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Abstract

Nonlinear Optical Studies of Model Environmental Interfaces

Michael J. Musorrafiti

Surfaces and interfaces, which are ubiquitous in the environment, control the mobility,
speciation, and ultimate fate of groundwater species. The presented work provides insight into
the interfacial behavior of three environmental pollutants: hexavalent chromium, oxytetracycline,
and morantel. Model surfaces are employed for these studies, including (1 1 02) α-Al2O3 and a

carboxylic acid-terminated adlayer on fused quartz, both of which are important environmental
interfaces.
To study interfacial phenomena, we exploit the power of the nonlinear optical technique
second harmonic generation (SHG) because of its high sensitivity, surface selectivity, and ability
to interrogate insulating materials. We demonstrate the power of SHG by obtaining orientation
information for morantel adsorbed at the fused quartz-water interface, and the orientation
differences for oxytetracycline adsorbed to several interfaces. We also improve the interpretation
of physical parameters measured by SHG by determining the effects of the phase difference
between the resonant and nonresonant contributions to the SHG signal.
We begin applying the power of SHG to environmental interfaces by using the SHG χ(3)
technique. We monitor the surface potential of a carboxylic acid-terminated siloxane adlayer, a
model for the carboxylic acid groups of natural organic matter in soil, as a function of pH and
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observe two pKa values for the interface. The first of these pKa values, 5.6(2), is near typical
values for bulk carboxylic acids, while the second, 9(1), is attributed to deprotonation occurring
within a hydrogen-bonding network. From these measurements, we obtain thermodynamic state
information for the surface, including the change in free energy density. Knowledge of the free
energy density is important, since lowering this parameter is a major driving force for pollutant
adsorption.
Additionally, we study the adsorption of hexavalent chromium to α-Al2O3 using
resonantly enhanced SHG. In these experiments, we measure pH-dependent equilibrium
adsorption constants. Modeling the experimental data allows us to decouple possible surface
adsorption processes and provide equilibrium constants for each process. Our modeling suggests
that chromate, CrO4-2, is the dominant adsorbed species. This work provides fundamental insight
into the adsorption of hexavalent chromium to an Al2O3-water interface.

_______________________
Professor Franz M. Geiger
Research Advisor
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Variable Definitions

Variables used in Chapter 2
r
E 2ω

χ

( 2)

r
Eω

χ

( 3)

E (z )

electromagnetic field at the second harmonic
second order susceptibility
electromagnetic field at the fundamental
third order susceptibility
static electric field generated by the surface bound charge measured at distance z
from the surface

Φ0

potential created by the charge bound to the interface measured at the interface

A

r
t r r
χ( 2) E ωE ω when proportionality constant with E 2ω is accounted for

B

r
t r r
χ(3) E ωE ω when proportionality constant with E 2ω is accounted for

k

Boltzmann constant

T

temperature in K

e

elementary charge

z

charge of the surface bound moiety, i.e. for a carboxylate group z=-1

σ

surface charge density

ε

dielectric constant of water

C

concentration of counter ions

E 2ω

magnitude of the electromagnetic field at the second harmonic
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pH

pH of the bulk solution

pKa

-log(Ka), Ka = equilibrium constant for the acid-base equilibrium

f
Low
E pH
2ω

R

σ max
High
E pH
2ω

mole fractions for the deprotonated acid
E2ω evaluated prior to the acid-base equilibrium
gas constant
maximum interfacial charge density obtain after an acid-base equilibrium
E2ω evaluated at after to the acid-base equilibrium

∆γ

change in interfacial free energy density that results from the acid-base equilibrium

∆Φ

change in interfacial potential that results from the acid-base equilibrium

Variables used in Chapter 3

E 2ω

second harmonic electric field

Eω

pump electric field

(2 )

second order susceptibility

^

polarization unit vector

χ

a

(2 )
χ NR

composite nonresonant second order susceptibility

(2 )
χR

resonant second order susceptibility

2)
χ (NR

(2) ^ ^

magnitude of χ NR a a

χ (2 )
R
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magnitude of

(2 ) ^ ^
χR a a

∆φ

(2 ) ^ ^
(2) ^ ^
phase difference between χ R a a and χ NR a a

θ

surface coverage

N ML

number of molecules in a monolayer

t
α (2 )

second order hyperpolarizability

K

adsorption equilibrium constant

Cbulk

bulk concentration

∆G

free energy of adsorption

θo

initial surface coverage at t=0

k

rate constant

I2ω

intensity of the second harmonic signal

E1

magnitude of the second harmonic field generated by medium 1

E2

magnitude of the second harmonic field generated by medium 2

∆ϕ

phase shift between the fields generated by media 1 and 2

λ

wavelength of the fundamental probe electric field

∆n

dispersion of light due to air

lo

distance over which the medium was moved in order to undergo one period of
oscillation

yo

sum of the SHG intensities from the z-cut quartz reference and the functionalized
fused quartz-water interface

A

amplitude of the interference pattern

∆γ
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phase shift between the z-cut quartz reference and the ester-functionalized interface
(no Cr(VI) present) or the ester-functionalized interface with adsorbed Cr(VI)
present

f

frequency of the oscillatory pattern

xester

x-coordinate of the ester vector, defined to be 0

yester

y-coordinate of the ester vector, defined to be 1

δ∆γ

difference in the phase shifts between the z-cut quartz reference and the esterfunctionalized interface (no Cr(VI) present) and the quartz reference the esterfunctionalized interface with adsorbed Cr(VI) present.

xCr+ester

x-coordinate of the Cr+ester vector, in the coordinate system where the ester vector
is defined to be (0,1)

yCr+ester

y-coordinate of the Cr+ester vector, in the coordinate system where the ester vector
is defined to be (0,1)

∆x

difference in x-coordinates of the ester vector and the Cr+ester vector

∆y

difference in y-coordinates of the ester vector and the Cr+ester vector

ω

frequency of the fundamental

Variables used in Chapter 4
r
E 2ω

electric field vector of the second harmonic light

t 2)
χ (NR

nonresonant contribution to the second order susceptibility

r
Eω

electric field vector of the fundamental light

t
χ (R2 )
N

t
α (2 )
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resonant contribution to the second order susceptibility
number of adsorbates
second order hyperpolarizability

D

second harmonic orientation parameter

T

mean molecular tilt angle

(2 )
χ ijk

component of the second order susceptibility associated with the i Cartesian
coordinate of the second harmonic electric field and the j, k Cartesian coordinates of
the two incident fundamental fields

2)
α (ζζζ

component of the second order hyperpolarizability associated with the molecular
Cartesian coordinate ζ (z in molecular frame) of the second harmonic electric field
and the two incident fundamental fields

φin

input polarization, defined such that p-polarized light is 0

φout

output polarization, defined such that p-polarized light is 0

φnull

output polarization which yields no second harmonic signal when the input
polarization is set to 45 degrees

si

series of collections of terms defined in equation 4.7

ω

frequency of the fundamental

fi

Fresnel coefficients defined in 4.8, the subscript defines the coordinate which they
apply to, those with a subscript 2 are the second order terms

I p2ω45

p-polarized second harmonic intensity with 45 degree polarized incident light

I s245
ω

s-polarized second harmonic intensity with 45 degree polarized incident light
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α

incidence angle of the fundamental

θ

angle of the generated SHG field

θr

angle of refraction of the fundamental

θ(r2ω)

n1

angle of refraction of the second harmonic
index of refraction for the medium through which the detected SHG signal travels at
the fundamental

n1(2ω)

index of refraction for the medium through which the detected SHG signal travels at
the second harmonic

n2

index of refraction for the medium through which the detected SHG signal does not
travel at the fundamental

n (22ω)

index of refraction for the medium through which the detected SHG signal does not
travel at the second harmonic

2ω)
n (NL

index of refraction for the nonlinear layer at the second harmonic

k1

wave vector for the generated second harmonic light

k2

wave vector for the refracted fundamental light

d

thickness of the nonlinear layer

c

speed of light

f ' (T)

tilt angle distribution, with mean T, after the summation

f (T )

tilt angle distribution, with mean T, before the summation

n

summation index for equation 4.10
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Variables used in Chapter 5
θ

surface coverage of the chromium (VI)

