the double bond for the 

oleoyl chains disrupts the packing of the palmitoyl chains, making an all-trans 
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conformation energetically unfavorable.  Comparing the CD3 SS peak intensity of the 1:1 

PA(protiated):PA-d31 monolayer to that of the 1:1 OA:PA-d31 and the POPC-d31 

monolayers shows how the change in order leads to a significant change in the VSFG 

intensity in this peak, since the total number of deuterated palmitoyl chains in all three 

monolayers is the same.  The signal intensity from the CD3 SS is strongest when the 

methyl group is oriented perpendicular to the water surface and decreases as the methyl 

group becomes more parallel to the surface.31  The decrease in the signal indicates that 

the terminal methyl group is oriented more parallel to the surface when gauche defects 

are present in the palmitoyl chain. 

 Comparing the spectra of the two monolayers comprised of mixed oleoyl and 

palmitoyl chains confirms the conclusion from the isothermal compression data that the 

OA and PA-d31 are not miscible and that phase separation is occurring.  The spectra of 

POPC-d31 shows what a fully miscible 1:1 OA:PA-d31 spectra would look like, since 

the phosphocholine headgroup connects the acyl chains and forces the two units into a 

complete mixed configuration.  In the C-D stretching region in Figure 3.13, the intensity 

of the CD2 peaks is weaker and that of the CD3 SS peak is stronger in the 1:1 OA:PA-d31 

mixture than in the POPC-d31 monolayer indicating that, overall, the palmitoyl chains in 

the 1:1 OA:PA-d31 monolayer have fewer gauche defects and are more well aligned.  

This indicates that there are islands of PA-d31 in the 1:1 OA:PA-d31 mixture.  The 

evidence of gauche defects in the spectrum from this monolayer indicates, however, that 

the OA is disrupting the packing of the PA-d31.  The palmitoyl chains around the edge of 
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the aggregates would have gauche defects due to their close proximity to the surrounding 

oleoyl chains. 

 Furthermore, when comparing the spectrum of the POPC-d31 monolayer to the 

1:1 OA:PA-d31 monolayer in the C-H stretching region in Figures 3.12 and 3.13, OA 

aggregation is evidenced.  As stated above, order in the OA monolayer can be deduced 

from the ratio of the intensities of the CH3 and the CH2 symmetric stretches.  In the 1:1 

OA:PA-d31 monolayer, not only is the overall intensity higher but the ratio of the CH3 

SS:CH2 SS intensity is also higher.  Both of these phenomena are indicators of more order 

in the protiated  acyl chains and of OA aggregation. 
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Figure 3.1.  Schematics of lipids used in study.  Deuterated acyl chains are represented 
with green deuteriums. 
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Figure 3.2.  Isothermal compression data.  Data are taken to the point just before film 
collapse and are normalized by plotting the surface pressure versus mean area per acyl 
chain. 
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Figure 3.3.  Concurrent Langmuir compression isotherm data and BBSFG spectra of a 
d31-palmitic acid monolayer at the air-water interface.  The top graph is the Langmuir 
isotherm with markers indicating where BBSFG spectra are taken: (a) before beginning 
compression, (b) just after the first-order phase transition from the gas-condensed phase 
coexistence region evident at 25 Å2/chain, and (c) after the phase transition from the tilted 
condensed phase to the untilted condensed phase and just before the film collapses at 18 
Å2/chain.  The peaks in the BBSFG spectra are the CD3 SS (2066 cm-1), the CD2 SS (2096 
cm-1), the CD3 FR (2121 cm-1), the CD2 AS (2198 cm-1), and the CD3 AS (2217 cm-1).  
Spectral acquisition times were 30 seconds.  The dashed line at 2096 cm-1 is a guide to 
the eye marking the CD2 SS. 
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Figure 3.4.  Concurrent Langmuir compression isotherm data and BBSFG spectra of a 
d62-DPPC monolayer at the air-water interface.  The top graph is the Langmuir isotherm 
with markers indicating where BBSFG spectra are taken: (a) before beginning 
compression, (b) just after the first-order phase transition from the gas-liquid coexistence 
region evident at 47 Å2/chain, (c) at the beginning of the liquid expanded-tilted 
condensed coexistence region at 31 Å2/chain, (d) just after the first-order phase transition 
from the liquid expanded-tilted condensed coexistence region to the titled condensed 
phase at 24 Å2/chain, and (e) just before film collapse.  The dashed line at 2096 cm-1 is a 
guide to the eye marking the CD2 SS. 
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Figure 3.5.  Concurrent Langmuir compression isotherm data and BBSFG spectra of an 
oleic acid monolayer at the air-water interface.  The top graph is the Langmuir isotherm 
with markers indicating where BBSFG spectra are taken: (a) before beginning 
compression, (b) just after the first-order phase transition from the gas-liquid coexistence 
region evident at 51 Å2/chain, and (c) just before film collapse at 28 Å2/chain.  Peaks in 
the BBSFG spectra are the CH2 SS (2846 cm-1), the CH3 SS (2876 cm-1), the CH2 FR 
(2923 cm-1), the CH3 FR (2941 cm-1), and the olefinic stretch at the carbon-carbon double 
bond (3014 cm-1).  The dashed line at 2846 cm-1 is a guide to the eye marking the CH2 SS. 
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Figure 3.6.  Concurrent Langmuir compression isotherm data and BBSFG spectra of a 
DOPC monolayer at the air-water interface.  The top graph is the Langmuir isotherm with 
markers indicating where BBSFG spectra are taken: (a) before beginning compression, 
(b) just after the first-order phase transition from the gas-liquid coexistence region 
evident at 59 Å2/chain, and (c) just before film collapse.    The dashed line at 2846 cm-1 is 
a guide to the eye marking the CH2 SS. 
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Figure 3.7.  BBSFG spectra of protiated phosphocholine headgroup of d62-DPPC.  Peaks 
are the CH2 SS at 2912 cm-1, the CH2 AS at 2950 cm-1, and the choline (N-CH3) SS 
occurring at 2974 cm-1 from the headgroup. 
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Figure 3.8.  Excess area, AE, and excess Gibbs energy of mixing, GE(π), for 1:1 oleic acid: 
d31-palmitic acid monolayer. 
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Figure 3.9.  Concurrent Langmuir compression isotherm data and BBSFG spectra of the 
1:1 oleic acid: d31-palmitic acid monolayer at the air-water interface.  The top graph is the 
Langmuir isotherm with markers indicating where BBSFG spectra are taken: (a) before 
beginning compression, (b) just after the lift-off where the surface pressure exceeds zero 
at 47 Å2/chain, and (c) just before film collapse at 20 Å2/chain.  The dashed lines at 2096 
and 2846 cm-1 are guides to the eye marking the CD2 SS and the CH2 SS, respectively. 
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Figure 3.10.  Concurrent Langmuir compression isotherm data and BBSFG spectra of the 
d31-POPC monolayer at the air-water interface.  The top graph is the Langmuir isotherm 
with markers indicating where BBSFG spectra are taken: (a) before beginning 
compression, (b) just after the first-order phase transition from the gas-liquid coexistence 
region to the liquid phase at 51 Å2/chain, and (c) just before film collapse.  The dashed 
lines at 2096 and 2846 cm-1 are guides to the eye marking the CD2 SS and the CH2 SS, 
respectively. 
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Figure 3.11.  BBSFG spectra in C-D stretching region of pure and mixed monolayers 
taken with 2-minute spectral acquisition times. 
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Figure 3.12.  BBSFG spectra in C-H stretching region of pure and mixed monolayers 
taken with 2-minute spectral acquisition times. 
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Figure 3.13.  BBSFG spectra of mixed monolayers taken with 2-minute spectral 
acquisition times.  The dashed lines at 2096 cm-1 and 2846 cm-1 are guides to the eye 
marking the CD2 SS and the CH2 SS, respectively. 
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CHAPTER 4 