K

adsorption equilibrium constant

∆G

free energy of adsorption

R

gas constant

T

temperature in Kelvin

Kd

partition coefficient

ρ

soil density

n

soil porosity

Rf

retardation factor

B

Boltzmann correction factor for a singly negatively charged ion

e

elemental charge

Φo

static potential at the interface

k

Boltzmann constant

A

concentration of example singly negatively charged ion in the interaction layer

Ab

bulk concentration of example singly negatively charged ion

x

quantity of chromate which is converted to bichromate in the interaction layer
because the pKa in the interaction layer is different from the bulk pKa value

Kacs

equilibrium constant relating bichromate and chromate in the interaction layer

Kac

equilibrium constant relating bichromate and chromate in bulk solution

Kas

equilibrium constant relating active site to the deprotonated site in the model
depicted in Figure 5.18

Kaca
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equilibrium constant of chromium (VI) while adsorbed to the surface using the
model depicted in Figure 5.18

Ka

acid-base equilibrium constant

K1

please see Figure 5.18 or Figure 5.20

K2

please see Figure 5.18 or Figure 5.20

K3

please see Figure 5.20

K4

please see Figure 5.20

Kaca1

Ka of bichromate adsorbed to the protonated hydroxyl site using the model depicted
in Figure 5.20

Kaca2

Ka of bichromate adsorbed to the hydroxyl site using the model depicted in Figure
5.20

C

concentration of chromate in the interaction layer

Cb

concentration of chromate in bulk solution

Kas1

equilibrium constant relating the protonated hydroxyl site to the hydroxyl site in the
model depicted in Figure 5.20

Kas2

equilibrium constant relating hydroxyl site to the deprotonated site in the model
depicted in Figure 5.20

pHpzc

pH at which the number of protonated hydroxyl sites and deprotonated sites are
equal

[H]

bulk hydronium ion concentration

Ct

total chromium (VI) in solution

St

total number of possible active sites
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Keff

equilibrium constant determined by fitting adsorption data by the Langmuir model

E

summation of the weighted relative error

Ki

experimental Keff at a pH value of i

fi

fit value for the effective equilibrium constant at a pH value of i

δi

standard deviation of the experimental Keff at a pH value of i

Qi

quantity adsorbed at a pH value of i

ni

number of quantity adsorbed data points at a pH value of i

Ni

Ni is the fit value for the quantity of chromium (VI) adsorbed at a pH value of i

α

term of equation 5.16 which contains K1

β

term of equation 5.16 which contains K2

γ

term of equation 5.16 which contains K3

η

term of equation 5.16 which contains K4

Variables used in Appendix 1

[ H 3 O + ]s

concentration of hydronium ions at the interface

[ A − ]s

concentration of deprotonated acid at the interface

[HA]s

concentration of protonated acid at the interface

Ka

equilibrium constant for the acid-base equilibrium

pKa

-log(Ka)

f

mole fraction for the deprotonated acid
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[H 3O ]

concentration of hydronium ions in the bulk solution

Φ

potential created by the charge bound to the interface

T

temperature in K

k

Boltzmann constant

e

elementary charge

+

Φo

potential created by the charge bound to the interface measured at the interface

z

charge of the surface bound moiety, i.e. for a carboxylate group z=-1

σ

surface charge density

ε

dielectric constant of water

R

gas constant

C

concentration of counter ions

a

collection of constants

pH

pH of the bulk solution

σ max

maximum surface charge density obtain after an acid-base equilibrium

r
E 2ω

electric field vector of the second harmonic light

χ

( 2)

r
Eω

χ

( 3)

E (z )

second order susceptibility
electric field vector of the fundamental light
third order susceptibility
static electric field generated by the surface bound charge measured at distance z
from the surface
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^

a

unit polarization vector

2)
χ (water

portion of χ( 2) that does not change during the pH transition,

2)
χ (acid

portion of χ( 2) that changes during the pH transition evaluated prior to the transition

2)
χ (base

portion of χ( 2) that changes during the pH transition evaluated after the transition

Φ max

maximum potential reached after the acid-base transition

PC

proportionality constant

EN

normalized electric field adjusted for the proportionality constant

Low
E pH
N

EN evaluated prior to the acid-base equilibrium

High
E pH
N

EN evaluated after the acid-base equilibrium
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Chapter 1: Introduction

Portions of this chapter are reproduced in part with permission from:

Konek, C. T.; Musorrafiti, M. J.; Voges, A. B.; and Geiger, F. M. “Tracking the Interaction of
Transition Metal Ions with Environmental Interfaces Using Second Harmonic
Generation” in press as a contributed chapter to "Adsorption of Metals by Geomedia
II" Mark Barnett and Douglass Kent, Editors, Elsevier series on "Developments in Earth
and Environmental Sciences", 2007. Copyright 2007, Elsevier.
Al-Abadleh, H. A.; Mifflin, A. L.; Musorrafiti, M. J.; and Geiger, F. M. "Kinetic Studies of
Chromium (VI) Binding to Carboxylic Acid- and Methyl Ester-Functionalized
Silica/Water Interfaces Important in Geochemistry" J. Phys. Chem. B., 2005, 109(35),
16852-16859. Copyright 2005, American Chemical Society.
Konek, C. T.; Illg, K. D.; Al-Abadleh, H. A.; Voges, A. B.; Yin, G.; Musorrafiti, M. J.; Schmidt,
C. M.; Geiger, F. M. “Nonlinear Optical Studies of the Agricultural Antibiotic Morantel
Interacting with Silica/Water Interfaces” J. Am. Chem. Soc., 2005, 127(45), 1577115777. Copyright 2005, American Chemical Society.
Hayes, P. L.; Gibbs-Davis, J. M.; Musorrafiti, M. J.; Mifflin, A. L.; Scheidt, K. A.; Geiger, F. M.
“Environmental Biogeochemistry Studied by Second-Harmonic Generation: A Look at
the Agricultural Antibiotic Oxytetracycline” J. Phys. Chem. C., 2007, 111(25), 87968804. Copyright 2007, American Chemical Society.
Musorrafiti, M. J.; Konek, C. T.; Hayes, P. L.; and Geiger, F. M. “Interaction of Chromium (VI)
with the α-Aluminum Oxide-Water Interface” J. Phys. Chem. A., submitted for
publication. Unpublished work copyright 2007 American Chemical Society.
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1.1 Pollutant Transport in Soil

Physical and chemical processes at surfaces and interfaces affect the mobilities and
lifetimes of pollutants in groundwater.3-6 The mobility and lifetime of a pollutant in groundwater
will greatly influence its environmental impact.3,4 The higher the mobility of a toxic metal, the
farther it will travel in groundwater, thereby increasing the quantity of contaminated soil and
thus the extent of environmental pollution. This, in turn, can greatly increase the removal or
remediation cost associated with contaminant cleanup.7-9
Clearly, understanding pollutant interactions with environmentally relevant soil-water
interfaces is critical to pollution remediation. The soils that form these interfaces are a complex
mixture of inorganic mineral oxide particles that are partially coated with organic adlayers
originating from cell death decomposition products.3,5,6,10 A pollutant interacting with such
interfaces may interact with either the organic adlayer or the exposed portion of the mineral
oxide. A molecular-level understanding of pollutants interacting with both types of surfaces is
necessary for a complete understanding of pollutant transport and ultimate environmental fate.
Laboratory models can provide molecular-level insight into these complex environmental
systems.5,11,12 Probing model substrates under controlled experimental conditions allows us to
quantitatively describe the interactions of pollutants with these substrates.5,11,12 Complimenting
these experiments with mathematical models for complex systems often yields a deeper
understanding than either can obtain individually.13-17 For example, one method of addressing the
complexity of pollutant transport through geochemical environments is to focus on those
elements of the environmental interface that are critical to controlling pollutant-interface
interactions.5,11,12 If one interprets the experimental data with mathematical models, one can
relate the experimental model system to the more complicated natural environment or gain a
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more detailed molecular-level view of the impact that human activities have on the
environment.13-17

1.2 Model Surfaces

One of the most important functional groups in natural organic matter (NOM), which
coats soil particles, is the carboxylic acid group. Firstly, carboxylic acid moieties are one
oxidation reaction away from a thermodynamic carbon sink, carbon dioxide.18,19 Secondly,
carboxylic acid moieties can undergo acid-base chemistry at interfaces and charge environmental
interfaces.20-31 When deprotonated, they form charged carboxylate moieties at the interface,
which have the potential to strongly adsorb cations from solution via charge-charge (or
Coulombic) interactions.13-17 Furthermore, protonated, or neutral, carboxylic acid moieties are
polar and may be able to physisorb ions from solution via ion-molecule interactions, i.e. without
a Coulombic driving force.32,33 Such a physisorption mechanism, however, is expected to be
weaker energetically than direct charge-charge interactions.34 In the context of pollutant mobility
in geochemical environments, the potential for both physisorption and charge-charge
interactions, coupled with the prevalence of carboxylic acid in NOM, make understanding the
behavior of this functional group critical. Therefore, it is important to know when these
particular groups will be charged or uncharged at the interface. Furthermore, given the key role
these groups play in chemistry, biology, and materials science,20,35-41 the quantitative
determination of the thermodynamic parameters which drive and control pollutant binding is of
great value.
Pollutants interacting with soil-water interfaces can also interact with the mineral phase
of the soil particle in the case where the mineral phase of soil is only partially coated by an
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organic adlayer. Thus, the exposed underlying mineral can also affect pollutant transport in the
environment through processes such as adsorption and surface reactions.3-6 Since oxygen,
silicon, and aluminum are the three most abundant elements in the Earth’s crust,42 silicon oxide,
alumosilicates, and aluminum (hydr)oxides are among the most common materials found in
soils.
Both single crystal quartz and fused quartz have been used extensively as models for
naturally occurring silicon oxide.5,10,43-51 Studies have examined a wide variety of physical
parameters, ranging from the interfacial protonation state to the adsorption of ions.5,10,43-51 Due to
the well-studied nature and environmental relevance of fused quartz, we have used it in our
previous adsorption studies.52-55
The naturally occurring aluminum (hydr)oxides in soil have been extensively modeled
with both the α and γ phases of aluminum oxide.2,5,43,48,56-71 Specifically, several studies have
focused on the (1102) surface of single crystal α-Al2O3.2,43,59,61-64,66-69 The (1102) surface of αAl2O3 is a good soil model because it has been postulated that the local structure and reactivity of
the surface sites of the (1102) surface of α-Al2O3 are similar to the naturally occurring minerals
gibbsite and boehmite, as well as, the octahedral sheets of kaolinite and smectite.5,67 For this
reason, Brown and coworkers have used X-ray spectroscopies to study a number of ions
adsorbing to this interface, including: Pb(II),62,64,69 Cu(II),43 Zn(II),59 U(VI),67 Co(II),62,63 and
Se(II).69 Furthermore, the (1102) surface of α-Al2O3 is an energetically stable surface. The
surface stability, similarity of the surface sites with natural minerals, and the well studied nature
of the (1102) surface of α-Al2O3, make it a good model surface for surface studies examining the
effects of naturally occurring aluminum (hydr)oxide on the transport of pollutants.
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1.3 Pollutants of Interest

This work focuses on three different pollutants for which environmental mobility and
lifetime are critical parameters that currently lack molecular-level predictive frameworks. The
first pollutant considered is the U.S. Environmental Protection Agency (EPA) priority pollutant72
hexavalent chromium, or chromium (VI), a carcinogenic and toxic ion that is highly mobile in
most soil environments.73-86 Almost 200 million pounds of chromium (VI) were introduced into
the environment between 1987 and 1993,87 prior to EPA regulation.88 At polluted sites,
chromium (VI) concentrations can be several orders of magnitude higher than 2 µM, the
maximum contaminant limit (MCL) for total chromium in groundwater in the U.S.89 To improve
our understanding of chromium mobility in the environment, intense research has focused on the
interaction of chromium (VI) with minerals and natural organic matter.90-102
The other two pollutants studied are morantel and oxytetracycline, agricultural antibiotics
fed to animals to promote growth. A large percentage of these antibiotics (50%-80%) are
excreted by the animal unaltered.103 Consequences of using these poorly metabolized antibiotics
are increased antibiotic concentrations in groundwater and persistent environmental deposition.
The agricultural use of pharmaceuticals and subsequent environmental deposition can contribute
to the emerging threat of bacterial antibiotic resistance, an issue which is now receiving much
attention.104-109 The importance of agricultural antibiotics in the environment is underscored by
the 2005 Food and Drug Administration ban of the veterinary antibiotic Baytril because of its
chemical similarity to ciprofloxacin, an antibiotic used in humans to combat anthrax and other
bacterial infections.110 Additionally, the European Union banned the use of antibiotics for
livestock growth promotion in 2006, although antibiotics can still be used to treat ill animals.111
Understanding the lifetime and mobility of agricultural antibiotics will allow the prediction of
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the extent of contact between soil bacterial and agricultural antibiotics and thereby an
understanding of where bacterial antibiotic resistance will occur.

1.4 Common Methods of Measuring Surface Adsorption

Clearly, transport and surface reactivity can control the concentrations and lifetimes of
environmental pollutants and thereby greatly impact strategies geared towards environmental
pollution remediation. However, obtaining experimental laboratory and field data to predict these
parameters can be challenging because the relevant interactions occur at interfaces. One of the
most common methods for studying the adsorption of a pollutant to an interface is the collection
of an adsorption isotherm through batch studies.48,57,101,112 Batch studies yield important
information for assessing the magnitude of surface interactions, such as adsorption free energies,
equilibrium binding constants, and saturation surface coverages. These parameters can be used
for predicting pollutant mobility in soils by calculating retardation factors from solid-liquid
partition coefficients.113 However, batch studies convolute all the processes that remove the
pollutant from solution, including diffusion and surface precipitation, with the actual surface
adsorption process. Deconvoluting these processes from the adsorption process to accurately
model pollutant transport is challenging.
In addition to batch studies, recent advances in surface spectroscopy have led to the
development of a number of very useful and highly powerful techniques for studying
interfaces.114 These techniques often use X-rays (extended X-ray adsorption fine structure,
EXAFS, and X-ray adsorption near-edge structure, XANES)115-119 or electrons (low-energy
electron diffraction, LEED, and high resolution electron energy loss spectroscopy,
HREELS)120,121 to identify structural and binding information, or photons (ellipsometry,
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interferometry, attenuated total reflection Fourier transform infrared spectroscopy, ATR-FTIR,
and Raman spectroscopy)23,122-125 to spectroscopically probe interfaces. Additionally, imaging
techniques such as atomic force microscopy (AFM) and transmission electron microscopy
(TEM)114,122,126 have been used to characterize interfaces and obtain kinetic information for
binding molecules. It is important to note that currently applied spectroscopic techniques are
significantly curtailed by their inability to probe aqueous-solid interfaces in real time while the
interfaces are exposed to environmentally representative solute concentrations. Further,
limitations may also include the need for expensive substrates or extensive chemical and
physical models for data interpretation. However, continuing progress is being made towards
bridging the “environmental gap” - the gap between the capabilities of standard surface analysis
techniques and environmental conditions.5
Second order nonlinear optical (NLO) techniques,127-130 such as second harmonic
generation (SHG), are among the techniques benefiting from the recent advances in surface
spectroscopy for studying environmental surface interactions. SHG presents unique advantages
for studying environmental systems: (1) high sensitivity for detecting the submonolayer surface
coverages that are often associated with environmentally relevant solute concentrations, (2)
surface specificity to enable thermodynamic, kinetic, and spectroscopic data collection at
monolayer and submonolayer surface coverages without the necessity of bulk signal subtraction,
(3) acquisition of orientation information regarding the adsorbates and the underlying substrate
surface, which may be critical for surface reactivity and therefore the environmental lifetime of
the pollutant and (4) applicability for studying buried interfaces between a wide variety of
materials, including insulators. SHG is based on frequency doubling of visible light which occurs
in non-centrosymmetric media, such as those located at a surface or interface,127-129 provided that
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the applied optical fields are sufficiently intense. This optical method requires that at least one of
the bulk phases be optically transparent.127-129 Most SHG experiments are carried out at the
interface of two centrosymmetric media, such as silica and water or single crystalline aluminum
oxide and water.127-129,131-133 In general, SHG is applicable to real environment and soil samples
provided one uses either large, flat, optically reflective substrates or particles suspended in
solutions.127-129,132-134