 

COMPETITION BETWEEN DPPC AND SDS AT THE AIR-AQUEOUS INTERFACE 

 

 

 In addition to the insoluble species present on the surface of fat-coated aerosols, 

surfactants of a more hydrophilic nature, such as oxidized organic compounds and 

shorter-chain hydrocarbons, likely exist both in the aqueous core and at the surface of 

atmospheric aerosols.  The experiments presented here are a VSFG study of the 

interactions of a soluble organic surfactant and an insoluble lipid film at the air-aqueous 

interface.  The soluble organic surfactant used is sodium dodecyl sulfate (SDS).  The 

insoluble surfactant film found at the aerosol surface is modeled using a 

dipalmitoylphosphatidylcholine (DPPC) monolayer spread at the air-water interface. 

4.1 Materials 

 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine-d62 (DPPC-d62) were obtained from Avanti Polar Lipids, Inc. 

(Alabaster, AL).  Sodium dodecyl sulfate (SDS, 99+%, ACS reagent grade) and 

chloroform (≥ 99.8%, ACS spectrophotometric grade) were obtained from Sigma-

Aldrich.  Sodium dodecyl sulfate-d25 (SDS-d25, 98%) was obtained from Cambridge 

Isotope Laboratories, Inc. (Andover, MA).  All chemicals were used as received.  



 45 

Deionized water was obtained from a Barnstead Nanopure filtration system with a 

minimum resistivity of 18.2 MΩ-cm.

4.2 Experimental Method  

 Two types of experiments were performed to separately investigate the insoluble 

lipid film, DPPC or DPPC-d62, and the soluble surfactant, SDS or SDS-d25.  

Simplified structures of the deuterated species, DPPC-d62 and SDS-d25, are shown in 

Figure 4.1.  To study the insoluble film, the lipid of interest (~1 mM DPPC or DPPC-d62 

in chloroform) was spread on 20 mL of water in a petri dish using a 50-µL Hamilton 

syringe to form a monolayer at equilibrium spreading pressure.  After waiting 10 minutes 

to ensure complete evaporation of chloroform and spreading of the lipid, VSFG spectra 

of the lipid monolayer at the air-water interface were obtained in relevant polarization 

combinations.  SSP (S-polarized sum frequency, S-polarized visible, P-polarized 

infrared), SPS (S-polarized sum frequency, P-polarized visible, S-polarized infrared), and 

PPP (P-polarized sum frequency, P-polarized visible, P-polarized infrared) polarization 

combinations are used for these experiments. 

 Concentrated SDS or SDS-d25 solution (~17 mM in water) was injected into the 

water subphase using a 1-mL Hamilton syringe to form a 2 mM SDS subphase.  To 

prevent disruption of the lipid monolayer during the injection process, the petri dish had a 

small glass tube (~0.3 cm diameter half-cylinder) attached vertically to its inner wall.  

The lower edge of the tube is approximately 0.5 cm above the bottom of the dish, and the 

upper edge of the tube is approximately 1 cm above the upper rim of the dish.  The tube 

provides direct access to the subphase without requiring the needle to penetrate the lipid 
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monolayer at the air-water interface.  After injection of SDS or SDS-d25, the VSFG 

signal of the lipid was monitored in SSP polarization combination until stability was 

observed.  After stabilization of the signal, VSFG spectra were recorded in relevant 

polarization combinations, SSP, SPS, and PPP.  The VSFG spectra of the lipid monolayer 

on the two subphases were compared. 

 Unlike the experiments used to probe the lipid molecules, in which the same 

sample was probed both before and after injection of SDS (or SDS-d25) into the 

subphase, the experiments used to probe the deuterated dodecyl sulfate chains compare 

two separate samples.  In the first sample, concentrated SDS-d25 was injected into 20 mL 

of water in a petri dish to form a 2 mM SDS-d25 solution in the absence of the lipid 

monolayer.  The second sample differs from the first sample only in that the lipid 

monolayer was present at the air-aqueous interface.  For both samples, the VSFG signal 

(SSP polarization combination) from the deuterated dodecyl sulfate anions at the 

interface was monitored after injection until stability was achieved.  Spectra were then 

obtained in relevant polarization combinations, SSP, SPS, and PPP, and compared for the 

two systems.   

 Approximately 4.5 uJ of infrared energy and 300 uJ of visible energy were used 

for these experiments.  All reported spectra are the average of up to 3 2-minute 

acquisitions and are background-subtracted and normalized to the nonresonant VSFG 

signal from a GaAs crystal surface.  The spectral bandwidth of the VSFG beam was >300 

cm-1 in both the C-H and C-D stretching regions.  Peak frequencies are reported as the 

observed frequencies, not from spectral fits. 
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4.3 Results and Discussion 

 To determine how the soluble surfactant SDS-d25 affects the molecules of a 

DPPC Langmuir monolayer at the air-aqueous interface, VSFG SSP spectra of a DPPC 

monolayer were obtained in the C-H stretching region both before and after injection of 

concentrated SDS-d25 into the water subphase and are shown in Figure 4.2a.  Because 

the SDS-d25 molecules are fully deuterated, the VSFG signal originates solely from the 

DPPC molecules at the air-aqueous interface.  VSFG spectra for all polarization 

combinations of the DPPC monolayer on water and SDS-d25 subphases are shown in 

Figure 4.2(a-c). 