1.5 Goals and Organization:

The overarching goal of this work is to gain molecular-level insight into physical
chemical processes of pollutants at surfaces under environmentally relevant conditions. This goal
is accomplished by studying chemical processes at environmentally relevant interfaces using
model surfaces interrogated predominately by SHG. In the next chapter (chapter 2) the acid-base
chemistry of a carboxylic acid-modified fused quartz/water interface is discussed. In these
studies, the χ(3) technique is used to measure the potential at the interface and thereby track the
protonation state of the interface. Using proper reference states, we then analyze the data to
obtain the interfacial charge density, interfacial pKa values, the absolute number of deprotonated
sites, the change interfacial potential, and the change in interfacial free energy density as a
function of pH. The chapter concludes with a discussion of an error sensitivity analysis.
Chapter 3 discusses the phase difference between the resonant and nonresonant
contributions of the SHG signal when a molecule with an electronic resonance, such as
chromium (VI), is present at an interface. Proper analysis of resonant SHG data must be
informed by an understanding of the phase difference to obtain accurate physical constants.
Chapter 3 discusses the consequences of improper resonant SHG data treatments and presents an
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experiment to directly determine the phase relationship. Chapter 4 discusses a powerful
application of SHG by reviewing two methods of obtaining orientation information for adsorbed
molecules. This chapter also discusses the implementation of those techniques for the antibiotic
morantel citrate adsorbed to the fused quartz-water interface and the antibiotic oxytetracycline
adsorbed to several different interfaces. The assumptions and limitations of these two techniques
are also discussed.
Chapter 5 examines the binding of chromium (VI) to the single crystal α-Al2O3-water
interface. The chapter begins by discussing the characterization of the sample by Laue X-ray
backscattering, the χ(3) technique, and SHG signal as a function of sample rotation. Adsorption
measurements, followed by implications of these measurements on chromium (VI) transport
through soil, and data modeling using two common equilibrium frameworks are discussed.
Finally, chapter 6 summarizes the environmental implications of all the work presented and
discusses possible future directions.
In sum, the work presented here evaluates, improves upon, and demonstrates the power
of SHG to yield predictive data about important environmental systems, especially when coupled
with physical-chemical models.
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Chapter 2: Thermodynamic State Information of a Carboxylic Acid Terminated Siloxane
Adlayer

Portions of this chapter are reproduced in part with permission from:

Konek, CT; Musorrafiti, MJ; Al-Abadleh, HA; Bertin, PA; Nguyen, ST; and Geiger, FM
“Interfacial Acidities, Charge Densities, Potentials, and Energies of Carboxylic AcidFunctionalized Silica/Water Interfaces Determined by Second Harmonic Generation”
Journal of the American Chemical Society 2004, 126(38), 11754-11755. Copyright
2004, American Chemical Society.
Konek, CT; Musorrafiti, MJ; Voges, AB; and Geiger, FM “Tracking the Interaction of Transition
Metal Ions with Environmental Interfaces Using Second Harmonic Generation” in press
as a contributed chapter to "Adsorption of Metals by Geomedia II" Mark Barnett and
Douglass Kent, Editors, Elsevier series on "Developments in Earth and Environmental
Sciences," 2007. Copyright 2007, Elsevier.
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2.1 Chapter 2 Preface

Carboxylic acids are not only an environmentally important functional group in soil
environments containing humic and fulvic acids,4,135 but they also control the binding of many
solutes important in chemistry, catalysis, and biology.20,35-41 Depending on solution pH, acid
functional groups can be charged or neutral and thus control the charge state and consequently
the potential and the energy density of the aqueous-solid interface, with direct implications for
chemical binding and reactivity. Hence, it is critical to quantitatively understand interfacial
acidities, potentials, and energies for such functionalized surfaces and interfaces. The synthesis
and characterization of the carboxylic acid terminated siloxane layers used in the experiments
described in this chapter can be found elsewhere.136

2.2 Introduction to the χ(3) Technique

Many surface functional groups display acid-base behavior and are charged or neutral
depending on the pH. Unlike in solution, when these surface groups are charged they cannot
disperse and therefore act like a sheet of charge bound to the interface, creating a static electric
field emanating from the surface. In the presence of this interfacial static electric field, E(z),
nonlinear optical signals at 2ω are produced from the interaction of two incident probe fields at
frequency ω with E(z) via the third-order nonlinear susceptibility χ(3). The interfacial potential,

Φo, that arises from the static electric field can also be directly related to the electric field at the
second harmonic via the "χ(3) technique," as it has been termed by Eisenthal and coworkers,22,49,137 according to,
r
(2) r r
(3) r r ∞
(2) r r
(3) r r
E 2ω ∝ χ E ωE ω − χ E ωE ω ∫ E(z)dz = χ E ωE ω − χ E ωE ωΦ 0 = A − BΦ 0
z =0

(2.1)

(2)

Here, χ

(3)

and χ
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are the second-order and third-order nonlinear susceptibilities of the interface

in the presence of the applied fundamental electric field, Eω, and z is the distance from the
surface. Surface potentials of metal surfaces,138,139 mineral oxide-water interfaces49,140-142
including colloidal systems,143 and charged molecular species at aqueous surfaces132,144 have
been determined in this fashion.
The interfacial potential, can be related to the interfacial charge density, σ, with the
Gouy-Chapman model,
Φo =


π 
2kT

arcsinh σ

2
εkTC
ze



(2.2)

In equation 2.2, k is the Boltzmann constant, T is the temperature, z is the valence of the charged
interface species, e is the elemental charge, C is the bulk ion concentration, and ε is the
permittivity of bulk water. Equations 2.1 and 2.2 can be combined to obtain the following
expression, which relates the measurable, second harmonic electric field, to the interfacial charge
density.
r

π 
2kT
E 2ω = A − BΦ o = A − B
arcsinh σ

ze
 2εkTC 

(2.3)

Following the lead of Eisenthal and coworkers,22,49,137 two kinds of experiments were
performed to characterize the acid-base behavior of functionalized interfaces using the
experimental setup depicted in Figure 2.1. By recording the second harmonic (SH) electric field,
which depends directly on Φο (see equation 2.1), with increasing bulk ion concentration at
constant bulk solution pH, equation 2.3 can be fit to the data to determine σ at different pH
values. The second set of experiments was performed to determine the interface pKa value by
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Figure 2.1: Experimental setup used to conduct all the experiments found in this chapter.
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varying the pH of the bulk water flowing across the interface while maintaining constant ionic
strength.

Changing the pH alters the protonation state of the interface and therefore the

interfacial charge density. The measurable electric field thereby generates a titration curve of the
surface sites.

2.3 Determination of the Interfacial Charge Density

Before beginning the charge screening experiments, the entire flow system was purged
with Millipore water (resistivity of 18.2 MΩ) for 2 hours to ensure a low initial ion concentration
and a clean flow system. The ion concentration was increased in the Erlenmeyer flask by
gradually adding previously prepared NaCl solutions and was monitored downstream from the
Teflon flow cell using a calibrated conductivity meter (VWR Expanded Range Conductivity
Meter).
Figure 2.2 shows that as the bulk ion concentration increases, the SHG electric field
produced by the negatively charged carboxylic acid groups decreases, due to charge screening.
Fits to the data using equation 2.3 return charge densities of 2.8(6)×10-4 C/m2 and
4.2(2)×10-2 C/m2 at pH values of 6.4 and 11.2, respectively. These results are necessary to obtain
pKa values, number densities of deprotonated groups, interfacial potentials, and interfacial free
energy densities (section 2.5) from the data in section 2.4.
One concern at pH 11.2 is that alkaline conditions are known to gradually degrade
siloxane adlayers on a timescale of 80 minutes.145 A control experiment (Figure 2.3)
demonstrated that after 100 minutes of exposure to an aqueous solution held at pH 12, the second
harmonic signal intensity dropped and then began to fluctuate in an irregular fashion, which may
be caused by degradation of the adlayer. Therefore, exposure times exceeding 80 minutes were
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Figure 2.2:

SH signal as a function of bulk ion concentration in solution flowing across the
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avoided for the experiment at pH 11.2.