 The observed peaks in Figure 4.2 have contributions from the vibrational 

resonances of both the acyl chains and the phosphocholine headgroups of the DPPC 

molecules.  In the SSP spectrum of the DPPC monolayer on a water subphase (Figure 

4.2a, black spectrum), the small peak at 2840 cm-1 is assigned to the CH2 symmetric 

stretch (SS) of the acyl chains, the peak at 2872 cm-1 is assigned to the CH3 SS of the acyl 

chains, the shoulder at 2905 cm-1 is assigned to the CH2 Fermi resonance (FR) of the acyl 

chains with contribution from the CH2 SS of the phosphocholine headgroups, and the 

peak at 2946 cm-1 has contributions from the CH3 FR and CH3 asymmetric stretch (AS) of 

the acyl chains and the CH2 AS and CH3 SS of the phosphocholine headgroups.  In the 

spectrum of the DPPC monolayer on a 2 mM SDS-d25 subphase (Figure 4.2a, red 

spectrum), the peak at 2876 cm-1
 is assigned to the CH3 SS of the acyl chains, the 

shoulder at 2905 cm-1 is assigned to the CH2 FR of the acyl chains with contribution from 

the CH2 SS of the phosphocholine headgroups, and the peak at 2952 cm-1 has 
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contributions from the CH3 FR and CH3 AS of the acyl chains and the CH2 AS and CH3 

SS of the phosphocholine headgroups.32,34  The polarization data in Figure 4.2(b-c) are 

consistent with these assignments.31 

 Each acyl chain in a DPPC molecule has an even number (14) of CH2 groups.  For 

an all-trans configuration, adjacent methylene groups are in an anti conformation with all 

C-C bonds of the chain residing in the same plane.  For such a configuration, local 

inversion symmetry exists between adjacent pairs of methylene groups in the acyl chains.  

The SS resonances of the CH2 groups are not sum frequency active for an all-trans 

configuration since a lack of inversion symmetry is required for sum frequency 

activity.28,35  The presence of a peak corresponding to the SS vibrations of the acyl chain 

CH2 groups is a signature of conformational disorder in the chains.  In Figure 4.2a, a peak 

assigned to the CH2 SS of the acyl chains is present in the spectrum corresponding to the 

water subphase and is absent in the spectrum corresponding to the SDS-d25 subphase, 

indicating that the DPPC molecules are more conformationally ordered (i.e., have fewer 

gauche defects) in the presence of SDS-d25. 

 The increased VSFG intensity from 2975 cm-1 to 3050 cm-1 in the spectrum 

corresponding to the SDS-d25 subphase compared to that corresponding to the water 

subphase is assigned to aligned interfacial water molecules.  The electrostatic field 

created at the interface by the charge on the sulfate headgroups of the deuterated dodecyl 

sulfate anions promotes increased alignment of the water molecules at the interface.36 

 Additional differences exist between the spectra in Figure 4.2a, but the multitude 

of vibrational resonances contributing to the observed peaks makes interpretation 
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difficult. Although analysis of additional polarization combinations, SPS and PPP, are 

helpful in deciphering vibrational assignments, these spectra do not allow complete 

deconvolution of the overlapping spectral resonances.  Therefore, to separately determine 

the effect of SDS-d25 on the acyl chains and the phosphocholine headgroups of the lipid 

molecules, experiments using various combinations of DPPC-d62, SDS, and SDS-d25 in 

the C-H and C-D stretching regions were performed.  The interfacial deuterated dodecyl 

sulfate anions were also investigated in the C-D stretching region in the presence and 

absence of a DPPC monolayer. 

 The vibrational resonances exclusively from the lipid headgroup are selectively 

probed in the C-H stretching region using a DPPC-d62 monolayer on both water and 2 

mM SDS-d25 subphases, and the resulting spectra are shown in Figure 4.3.  Because 

DPPC-d62 molecules have deuterated acyl chains and non-deuterated headgroups (refer 

to Figure 4.1), only the vibrational resonances of the DPPC-d62 headgroups are probed in 

these experiments.  Figure 4.3a shows the VSFG spectra, SSP polarization combination, 

of the lipid monolayer both before (black spectrum) and after (red spectrum) injection of 

the concentrated SDS-d25 solution into the water subphase.  VSFG spectra of the lipid 

headgroup on water and SDS-d25 subphases in all polarization combinations were 

obtained (Figure 4.3(b-c)), but are of insufficient signal/noise to provide insight beyond 

qualitative clarification of the spectral assignments.  

 Following the spectral assignments for the phosphocholine headgroup proposed 

by Conboy and co-workers,32,34 peaks corresponding to the CH2 SS (2909 cm-1), the CH2 

AS (low frequency side of 2956 cm-1 peak), and the CH3 SS (high frequency side of 2956 
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cm-1 peak) are present in the SSP spectra (Figure 4.3a) both before and after injection of 

the SDS-d25 into the subphase.  In the spectrum of the DPPC-d62 headgroups on the 

SDS-d25 subphase (red spectrum), a broad VSFG intensity that increases with increasing 

wavenumber is assigned to the aligned interfacial water molecules caused by the charge 

of the deuterated dodecyl sulfate anions.36  This broad intensity contributes to the 

enhancement of the observed DPPC-d62 headgroup peaks in the spectrum corresponding 

to the SDS-d25 subphase compared to those for the water subphase.  The enhanced 

interfacial water signal in the presence of the soluble surfactant SDS-d25 is direct 

spectral evidence that SDS-d25 affects the air-aqueous interface even in the presence of a 

DPPC-d62 Langmuir monolayer. 

 The acyl chains of the lipid molecules are studied using a DPPC-d62 monolayer 

on both water and 2 mM SDS subphases in the C-D stretching region, and the resulting 

spectra are shown in Figure 4.4. Because the lipid headgroups are not deuterated in the 

DPPC-d62 molecules, only the vibrational resonances of the acyl chains are selectively 

probed in these experiments.  In the SSP spectrum of the DPPC-d62 monolayer on water 

(Figure 4.4a, black spectrum), the peaks present correspond to the CD3 SS (2070 cm-1), 

CD3 FR (2125 cm-1), and CD3 AS (2218 cm-1) of the acyl chains of DPPC-d62.19,27  The 

same vibrational resonances contribute to the peaks observed in the SSP spectrum of the 

monolayer on 2 mM SDS (Figure 4.4a, red spectrum). 

 The absence of VSFG intensity in the region corresponding to the CD2 SS 

(approximately 2100 cm-1) in both spectra shown in Figure 4.4a suggests that the lipid 

molecules are conformationally ordered in an all-trans configuration on both the water 
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and SDS subphases.  However, this conclusion appears to be in direct conflict with the 

results of Figure 4.2a, where a peak assigned to the CH2 SS of the acyl chains is readily 

observed for DPPC molecules on a water subphase.  The presence of a CH2 SS peak 

indicates that gauche defects are present in the acyl chains of the DPPC molecules on a 

water subphase.  This inconsistency can be explained by a reduction in oscillator strength 

for deuterated methylene stretching modes compared to non-deuterated methylene 

stretching modes, which translates to improved detection limits for gauche defects in the 

acyl chains of the non-deuterated DPPC monolayer. Therefore, based on Figure 4.2a, 

DPPC molecules possess a detectable fraction of gauche defects in the monolayer on 

water. 

 In Figure 4.4a, the CD3 SS peak in the spectrum corresponding to the lipid 

monolayer on the SDS subphase (red spectrum) has a lower intensity than in the spectrum 

corresponding to the water subphase (black spectrum).  Because sum frequency intensity 

is a function of both number density and orientational order, the decrease in intensity of 

the CD3 SS peak observed upon injection of SDS into the subphase must be a result of 

either a decrease in the number density of lipid molecules at the interface or a change in 

the orientation of the terminal methyl groups of the DPPC-d62 acyl chains. 

 As explained in detail by Ma and Allen,28 the average angle of the C3v axis of the 

terminal methyl groups of the DPPC-d62 acyl chains from the surface normal can be 

estimated using the ratio of equations 4.1 and 4.2 below.37  
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! 

"
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(2)
(v) is the macroscopic second-order nonlinear susceptibility of the specified 

vibration ν in SSP polarization combination, N is the number density of interfacial 

molecules, 

! 

"
lmn

 is the specified molecular hyperpolarizability, θ is the average 

orientation angle of the C3v axis of the terminal methyl group from the surface normal, 

and r is the ratio 

! 

"
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"
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.  Here, r is equal to 2.3 37 and 

! 

"
caa

"
aac

 is equal to 4.2. 38,39  The ratio of 

the susceptibilities of the CD3 SS to the CD3 AS is estimated experimentally by taking the 

square root of the ratio of the experimental VSFG intensities (component peak areas from 

spectral fits) of the CD3 SS peak to the CD3 AS peak.  Using this method, θ is calculated 

to be 16.6 ± 0.6° for DPPC-d62 on water and 17.0 ± 0.6° for DPPC-d62 on 2 mM SDS.  

The small difference in θ calculated for the two subphases is well within the error of the 

calculation.  Therefore, the average angle of the C3v axis of the terminal methyl groups 

from the surface normal is virtually the same for the DPPC-d62 molecules on water and 

SDS subphases. 

 Because the angle between the C3v axis of the terminal methyl group and the axis 

of the acyl chain is fixed for an all-trans chain configuration, a change in the tilt angle of 

the chains from the surface normal accompanies a change in θ.  Assuming that the 

number of gauche defects in the lipid molecules is small for the water subphase and 

negligible for the SDS subphase, equivalent θ values for the DPPC-d62 molecules on the 

two subphases translates to equivalent chain tilt angles for the DPPC-d62 molecules on 

the two subphases.  Because a significant change in the orientation of the DPPC-d62 

molecules on the two subphases is not observed, the decrease in VSFG intensity for the 
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DPPC-d62 monolayer on the 2 mM SDS subphase compared to the water subphase is 

attributed to a decrease in the number density of DPPC-d62 molecules at the interface. 

 In addition to probing the lipid molecules in this mixed system, the soluble 

surfactant SDS-d25 was also probed in the C-D stretching region in both the presence and 

absence of a DPPC monolayer, and the resulting VSFG spectra are shown in Figure 4.5.  

Because sum frequency generation is an interface-selective spectroscopic technique, only 

the deuterated dodecyl sulfate chains at the air-aqueous interface contribute to the VSFG 

signal in these experiments.  Additional changes to those described below have been 

observed to occur in the spectra over a longer period of time.  Several additional 

processes that become important on longer time scales (adsorption of the surfactants to 

the glass dish, solubilization of the lipid, etc.)40 make the interpretation complex and are 

beyond the scope of this discussion. 

 In the VSFG SSP spectrum of the SDS-d25 chains in the absence of a DPPC 

monolayer, shown in Figure 4.5a (black spectrum), the peak at 2070 cm-1 is assigned to 

the CD3 SS with the shoulder at 2095 cm-1 assigned to the CD2 SS, the peak at 2140 cm-1 

is assigned to the CD3 FR with some contribution from the CD2 FR, and the peak at 2212 

cm-1 is assigned to the CD3 AS.  The CD2 FR and CD2 AS of the interfacial SDS-d25 

chains may contribute to the observed intensity in the 2150 – 2200 cm-1 region.27  The 

presence of peaks assigned to SS resonances of the CD2 groups indicates that the SDS-

d25 chains possess some gauche defects and are not completely ordered at the interface.  

This result is in agreement with previous studies of SDS at the air-aqueous interface that 

report conformational disorder in the SDS chains even at maximum surface coverage.41-43 
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 Although the VSFG signal from the SDS-d25 chains appears immediately after 

injection in the absence of a DPPC monolayer, the signal first appears approximately 30 

minutes after injection in the presence of a DPPC monolayer.  This indicates either a low 

number density of interfacial SDS-d25, a large degree of disorder in the interfacial SDS-

d25, or a combination of these two phenomena occurs at the interface immediately after 

injection of SDS-d25 in the presence of a DPPC monolayer.  Because each 

phosphocholine headgroup occupies approximately 50 Å2 at the surface,44 the initial 

space available for SDS-d25 at the liquid surface is limited.  Over time, the SDS-d25 

anions compete with the DPPC surface molecules and incorporate into the lipid 

monolayer, and VSFG signal is observed.   