2.4 Determination of the Interface pKa Value

With the knowledge of the interfacial charge densities at pH 6.4 and 11.2, we were able
to study the acid-base chemistry of the carboxylic acid-functionalized fused quartz-water
interface. During these interface titration experiments, the bulk solution pH is adjusted in an
Erlenmeyer flask with stock solutions made from HCl (Fisher) and NaOH (Fisher) (see Figure
2.1). All solutions used for the interface titration experiment contained 0.5 M NaCl (Fisher and
VWR) to avoid a significant variation in total ion concentration. The pH is monitored by a pH
meter (Thermo Orion 3 Star). To avoid degradation under alkaline conditions, exposure times
exceeding 80 minutes were avoided for pH values above 7.0. For the χ(3) analysis,49,146,147 the
SHG intensity was recorded for 5 minutes at a given bulk solution pH.
The SHG electric field will track the degree of interfacial deprotonation as the pH of the
bulk solution flowing across the interface is changed. Figure 2.4 shows the results of these
measurements.146 The data show two inflection points in the interface titration curve, which is
consistent with the presence of two acid-base equilibria for the monoprotic carboxylic acid
tethered to the surface. The values obtained from the charge screening experiments in the
previous section were necessary to interpret these data and to obtain absolute pKa values for the
two acid-base equilibria.
Following Eisenthal and coworkers,49 we used the interfacial charge densities determined
in the previous section in the following equation (derived in Appendix 1):49,137,144,148
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Here, σmax is the maximum interfacial charge density resulting from a given pH transition
(measured in the previous section), C is the solution bulk ion concentration, ε is the bulk water
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dielectric constant, and E pH
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a given pH transition, respectively. For negatively charged interface species, the interfacial
charge density is given by σ = fσ max , where f is related to the fraction of deprotonated
carboxylic acid groups at the interface for each given acid-base equilibrium. Fitting equation 2.4
to the data shown in Figure 2.4 results in pKa values of 5.6(2) and 9(1).
These results are consistent with prior ATR-FTIR and sum frequency generation
studies.23,149 It should be noted that these prior measurements are pKa1/2 values, as opposed to the
pKa values presented in this work. A pKa1/2 value is only equal to the pKa value in a system with
a 1:1 stoichiometry between the titrant and acid.150 While the deprotonation of carboxylic acids
is expected to be a 1:1 stoichiometry with the hydroxide concentration, when that carboxylic acid
is attached to a surface, it is the hydroxide concentration near the surface, not the bulk hydroxide
concentration, that drives the reaction. The near-surface hydroxide concentration depends on the
charge of the interface and thereby the extent of the acid-base reaction. This dependence
complicates the overall stoichiometry of the deprotonation with respect to the bulk pH value.
Therefore, for interfacial titrations, the pKa1/2 value measured with respect to the bulk pH is not
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equal to the pKa value. While our measurements are also subject to this complication, we address
it explicitly by the inclusion of the Gouy-Chapman model and a Boltzmann correction term for
the proton concentration near the surface in our fitting equation (see appendix 1 and section 5.5).
The two acid-base equilibria can be interpreted as follows: carboxylic acid groups at
defect sites are solvated by water similarly to what they would encounter in bulk water. These
groups are associated with the lower pKa value (5.6). This lower value is close to the range of
pKa values of monoprotic carboxylic acid groups in dilute aqueous solutions (pKa 4-5).18 The
higher pKa value (9) is consistent with the presence of lateral hydrogen-bonding networks within
the interfacial plane. Deprotonation of these carboxylic acid groups are energetically
unfavorable,146 and the carboxylic acid groups remain protonated until the aqueous phase is
sufficiently alkaline.

2.5 Determination of the Change in Interfacial Potential, the Change in Interfacial Free
Energy Density, and the Number Density of Deprotonation

By combining the maximum charge density, σmax from section 2.3, and the fraction of
carboxylic acid groups deprotonated at each pH, f from the previous section, we obtained the
interfacial charge density for every bulk solution pH value. From the interfacial charge densities
and assuming one negative charge for each carboxylate group, we calculated the absolute
number of deprotonated carboxylic acid groups for every bulk solution pH value (Figure 2.5).
Figure 2.5 shows that there are at least 3 x 1013 carboxylate groups per cm2 at the interface at pH
12. Clearly, at neutral bulk solution pH conditions, the interface is mainly neutral, i.e. most of the
carboxylic acid groups are present in the molecular form. Solution pKa values for carboxylic
acids are typically in the range of 4-5,18 implying that in solution at pH 7 most of the carboxylic

10

10

13

10

12

10

11

10

10

-

2

COO coverage [molecules/cm ]

45
14

10

9

0

2

4

6

8

10

12

14

Bulk pH
Figure 2.5: Absolute number of deprotonated carboxylic acid groups as a function of bulk

solution pH. Note the logarithmic scale on the y-axis.

46
acid moieties are deprotonated. The discrepancy between the degree of deprotonation expected
in solution and observed on the surface, is consistent with the increased difficulty of
deprotonating a hydrogen bonded network on the surface which does not exist in solution. The
sensitivity limit of the χ(3) method is demonstrated by the scatter in the y-axis data points that are
taken below pH 5.
Furthermore, the interfacial charge density as a function of pH was used in equation 2.2
to calculate the change in interfacial potential as a function of pH (Figure 2.6). Our calculated
potentials compare well with the interfacial potentials of carboxylic acid terminated thiols on
gold measured using atomic force microscopy.20 Finally, using the Lipman equation12
∆γ = −σ∆Φ

(2.5)

the change in interfacial free energy density, ∆γ, resulting from the deprotonation was calculated
as a function of pH (Figure 2.7). Lowering of the free energy density is the one of the major
driving forces for solute adsorption to interfaces.11 In Figure 2.7, the free energy density is
tracked over 6 orders of magnitude from ~2x10-9 J/m2 to ~2x10-3 J/m2.
A mineral oxide particle coated with natural organic matter (NOM) is a significantly
more complicated system than our model system of ordered carboxylic acids on an optically flat
fused quartz surface. Due to the structural and chemical complexity of NOM, some regions of a
NOM-coated particle may exhibit a relatively high carboxylic acid density, while other regions
may be sparsely coated with carboxylic acid moieties. The results from our experimental
laboratory measurements suggest that these two regions will have differing reactivity and
adsorption capabilities. Areas with a high carboxylic acid density will form a hydrogen-bonding
network similar to our carboxylic acid adlayers, and the individual carboxylic acid groups will
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remain predominantly molecular at pH values as high as 9 (See Figure 2.4). Conversely, regions
with lower carboxylic acid density are more likely to be deprotonated at lower pH values, near
the pKa values of bulk carboxylic acids. This difference in protonation state will result in
differences in interfacial free energy density due to the differing relative surface charges (i.e.
molecular carboxylic acid versus carboxylate ions). Since lowering the interfacial free energy
density is one of the major driving forces for adsorption,34,151 the different regions will display
drastically different solute affinities and behave as if they experience drastically different local
pH environments even though the pH in bulk solution is one constant value.

2.6 Ionic Strength and Interfacial Charge Density Sensitivity Analysis

To assess the uncertainties in the two pKa values, we carried out a sensitivity analysis
with respect to the uncertainties in the ion concentration. We also paid attention to uncertainties
in the interfacial charge density and photon shot noise. The ion concentrations may have varied
up to 10% due to the pH adjustments. The sensitivity analysis was carried out by generating a
model data set of ten evenly spaced electric field values and then calculating the corresponding
pH of the solution from equation 2.4. All the parameters used to calculate this model data set
were based on the experimental data and laboratory conditions. Equation 2.4 was fit to the model
data set with initial guesses of interfacial charge density that varied by up to 15%, to simulate
possible uncertainties in the interfacial charge densities. The ion concentration values used in the
fit equation were also varied by up to 10%, to simulate that uncertainty. While fitting equation
2.4 to the model data sets, the interfacial charge densities were constrained to within 20% of the
initial guess and the ion concentration value was held at a fixed value. This is analogous to the
one standard deviation in interfacial charge densities and constant ion concentrations used in the
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fits to our experimental data.
To simulate photon shot noise, a number of electric field versus pH model data sets were
calculated with data points that were shifted through use of a random number generator with a
normally distributed output. The experimental SHG data discussed in the previous section
exhibit a larger relative error for lower pH conditions than for higher pH conditions. This
experimental observation was mirrored in the shifted model data sets by modulating the standard
deviation of the random number generator (number period in excess of 1018)152 for two regions
within a given pKa transition. For each pKa value, this standard deviation was set to 5.5% of the
base electric field value for the lower pH region of the model data set and to 4% for the higher
pH region. These percent values in the standard deviations were empirically determined to result
in model data sets that allowed for straightforward fit convergence.
Fitting equation 2.4 to the model data sets allowed us to analyze how the experimental
uncertainties in the pKa values depended on the uncertainties in the ion concentration in the bulk
solution, the interfacial charge density, and photon shot noise. To compare uncertainty from
experimental parameters with uncertainty inherent in the experimental setup (laser shot noise),
simulations were run, and are summarized in Figure 2.8. Figure 2.8 shows that the largest
contributor to the uncertainty in the lower pKa value (left three panels) is the photon shot noise
and not the uncertainties in the ion concentration or the interfacial charge density. The same is
true for the higher pKa value (right three panels).
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Figure 2.8: Error analysis regarding the uncertainties of the two pKa values as a function of error

in the ion concentration and for noise patterns in the single photon counting experiments. Percent
difference is calculated from the difference in data generation value and fit value divided by the
data generation value * 100. The left three panels correspond to the lower pKa (5.6) while the
right three panels correspond to the higher pKa (9). The most extreme uncertainties in the pKa
values when the photon shot noise was turned on (dashed lines) and the sensitivity analysis in the
absence of photon shot noise (filled symbols) are presented.
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Chapter 3: Phase Relations During Nonlinear Optical Experiments