 In Figure 4.5a, the red spectrum corresponds to interfacial SDS-d25 in the 

presence of a DPPC monolayer after temporary stability of the signal is achieved.  This 

spectrum has similar features to the spectrum corresponding to the absence of DPPC 

(Figure 4.5a, black spectrum), but has a much lower intensity.  The spectrum of the SDS-

d25 chains corresponding to the absence of DPPC (black spectrum) shows significant 

asymmetry in the CD3 SS peak due to the presence of a CD2 SS shoulder.  However, the 

spectrum corresponding to the presence of DPPC (red spectrum) has a more symmetric 

CD3 SS peak, indicating a lower proportion of gauche defects and a slight increase in 

conformational order of the interfacial SDS-d25 chains in the presence of the lipid 

monolayer.  This result is consistent with the observation by Meister and co-workers of a 

small increase in the order of SDS molecules incorporated into a DMPC-d54 monolayer 

using reflection-absorption infrared spectroscopy.41  A possible explanation for the 
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increase in conformational order of the SDS-d25 chains is that the presence of the lipid 

monolayer at the liquid surface sterically hinders the interfacial SDS-d25 chains from 

adopting disordered conformations with many gauche defects.  Because an increase in 

order is expected to increase the VSFG signal, the lower signal observed for SDS-d25 in 

the presence of a DPPC monolayer compared to that observed in the absence of a DPPC 

monolayer is attributed to a lower number density of interfacial SDS-d25.  However, 

reduction in the overall DPPC-d62 monolayer spectral intensity observed for the SDS 

subphase compared to the water subphase in Figure 4.4a indicates that the soluble 

surfactant does, in fact, replace a fraction of the lipid molecules in the monolayer. 
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Figure 4.1.  Simplified structures of DPPC-d62 (top) and SDS-d25 (bottom). 
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Figure 4.2.  VSFG spectra of DPPC molecules in C-H stretching region: (A) SSP 
polarization combination: water subphase (black) and 2 mM SDS-d25 subphase (red); 
(B) water subphase: SSP (blue), PPP (green), and SPS (orange); and (C) 2 mM SDS-d25 
subphase: SSP (blue), PPP (green), and SPS (orange). 
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Figure 4.3.  VSFG spectra of headgroups of DPPC-d62 in C-H stretching region: (A) SSP 
polarization combination: water subphase (black) and 2 mM SDS-d25 subphase (red); 
(B) water subphase: SSP (blue), PPP (green), and SPS (orange); and (C) 2 mM SDS-d25 
subphase: SSP (blue), PPP (green), and SPS (orange). 
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Figure 4.4.  VSFG spectra of acyl chains of DPPC-d62 in C-D stretching region: (A) SSP 
polarization combination: water subphase (black) and 2 mM SDS-d25 subphase (red); 
(B) water subphase: SSP (blue), PPP (green), and SPS (orange); and (C) 2 mM SDS-d25 
subphase: SSP (blue), PPP (green), and SPS (orange). 
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Figure 4.5.  VSFG spectra of SDS-d25 chains in C-D stretching region: (A) SSP 
polarization combination: in absence (black) and presence (red) of DPPC monolayer; (B) 
in absence of DPPC monolayer: SSP (blue), PPP (green), and SPS (orange); and (C) in 
presence of DPPC monolayer: SSP (blue), PPP (green), and SPS (orange). 
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CHAPTER 5 

 

SURFACE RESIDENCE AND UPTAKE OF ALKYL HALIDES AND ALCOHOLS 

AT THE AQUEOUS SURFACE 

 

 

 Halogenated organic compounds of both biogenic and anthropogenic origin are 

abundant in the atmosphere and have been recognized to play important roles in both 

tropospheric and stratospheric chemistry.1  Of the alkyl halides, methyl chloride (MeCl) 

is of particular interest because it is the largest contributor of organic chlorine to the 

atmosphere45,46 with an average tropospheric mixing ratio of approximately 540 pptv.47,48  

A significant fraction of the MeCl present in the atmosphere is biogenic in origin,47,48 and 

a great deal of research in recent years has been focused on balancing the global MeCl 

budget because the known sinks of MeCl outweigh the known sources.46,47,49  The primary 

sources of MeCl that are currently known include biomass burning,50 wood-rot fungi,51 

tropical coastal land,52 various tropical plants,53 coastal salt marshes,54,55 and the ocean,47,56 

which also serves as a net sink of MeCl at high latitudes.56,57  In the troposphere, the 

primary sink of MeCl is reaction with OH radical.47  However, the relatively long 

tropospheric lifetime of MeCl (>1 year) results in a significant amount of 
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MeCl being transported into the stratosphere, where it undergoes photolysis to release 

ozone-destroying Cl atoms.46,58 

 Likewise, halides have also been implicated in the destruction of ozone in the 

troposphere.  For several years, surface-level ozone depletion events have been observed 

in the Arctic at polar sunrise and have been correlated to an increase in gas-phase Br 

atom concentration, suggesting that atomic Br is an important component in the ozone 

destruction cycle.59-63  However, the mechanisms for production of Br atom and its 

precursors have not been fully elucidated, nor have the chemical identities of the 

precursors been determined with great certainty.64  One of the first mechanisms proposed 

for initiation of the ozone depletion event was photolysis of gas-phase bromoform.59  

Although it has subsequently been suggested that this pathway is not significant enough 

to account for the degree of ozone destruction,65 the possible role of halogenated organic 

species, such as alkyl halides, in such processes must not be overlooked. 

 Alternatively, oxidation of halide ions in sea salt aerosol, the frozen ocean 

surface, and the Arctic snow pack has been postulated as a possible pathway to the 

formation of reactive Br species involved in the ozone depletion events.66,67  Both bulk 

aqueous-phase and heterogeneous reactions have been shown to be important in the 

postulated mechanisms.64-70  Because the concentration of halide ions is enhanced at the 

surface of sea salt aerosols and in frost flowers on the frozen ocean surface compared to 

bulk-phase seawater,2,71-73 interfacial processes leading to the activation of halides and 

other surface species must be considered for other atmospheric processes as well. 
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 Considering that the known geochemical cycle of MeCl involves partitioning 

between different phases, it is reasonable that alkyl halides might also participate in 

interfacial processes.  Alkyl halide species have been observed in the Arctic, where the 

potential for interfacial chemistry on aerosols, the open ocean, the snow pack, and the 

quasi-liquid layer of ice is significant.74 

 Here, VSFG is used to study the residence and surface organization of gas-phase 

MeCl onto the surface of water.  In addition, Raman spectroscopy is used to study the 

uptake of MeCl into the bulk aqueous phase.  These experiments are performed as 

necessary first steps in understanding possible surface reactivity and multi-phase 

partitioning of alkyl halides.  The results obtained for MeCl are compared to those 

obtained for methyl alcohol (MeOH), which is also present in the Arctic troposphere.75  

Recent field observations indicate that MeOH is taken up into the interstitial air of the 

porous snow pack, where the surface area of the snow pack in contact with air is 

substantial.75  Preliminary data of a study of a longer-chain series, comprising n-butyl 

chloride (BuCl), n-butyl bromide (BuBr), and n-butyl alcohol (BuOH) is also presented. 

5.1 Materials 

 Methyl alcohol (CH3OH; HPLC grade), n-butyl chloride (CH3(CH2)3Cl; ACS 

certified), and n-butyl alcohol (CH3(CH2)3OH; ACS certified) were obtained from Fisher 

Scientific.  n-Butyl bromide (CH3(CH2)3Br; 99+% purity) was obtained from Acros 

Organics.  Methyl chloride (CH3Cl; 99.5% purity, instrument grade) was obtained from 

Scott Specialty Gases, Inc. (Plumsteadville, PA).  Nitrogen (NF, compressed) was 

obtained from Praxair, Inc. (Danbuy, CT).  All chemicals were used as received.  
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Deionized water was obtained from a Barnstead Nanopure filtration system with a 

minimum resistivity of 18.2 MΩ-cm. 

5.2 Experimental Method 

 To monitor the adsorption of gas-phase alcohols and alkyl halides to the aqueous 

surface, a flow chamber was used in combination with the BBSFG system described in 

Chapter 2.  The flow chamber was attached to the sample stage of the BBSFG system, 

and the gas-phase species of interest was flowed over 24 mL of water in a petri dish 

contained in the chamber while continuous VSFG spectra (60-second acquisitions) were 

obtained for up to two hours.  Approximately 4.5 µJ of infrared energy and 300 µJ of 

visible energy were used for these experiments, and all spectra were obtained in SSP 

polarization combination.  Background spectra were obtained periodically throughout the 

flow experiments by disrupting the temporal overlap of the incident beams.  All VSFG 

spectra are background-subtracted and normalized to the nonresonant VSFG signal from 

a GaAs crystal.  

 The chamber used for the adsorption experiments is comprised of a stainless steel 

lid that attaches to a stainless steel cylindrical base by using knife-edge sealing 

technology in conjunction with a copper gasket (4-inch I.D.).  The incident beams enter 

the chamber through a BaF2 viewport (Reflex Analytical Corp., p/n 8960-1BAF2) on the 

chamber lid, and the SFG beam exits the chamber through a BK7 viewport (Kurt J. 

Lesker Co., p/n VPZL-275BK7).  Because the optical properties of the windows affect 

the spatial and temporal overlap of the incident beams inside the flow chamber 

(compared to when the chamber lid is removed), the overlap of the beams was optimized 
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while monitoring the VSFG signal from a sample of SDS inside the flow chamber before 

the adsorption experiments were performed.  The base of the chamber was lined with 

Teflon tape to minimize scattering of light inside the chamber, and a Teflon ring was 

used around the petri dish to hold the sample in place inside the chamber. 

 Volatilization of the liquid samples (MeOH, BuOH, BuCl, and BuBr) was 

accomplished by flowing nitrogen gas at 15 sccm through the liquid of interest contained 

in a glass vial.  A flow controller (MKS Instruments, model 1479A51CS1BM; used with 

control box model PR4000-F2V1N) was used to maintain a steady flow of nitrogen gas 

into the liquid sample.  Teflon tubing (1/8-inch O.D.) and Swagelok fittings were used to 

connect the flow controller to a stainless steel needle that was inserted into the liquid 

sample through a rubber septum.  The nitrogen gas was bubbled into the liquid sample, 

and the gas mixture (volatilized species and nitrogen gas) was transported out of the vial 

and into the flow chamber using a second needle attached to Teflon tubing (1/4-inch 

O.D.).  The opening of the second needle was placed approximately 1 inch above the 

surface of the liquid sample.  Swagelok fittings were used to attach the tubing to both the 

collection needle and to an inlet port in the flow chamber lid. 

 Because MeCl has a very high vapor pressure at room temperature, the liquid was 

contained in a non-pressurized tank.  The MeCl vapor was extracted from the container 

using a low-pressure regulator (Scott Specialty Gases, Inc., model 051202A510).  Teflon 

tubing (1/4-inch O.D.) connected the regulator to a flow controller that was operated at 

10 sccm.  The output of the flow controller was connected to the flow chamber using 

Teflon tubing (1/4-inch O.D.). 
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 For all species, the experiments were performed at 24°C and ambient pressure, 

and the vapor was exhausted from the flow chamber through an outlet on the lid.  The 

organic vapors were purged from the cell using a flow of pure nitrogen gas after the 

adsorption experiments.  The aqueous samples were then collected and stored for 

subsequent bulk-phase analysis using a Raman spectrometer. 

 The Raman spectrometer employed in these experiments uses a 785 nm 

continuous wave laser (Process Instruments; model PI-ECL-785-300-SH) as an excitation 

source.  The laser beam (200 mW) is delivered to the sample by the same fiber optic 

probe (InPhotonics) used to collect the scattered light.  The scattered light is dispersed by 

a 600 g/mm grating blazed at 1 µm in a 500 mm monochromator (Acton Research, 

SpectraPro 500i; 50 µm slit width) and detected using a liquid nitrogen-cooled CCD 

(Roper Scientific, LN 400EB, back-illuminated, deep depletion, 1340 x 400 pixel array).  

The monochromator is controlled using SpectraSense software (Acton Research, version 

4.2.9) and calibrated to the 435.83 nm line of fluorescent light.  The peak positions of the 

Raman spectra are calibrated by comparing the position of experimentally observed 

naphthalene peaks to those in the literature.  An acquisition time of 2 minutes was used 

for the Raman experiments.  All reported peak frequencies (for both Raman and VSFG 

spectra) are the observed frequencies, not from spectral fits. 