Portions of this chapter are reproduced in part with permission from:

Al-Abadleh, H. A.; Mifflin, A. L.; Musorrafiti, M. J.; Geiger, F. M. "Kinetic Studies of
Chromium (VI) Binding to Carboxylic Acid- and Methyl Ester-Functionalized
Silica/Water Interfaces Important in Geochemistry" J. Phys. Chem. B., 2005, 109(35),
16852-16859. Copyright 2005, American Chemical Society.
Mifflin, A. L.; Musorrafiti, M. J.; Konek, C. T.; Geiger, F. M. "Second Harmonic Generation
Phase Measurements of Cr(VI) at a Buried Interface" J. Phys. Chem. B., 2005, 109(51),
24386-24390. Copyright 2005, American Chemical Society.

53
3.1 Introduction to Second Harmonic Phase Relations

In real experimental systems there is often more than one chemical species present at the
interface. For instance, Mifflin et al. reported chromium (VI) adsorption studies at fused quartzwater interface where there is, at the minimum, chromate, water, and SiO2 present at the
interface.52,53 Not all of these species are expected to be in resonance at the same time, but the
observed second harmonic (SH) field will be generated by both the resonant and non-resonant
species. Furthermore, second harmonic generation (SHG) experiments can only measure the
composite field resulting from all the surface species,
E 2ω ∝ χ

(2 )

Eω Eω = χ

(2 )

^^

2

Eω Eω a a = Eω χ

(2 ) ^ ^
aa

In equation 3.1, E 2ω is the generated SH electric field, E ω is the pump electric field, χ
^

second order susceptibility, and a is the polarization unit vector.

(3.1)
(2 )

is the

Since some species are in

resonance and some are not, equation 3.1 can be rewritten by the expansion of the second order
susceptibility to give
E 2ω
Eω

2

(2) ^ ^
(2 ) ^ ^
∝ χ NR a a + χ R a a

(3.2)

(2 )
(2 )
In equation 3.2, χ NR is the composite nonresonant second order susceptibility and χ R is the

resonant second order susceptibility.
Although χ

(2 )

is a real number for a medium that is optically transparent at both the

fundamental and the second harmonic frequencies, it is a complex number for a medium that can
undergo light absorption at either of these frequencies.127-129 As with all complex numbers, this

(2 )

means that there is a phase associated with the complex χ R
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(2 )
that will differ from the real χ NR .

Determining the phase difference between the nonresonant and resonant second order
susceptibility is crucial for analyzing and interpreting kinetic (see section 3.3) and
thermodynamic data (see section 3.2) obtained using nonlinear optics.1,127-129,132,153-173 In the case
of SHG, one or more electronic resonances, each with their individual phases, can interfere with
the nonresonant second order susceptibility, as well as with one another.1,153,174-177 The phase
difference is also important when the wavelength of the laser probe field is not exactly on
resonance with an electronic transition, or when multilayer systems are studied where various
layers can contribute to the SHG signal.
As shown in equation 3.2, only the magnitude of the sum of the nonresonant and
resonant term is important to the measurements being considered, i.e. the overall sign does not
matter. Therefore, when attempting to determine the importance of the phase relation between
the two terms, the actual signs of the two terms need not be determined, only the relative phase
difference between the two terms needs to be considered. Including this consideration, equation
3.2 can then be rewritten as
E 2ω
Eω

2

2)
(2 )e i∆φ .
∝ χ (NR
+ χR

(3.3)

(2 ) ^ ^
( 2) ^ ^
2)
In equation 3.3, χ (NR
is the magnitude of χ NR a a , χ (R2 ) is the magnitude of χ R a a and ∆φ is
(2 ) ^ ^
( 2) ^ ^
the phase difference between χ R a a and χ NR a a . The magnitude of a complex number is the

square root of the square modulus, or
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E 2ω
Eω

2

∝

2)
χ (NR
+ χ (R2 )e i∆φ

2

(3.4)

Expanding the square modulus results in
E 2ω
Eω

2

(χ ) + (χ( ) ) + χ
(2) 2
NR

∝

2 2
R

( 2 ) (2 ) i∆θ
NR χ R e

2 ) ( 2 ) − i ∆φ
+ χ (NR
χR e

(3.5)

Equation 3.5 can be simplified using the identity178
eiα + e −iα
cos(α ) =
2

(3.6)

to
E 2ω
Eω

2

(χ ) + (χ( ) ) + 2χ
(2) 2
NR

∝

2 2
R

( 2 ) (2 )
NR χ R cos

(∆φ)

(3.7)

If one assumes the resonant and nonresonant terms are in phase, i.e. ∆φ is equal to 0, then
equation 3.7 becomes
E 2ω
Eω

2

∝

(χ ) + (χ( ) )
( 2) 2
NR

2 2
R

( ) ( )

2 ) (2 )
2)
+ 2χ (NR
χ R = χ (NR
+ χ (R2)

(3.8)

Equation 3.8 has been used by Geiger and coworkers to analyze data.33,52,53 However, other
values for ∆φ are possible and discussed in the rest of the chapter.

3.2 Phase and Thermodynamic Data

The resonant contribution to the SH signal is often modeled as being dependent on the
number of adsorbate molecules.127-129 Fitting isotherm models to these data sets allows for the

extraction of equilibrium adsorption constants.

33,53,127-129

56
To simulate the effects of ∆φ on these

thermodynamic measurements, one can derive an appropriate mathematical expression within
the considered theoretical model. This derivation is accomplished by substituting the relationship
t
between the second order susceptibility and the hyperpolarizability, α (2 ) ,129
t
χ (R2) = θN ML α (2)

(3.9)

and the Langmuir isotherm model,1,179

θ=

KCbulk
1 + KCbulk

(3.10)

into equation 3.7 to obtain
E 2ω
Eω

2

∝

(χ )

( 2) 2
NR

  KC bulk
+  
  1 + KC bulk


 N ML α (2 )


2


2 )  KC bulk
 + 2χ (NR


 1 + KC bulk



 N ML α (2) cos(∆φ ) (3.11)


In equations 3.9-3.11, θ is the surface coverage, NML is the number of molecules in a monolayer,
K is the equilibrium binding constant, and Cbulk is the bulk concentration. Equation 3.11 can be
used to calculate isothermal binding curves for a given K as a function of ∆φ (Figure 3.1). As can
be seen, changing the phase difference has significant effects on the shape of the isotherm.
Two of the isotherms in Figure 3.1 contain signal levels less than the nonresonant
background, which is indicative of destructive interference and would be noticed during the
experiment. For the other isotherms corresponding to a non-zero phase difference, fitting the
isotherms using equation 3.8 will allow for an assessment of the error introduced in the fitting
parameters by erroneously assuming ∆φ=0 degrees. The percent error for the K values which
result from these fits for ∆φ between 0 and 90 degrees are shown in Figure 3.2. Figure 3.2 shows
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Figure 3.1: Plots of equation 3.11 of SHG isothermal adsorptions at ∆φ of 0, 45, 90, 135, and
t
180 degrees using arbitrarily chosen values: K=106, NML α (2 ) =100 (in arbitrary units) and
2)
χ (NR
=50 (in arbitrary units).
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Figure 3.2: Relative error in K resulting from fitting isotherms, a subset of which appears in

Figure 3.1, assuming ∆φ=0 degrees.

The isotherms were generated using the values:
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NML α (2 ) =100 (in arbitrary units), χ (NR
=50 (in arbitrary units), K=106 (dashed line) and K=105

(solid line).
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that the equilibrium adsorption constant extracted from the fit can be off by as much as 40% and
the extent to which it deviates depends on the real constant. The results of converting these K
values to ∆G values are shown in Figure 3.3. As can be clearly seen from Figure 3.3, these
significant deviations in K have a minimal effect on the calculated ∆G due to the logarithmic
relationship. Specifically, the assumption results in a ∆G value deviation of less than 1 kJ/mole
in the cases examined. Therefore, although the isotherm is significantly different in appearance
due to the phase difference, the ∆G that is calculated by fitting the isotherm does not change
significantly.

This insensitivity indicates that the use of equation 3.8 is justified for the

calculation of ∆G, since it simplifies the expression without introducing appreciable error in the
free energy, however the same may not be true for equilibrium adsorption constants if their
experimental uncertainties are small (below 40%). It should be noted that these fits were
automated and the quality of the fits in this chapter were not visually inspected. Therefore, actual
data analysis may lead to other erroneous conclusions (e.g. due to poor quality of the fit a model
other than the Langmuir model is necessary).

3.3 Phase and Kinetic Data

For considering the effects of a nonzero ∆φ on the kinetic analysis of desorption, an
analogous equation to equation 3.11 can be obtained by substituting equation 3.9 and the
expression for a first order decay,179

θ = θ o e −kt
into equation 3.7 to obtain

(3.12)
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Figure 3.3: Error in ∆G resulting from fitting isotherms, a subset of which appears in Figure
t
3.1, assuming ∆φ=0 degrees. The isotherms were generated using the values: NML α (2 ) =100
2)
=50 (in arbitrary units), A: K=106, and B: K=105. The ∆G values were
(in arbitrary units), χ (NR

referenced to the molarity of water.
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E 2ω
Eω
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∝
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(2) 2
NR

2
o

2
− 2 kt
ML e

α (2 )

2

2)
+ 2χ (NR
θ o N ML e − kt α (2) cos(∆φ )

(3.13)

In equations 3.12 and 3.13, t is time, θo is the initial surface coverage at t=0, and k is the rate
constant. Equation 3.13 can be used to simulate first order desorption curves as a function of ∆φ.
A plot of the first order decay as a function of ∆φ that results from equation 3.13 is shown in
Figure 3.4. In Figure 3.4, cross sections of constant ∆φ represent what a kinetic trace would be
expected to look like at that ∆φ value without the data scatter typically found in an experiment.
Using the same tactic as with the thermodynamic data in the previous section, we can asses the
error introduced in the rate constants obtained from fitting these desorption traces due to the
assumption that ∆φ=0 degrees by fitting the cross sections of Figure 3.4 (Figure 3.5). The fitting
equation for first order desorption when ∆φ=0 is a combination of equations 3.8, 3.9, and 3.12:
E 2ω
Eω

2

( )

t
2)
∝ χ (NR
+ θ o N ML α (2 ) e − k obs t

(3.14)

In equation 3.14, k has been changed to kobs to make it easier to delineate which k is being used
to generate the graphs and which k results from the fits to the graphs. Phase differences between
0 and 90 degrees were chosen for the same reasons they were chosen in the previous section. It is
apparent from Figure 3.5 that up to a 60% error can be introduced into the rate constant by
erroneously assuming ∆φ=0 degrees.
A rate constant does not depend upon the initial surface coverage of the experiment. To
determine the effect of the erroneous assumption of ∆φ=0 degrees on this relationship, further
analysis was performed by varying θo in equation 3.13 and calculating the error introduced in

E2ω/EωEω-50 [a.u.]
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Figure 3.4: A plot of equation 3.13 as a function of time (in arbitrary units) and phase difference

(in degrees) using the following parameters (in arbitrary units): θo=1 (i.e., monolayer coverage),
t
2)
k=2, χ (NR
=50 and NML α (2 ) =100. The thick lines emphasize ∆φ of 0 and 90 degrees.
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Figure 3.5: Relative error in kobs resulting from fitting equation 3.14 to cross section of Figure

3.4, assuming ∆φ=0 degrees. The desorption traces were generated using the values (in arbitrary
t
2)
units): NML α (2 ) =100, χ (NR
=50, A: k=2 and B: k=4.

kobs (Figure 3.6).

Figure 3.6 clearly shows the error present in kobs
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decreases with increasing

surface coverage. The change in k as a function of concentration would indicate to an
experimentalist that they are observing a rate not a rate constant and lead to the false conclusion
that the system does not follow first order desorption. Figure 3.6 indicates that the error in the
calculated rate constant can be as high as 100% at the lower surface coverage compared with
60% at a monolayer. Importantly, this result means that while assuming ∆φ=0 degrees does not
adversely affect the calculation of ∆G, it can lead to a flawed kinetic analysis. At all surface
coverages the phase difference can introduce a significant source of error, but this error can be
eliminated by measuring the relative phase difference between the nonresonant and the resonant
signals.

3.4 Previous Measurements of the Phase Difference

The phase of the SH electric field being generated by a medium has been measured
previously by Chang et al153 and Kemnitz et al.1 A brief description of the theory behind these
determinations follows. When SH light is generated in a medium, it is generated in phase with
the incident fundamental light wave.127,129 If a light source is incident on a medium that generates
SH electric field and then, after some distance, incident on a second medium that generates SH
electric field, the first and second SH electric fields will interact based on their phases (Figure
3.7).1,153 Although dry air has an index of refraction of 1.0003 in the UV-Vis region of the
spectrum, the digits after the fifth significant digit begin to vary with wavelength (Table 3.1).42
An implication of the dispersion of light in air is that the first SH electric field will become out
of phase from the fundamental light field.1,153 Therefore, when the SH electric field is generated
at the second medium in phase with the fundamental, it will have a phase differing from the first
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Figure 3.6: Relative error in kobs resulting from fitting equation 3.14 to traces generated by
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Medium I

Medium II
∆x
Air

Figure 3.7: Two SH light generating media in series. The air between the two causes a phase

shift between the fundamental and the SH electric field. In the experiment by Kemnitz et al,1
Medium II was translated towards and away from Medium I as indicated by ∆x.
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lambda

(n-1)x108

[nm]

(ref 42)a

2ω [nm]

(ref42)a

∆na

lo [mm]a

lo [mm]b

420

28175

210

31746

3.571x10-05

6

6

460

28016

230

30799

2.783 x10-05

8

9

500

27896

250

30146

2.25 x10-05

11

13

540

27803

270

29669

1.866 x10-05

15

15

580

27728

290

29306

1.578 x10-05

18

19

620

27669

310

29022

1.353 x10-05

23

23

660

27620

330

28795

1.175 x10-05

28

28

700

27579

350

28611

1.032 x10-05

34

34

740

27545

370

28458

9.13 x10-06

41

41

780

27516

390

28331

8.15 x10-06
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Table 3.1:

(n-1)x108

Refractive index of air at various wavelengths and periods of oscillation, lo,

calculated from Equation 3.16 a Standard air: 0% RH and 300 ppm CO2. b 45% RH and 450 ppm
CO2.

SH field, causing the two fields to interfere with one another.

1,153
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Since the dispersion in air

causes the phase difference, varying the amount of air between the two generating media will
vary the phase shift allowing for the measurement of an oscillatory interference pattern.1,153 This
interference pattern should follow
I 2ω = E1 + E 2e i∆ϕ

2

= E12 + E 22 + 2E1E 2 cos(∆ϕ)

(3.15)

In equation 3.15, I2ω is the SH intensity, E1 and E2 are the magnitudes of the two electric fields
and ∆ϕ is the phase shift.
Two experimental approaches, pioneered by Chang et al.153 and by Kemnitz et al.,1 have
been utilized to quantify this phase shift by varying the quantity of air between two SHG media.
Chang et al.153 placed the two nonlinear optical media a set distance apart in a vacuum chamber
and gradually dosed dry air into the chamber, varying the pressure between 30 and 760 Torr. In
the method used by Kemnitz et al.,1 the reference nonlinear optical medium was positioned after
the surface of interest in the exigent beam path (Figure 3.8). By varying the distance between the
nonlinear media, the experiment could be carried out in air at constant ambient pressure. The
distance, lo, over which the medium was moved in order to undergo one period of oscillation is
given by:1

lo =

λ
2 ∆n

(3.16)

where λ is the wavelength of the fundamental probe electric field and ∆n describes the dispersion
of light due to air and is given by ∆n = n2ω-nω.1 Table 3.1 lists the distances calculated from
equation 3.16 for the visible region in standard air42 and in air at 45% relative humidity,180 the
average relative humidity recorded in our laboratory, and 450 ppm CO2,180 common for major
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Z-Cut
Quartz

∆x

Sample
Figure 3.8: Schematic of the setup used by Kemnitz et al.1 The dotted line is the fundamental,

the dashed line is the second harmonic.
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US city suburbs. These methods are ideal for studying solid or liquid surfaces under a gas or a
gas mixture such as air, but are not straightforward to implement for buried interfaces, such as
solid-liquid or liquid-liquid interfaces. The approach of Chang et al.153 requires a vacuum
chamber to control air pressure, which is not ideal for studying a liquid system. Applying the
optical arrangement of Kemnitz et al.1 to a buried interface would require a realignment of the
interfering nonlinear optical fields in front of the detector. This is due to the divergence of the
SH electric field and the fundamental electric field in the condensed phase of the sample as a
result of optical dispersion.