5.1 Results and Discussion 

 The VSFG spectra obtained from the flow experiments of MeOH (left panel) and 

MeCl (right panel) over an aqueous surface are shown in Figure 5.1.  In the spectrum of 

adsorbed MeOH, the peak at 2835 cm-1 is assigned to the CH3 SS and the peak at 2948 
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cm-1 is assigned to a CH3 FR with the shoulder at 2912 cm-1 assigned to a second CH3 FR.  

These assignments are consistent with those for the VSFG spectra of neat MeOH and 

aqueous MeOH solutions reported by Ma and Allen.76  Because sum frequency intensity 

is a function of both number density and orientational order, the presence of peaks in the 

VSFG spectrum of MeOH at the water surface suggests that the adsorbed MeOH 

molecules are not completely disordered at the air-aqueous interface, but rather have a 

preferential orientation at the interface.  Molecular dynamics studies of short-chain 

alcohols at the air-aqueous interface indicate that the hydroxyl group of the alcohol 

hydrogen-bonds to the surface water molecules.77-80  This suggests that the preferential 

orientation of short-chain alcohols at the air-aqueous interface is such that the hydrophilic 

hydroxyl group associates with the aqueous phase and the hydrophobic alkyl group points 

into the gas phase.  Thus, the MeOH molecules adsorbed at the air-aqueous interface 

adopt an organized surface structure. 

 In comparison, no peaks are observed in the VSFG spectrum of MeCl at the air-

aqueous interface, indicating that MeCl either does not adsorb to the aqueous surface 

upon collision or does adsorb to the aqueous surface, but has a low number density, 

disordered interfacial arrangement, very short surface residence time, or some 

combination of these phenomena.  Understanding the possible uptake of MeCl molecules 

from the gas phase into the bulk aqueous phase can aid in understanding the adsorption of 

MeCl to the aqueous surface. 

 To determine whether MeCl is taken up into the bulk liquid phase from the gas 

phase, the Raman spectrum of the bulk sample was obtained after the flow experiment 
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and is shown in Figure 5.2 (red spectrum).  A peak at 710 cm-1 is observed in the Raman 

spectrum of the aqueous MeCl sample and is assigned to the C-Cl stretch of MeCl.81  The 

presence of a peak attributed to MeCl in the spectrum of the bulk aqueous phase is direct 

evidence that MeCl is taken up into the aqueous phase from the gas phase during the flow 

experiments.  The Raman spectrum of a bulk aqueous sample after a MeOH flow 

experiment is shown in this frequency range for comparison (Figure 5.2, blue spectrum).  

No peaks from MeOH are expected or observed in this frequency range, and comparison 

of the two spectra in Figure 5.2 shows that the C-Cl stretch peak from MeCl is 

significant.  Uptake of gas-phase MeOH into the bulk aqueous phase has been reported 

previously.82 

 Although MeCl is not detected at the interface during the VSFG experiments 

(within the detection limits of the BBSFG system under the experimental conditions 

used), the Raman bulk-phase studies indicate that some interaction of the gas-phase 

molecules with the aqueous interface must occur because uptake of MeCl from the gas 

phase into the aqueous phase is observed (as is evident in Figure 5.2).  To explain these 

results, a convolution of orientation and number density must be considered.   

 By a simple comparison of electronegativities, the C-Cl bond in MeCl is expected 

to be more polar than the C-H bonds.  Based on this model, the more hydrophilic C-Cl 

bond would preferentially associate with the aqueous phase compared to the more 

hydrophobic C-H bonds, which would be expected to be oriented more toward the vapor 

phase.  This orientation has been observed for MeCl adsorbed to a layer of D2O pre-

adsorbed to Pd(111).83  In this VSFG study, the authors determined that the Cl atom of 
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MeCl hydrogen-bonded to the D atoms of the pre-adsorbed D2O molecules, resulting in a 

net orientation of MeCl molecules at the surface.  Because water molecules adsorbed to 

Pd(111) are well-ordered over several monolayers, forming a noncentrosymmetric water 

layer,83 the surface structure of MeCl may be different on the surface of a bulk aqueous 

sample than on the surface of water adsorbed to a metal, so caution must be exercised in 

extrapolating these results to the study presented here.  Nonetheless, intuition dictates that 

the geometry adopted by MeOH at the aqueous surface, in which the more hydrophilic 

moiety associates with the aqueous phase, is also likely to be adopted by MeCl molecules 

adsorbed at the aqueous surface.  Thus, it is likely that a low number density of MeCl 

molecules at the surface plays some role in the absence of VSFG signal for this system. 

 Several possibilities can lead to a low number density of interfacial MeCl 

molecules, including a low probability of adsorption upon collision, fast desorption from 

the surface for those molecules that do adsorb upon collision, or fast solvation of 

adsorbed molecules (i.e., fast uptake of adsorbed molecules into the bulk phase).  The last 

two of these possibilities would lead to a short residence time of adsorbed MeCl 

molecules.  Because MeCl is soluble in water,84 it is not unreasonable to suggest that 

solvation of MeCl is fast, contributing to a low number density of interfacial molecules.  

Because MeOH, which is fully miscible with water, is observed at the interface using 

VSFG, it is apparent that a convolution of both order and number density must be 

invoked to describe the adsorption and uptake processes for these two species.  Although 

several questions remain to be answered regarding the adsorption and uptake of MeCl 
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and MeOH, the studies presented indicate that different mechanisms are responsible for 

determining the surface structures of MeOH and MeCl. 

 Comparison of the VSFG and Raman data for MeCl and MeOH (presented in 

Figures 5.1 and 5.2) with complementary studies of water-insoluble species might help to 

elucidate the mechanisms of adsorption and uptake for the halide and alcohol species.  

The complementary VSFG studies were performed on the complementary butyl species, 

and the results are presented below as preliminary data.  Both BuCl and BuBr are 

insoluble in water, while BuOH has a solubility of 115 g/L. 84 

 VSFG spectra of the flow experiments using the longer-chain series (BuOH-left 

panel, BuCl-center panel, and BuBr-right panel) are shown in Figure 5.3.  The same trend 

is observed for the butyl species as is observed for the methyl species.  No VSFG 

intensity is observed for the halides, but peaks are observed in the VSFG spectrum for the 

alcohol.  The peaks in the VSFG spectrum obtained for the flow experiment of BuOH 

over water are assigned to the CH2 SS (2845 cm-1), CH3 SS (2875 cm-1), CH2 FR (2911 

cm-1), and CH3 FR (2945cm-1).  These assignments are based on VSFG assignments for 

neat BuOH in the literature.31  As with MeOH, the VSFG spectrum of BuOH at the water 

surface suggests that the adsorbed BuOH molecules are not completely orientationally 

disordered at the interface.  The presence of a peak corresponding to the CH2 SS indicates 

that the adsorbed BuOH molecules possess some gauche defects.  This finding is 

consistent with results reported in the literature.31  Again, a convolution of orientation and 

number density prevents VSFG signal from being observed in the case of the butyl halide 

species. 
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 As with the methyl species, Raman studies are necessary to probe the uptake of 

the butyl species into the bulk aqueous phase.  These experiments are left for future 

study.  To accurately compare the differences in uptake from the gas phase to the aqueous 

phase between the various species, the flow experiments must be standardized to deliver 

the same rate of molecules impinging on the surface for each species studied.  The results 

of these studies will allow comparisons to be drawn based on the functionality (alcohol 

versus halide), identity of the halide (bromide versus chloride), and length of the alkyl 

chain (methyl versus butyl).  

 

 

 

 

 

 

 

 

 

 

 

 



 72 

 

 

Figure 5.1.  VSFG spectra from flow experiments over water: methyl alcohol (left panel) 
and methyl chloride (right panel) adsorbed to the aqueous surface. 
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Figure 5.2.  Raman spectra of bulk aqueous phase after flow experiments: methyl 
chloride (red) and methyl alcohol (blue). 
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Figure 5.3.  VSFG spectra from flow experiments over water: butyl alcohol (left panel), 
butyl chloride (center panel), and butyl bromide (right panel) adsorbed to the aqueous 
surface. 
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CHAPTER 6 

 

CONCLUSION 

 

 

 The experiments presented in this thesis demonstrate the importance of interfacial 

interactions in atmospherically relevant model systems.  Interactions between molecules 

in an insoluble film at the air-water interface and the influence of film composition on the 

structure of the surface were studied.  Phase segregation is observed in a 1:1 mixture of 

oleic and palmitic acids, and the oleic acid molecules are observed to influence the 

structure of the palmitic acid molecules that are in close association.  Similarly, 

interactions between an insoluble film at the air-water interface and a soluble surfactant 

in the aqueous bulk phase were probed.  The soluble surfactant, SDS, replaced a fraction 

of the DPPC molecules at the interface and increased the conformational ordering of the 

DPPC acyl chains.  The results of these studies indicate that the molecular composition of 

both the aerosol surface and aqueous core can affect the surface structure of the aerosol, 

which has the potential to affect the processing of the aerosol in the atmosphere.  The 

adsorption and uptake of atmospherically important gas-phase species by an aqueous 

surface were also explored.  Although uptake of gas-phase methyl chloride is observed in 

bulk phase analysis by Raman spectroscopy, a convolution of residence time, number 
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density, and orientational disorder prevent detection of methyl chloride adsorbed to the 

aqueous surface by VSFG.  These results indicate that methyl chloride has the potential 

to participate in interfacial processes in the atmosphere.  Details of these studies are 

available in Chapters 3-5, and an overview of the results is presented here. 

 The structure and interactions of the molecules that constitute lipid films, such as 

those that occur in biogenic atmospheric aerosols, were probed.  By coupling a Langmuir 

trough with VSFG spectroscopy, the formation of monolayers at the air-water interface 

was investigated.  Both the thermodynamic and spectroscopic data reveal that domain 

formation occurs in the 1:1 mixture of oleic acid and palmitic acid.  Spectroscopic 

evidence indicates that the edges of the palmitic acid domains are perturbed by the oleic 

acid.  Evidence of surface aggregation of palmitic acid and oleic acid monolayers spread 

from a 1:1 solution indicates that these species would also phase separate in naturally 

occurring surfactant systems, such as the monolayers found on fat-coated aerosols.  

Although the species phase segregate, the oleic acid can still disrupt the packing of the 

palmitic acid around the edges of the aggregates.  The influence that cis oleic acid has on 

the conformations of palmitic acid molecules demonstrates that the composition of the 

film influences the structure of the film, which might have important consequences in 

how the aerosol is processed in the atmosphere.  Comparing the monolayers formed from 

fatty acids with their corresponding phosphocholines indicates where the change in 

orientation of the hydrophilic headgroup occurs during the compression isotherm of the 

monolayer. 
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 An investigation of the interactions of a DPPC Langmuir monolayer with the 

soluble surfactant SDS was also presented.  The presence of an insoluble lipid monolayer 

at the air-aqueous interface limits the number of soluble surfactant anions that can reside 

at the aqueous surface.  Results indicate that the surfactant species compete for surface 

sites in the mixed system, with a fraction of the DPPC molecules being replaced by 

dodecyl sulfate anions at the interface.  The soluble surfactant anions influence the 

conformations of the lipid molecules at the surface.  In the presence of SDS, interfacial 

DPPC molecules are more ordered (have fewer gauche defects) than when residing on a 

pure water subphase.  In addition, the charged surfactant SDS promotes alignment of the 

interfacial water molecules even in the presence of a DPPC monolayer.  These findings 

are evidence that soluble organic surfactants in the aqueous aerosol core have the 

potential to influence the surface structure of atmospheric aerosols, which may have 

important implications in the atmospheric processing of such aerosols. 

 Finally, the adsorption and uptake of gas-phase alkyl halide and alcohol species 

by aqueous surfaces was investigated.  Using VSFG, both methyl alcohol and butyl 

alcohol are observed to adsorb to the air-water interface.  On the other hand, alkyl halide 

species (methyl chloride, n-butyl chloride, and n-buytl bromide) are not observed at the 

aqueous surface during the flow experiments.  Because methyl chloride is observed in the 

bulk aqueous phase using Raman spectroscopy, it is postulated that a convolution of time 

scale, number density, and disorder prevent detection of the surface species by VSFG.  

Future studies will investigate possible uptake of the insoluble longer-chain series into 
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the bulk aqueous phase.  Evidence for the uptake of methyl chloride into the bulk phase 

indicates the possibility for heterogeneous alkyl halide chemistry to occur. 

  Environmentally relevant interfacial systems are often deeply complex, so a 

thorough investigation of the heterogeneous chemical and physical processes that occur 

at such interfaces must start with a careful consideration of the fundamental interactions 

that govern their structure and composition, as is demonstrated in these experiments. 
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