3.5 Phase Measurements at a Buried Interface

To carry out a phase measurement at a buried interface, one can place the reference
nonlinear optical medium in the incident beam path, as shown in Figure 3.9. The fundamental
probe electric field is partially focused into a z-cut quartz crystal of 1 mm thickness (Edmund
Scientific), which acts as the reference nonlinear optical medium. The amplitude of the SHG
reference electric field can be modulated by translating or rotating the crystal. The focusing lens,
the z-cut quartz crystal, and the recollimating lens are placed onto an optical rail, which is bolted
onto a translational stage with a 1" travel range. To vary the distance between the z-cut quartz
and the buried interface, the translational stage is moved via a micrometer, thus moving the
entire reference assembly. The remaining fundamental electric field and the SHG electric field
exiting the reference assembly are collected using a recollimating lens and directed onto the
interface of interest.
The first experiment carried out was a background measurement in order to determine if
the reference assembly was well aligned with the fundamental electric field direction. In these
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Figure 3.9: Optical setup for SHG phase measurements at buried interfaces. FL: focusing lens, z:

z-cut quartz, RL: recollimating lens, TS: translational stage.
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experiments, we probed the methyl ester-functionalized fused quartz-water interface using a
45-in/s-out polarization combination to minimize the effect of surface roughness on the
measurements.161 The reference assembly, with the z-cut quartz crystal removed, was translated
in 0.183(3) cm increments over a range of 1.646(3) cm. Figure 3.10 shows that the resulting
SHG intensity remains approximately constant, indicating that motion of the focusing and
recollimating lenses do not cause significant misalignment of the fundamental electric field at the
interface. Also shown in Figure 3.10 are the results from the same experiment, but with the z-cut
quartz crystal present in the reference assembly. In the presence and absence of Cr(VI), the
methyl ester-functionalized fused quartz-water interface exhibits oscillatory patterns that are
offset in phase and in amplitude.
Figure 3.11 shows the baseline-subtracted SHG signal intensities for the presence and
absence of a Cr(VI) monolayer at the methyl ester-functionalized fused quartz-water interface,
and the results of fitting equation 3.15 to the data in the following form:
y(x ) = yo + A cos( fx + ∆γ )

(3.17)

In equation 3.17, yo is the sum of the SHG intensities from the z-cut quartz reference and the
functionalized fused quartz-water interface, A is the amplitude of the interference pattern, and ∆γ
is the phase shift between the z-cut quartz reference and the ester-functionalized surface (no
Cr(VI) present) or the ester-functionalized surface with adsorbed Cr(VI) present. The frequency
of the oscillatory pattern is given by f=2π/lo and is held constant at 3.5 cm-1 for air at zero percent
relative humidity. The fits reveal phase shifts between the z-cut quartz reference and the esterfunctionalized surface in the presence and absence of adsorbed Cr(VI) of 123(11) degrees and of
152(5) degrees, respectively. These phase shifts increase by 11 degrees when using a value for f
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Figure 3.10: SHG response from a methyl ester-functionalized fused quartz-water interface

maintained at pH 7 as a function of displacement of the reference assembly with z-cut quartz
present for the presence (filled circles) and absence (empty circles) of Cr(VI) at the
functionalized interface. SHG baseline response from a methyl ester-functionalized fused quartzwater interface maintained at pH 7 as a function of displacement of the reference assembly
without z-cut quartz present (empty squares). Polarization combination was 45-in/s-out.
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Figure 3.11: Baseline-subtracted data from Figure 3.10 for the presence (filled squares) and

absence (empty squares) of Cr(VI) at the functionalized interface and fits to a cosine function for
the presence (solid line) and absence (dashed line) of Cr(VI) at the interface.
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of 3.3 cm in the fits to the data shown in Figure 3.11. This value for f was obtained when
-1

considering the dispersion of light in air at a relative humidity of 45%, 450 ppm of CO2 and 74
degrees F.180
(2 )
To obtain the phase difference between the Cr(VI) SHG signal, χ R , and the SHG signal
(2 )
from the functionalized fused quartz-water interface, χ NR , a vector analysis is carried out. The

SHG signal from the functionalized fused quartz-water interface with no Cr(VI) present is used
as the reference point for this analysis. Thus, the Cartesian coordinates of the vector used in the
analysis are xester=1 and yester=0. We are then able to obtain, in two steps, a vector for the signal
while Cr(VI) is present at the ester-functionalized interface in this coordinate system. In step one,
the ratio of the combined signal from adsorbed Cr(VI) and the interface to the signal from the
ester-functionalized fused quartz-water interface (no Cr(VI) present) was determined to be 1.2
through additional adsorption studies. In step two, the difference in the phase shifts between the
functionalized

interface

in

the

presence

and

absence

of

chromium

(VI)

(i.e.,

δ∆γ = ∆γ Cr + ester − ∆γ ester ) were calculated. This difference is -29 degrees, with a range of
-13 degrees to -44 degrees. The resulting vector is given by the Cartesian coordinates

xCr+ester= 1.049 and yCr+ester= -0.582. The difference between the unity vector for the ester system
and the vector for the Cr+ester system is calculated to be ∆x= 0.049 and ∆y= -0.582 (this
subtraction is depicted graphically in Figure 3.12). The angle between the unity vector for the
ester system, i.e. the x-axis in this coordinate system, and the Cr-only vector is given by
∆φ = tan −1(∆y ∆x ) , where ∆x=xCr+ester – xester and ∆y=yCr+ester – yester. The resulting phase
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Figure 3.12: Diagram depicting the vector subtraction used to obtain the Cr(VI)-only vector

(solid vector) from the Cr(VI) + interface vector (dotted vector) in coordinates based on the
interface only vector (negative of which is the dashed vector). The gray area indicates the
uncertainty in the phase difference.

(2 )

(2 )
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difference between the SHG contributions, χ NR (ester) and χ R (Cr only), is 85 degrees, which
is near the 90 degree phase difference typically associated with resonantly enhanced SHG
signals.127,129 The uncertainty in the phase difference is -27 degrees and +14 degrees, i.e. -35%
and +10%, as indicated by the gray area in Figure 3.12. When this analysis is carried out using
air at 45% RH, we obtained a phase difference of 88 degrees, with uncertainties of -22 degrees
and +13 degrees. It is important to note that the data analysis presented here does not yield the
(2 )
(2 )
absolute phase, but only the phase difference between χ NR and χ R for the Cr(VI) adsorbed to

the ester-functionalized interface.
In conclusion, SHG phase measurements can be carried out at interfaces buried between
two condensed-phase media. The optical arrangement discussed here does not require vacuum
technology or optics that compensate for the dispersion of the fundamental and the SH electric
fields in the two condensed-phase media. Rather, the buried interface is probed by directing the
fundamental electric field at frequency ω onto the interface together with an SHG reference
signal at frequency 2 ω that is collinear with the fundamental on the incident side. A focusing and
recollimating assembly controls the SHG reference electric field amplitude and allows for the
determination of the phase difference between the nonresonant and the resonant contributions to
the second-order susceptibility of fused quartz-water interfaces functionalized with methyl esterterminated siloxanes in the presence and absence of Cr(VI). The phase difference of the SHG
signals generated at the interface in the presence and absence of Cr(VI) is approximately 90
degrees. This result is consistent with SHG resonance enhancement observed for the surfacebound Cr(VI) around 290 nm. Knowledge of relative phase is important for analyzing
thermodynamic and kinetic data derived from SHG measurements of physical and chemical
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processes occurring at buried interfaces. This method can also be applied to experiments where
the incident laser probe field is limited to a constant wavelength and not exactly on an electronic
resonance, if multiple closely spaced electronic resonance contribute to the SHG response, or if
multilayer systems are studied in which the nonlinear optical response of the various layers can
contribute to the SHG signal.
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Chapter 4: Orientation of Adsorbates at Model Environmental Interfaces

Portions of this chapter are reproduced in part with permission from:

Konek, C. T.; Illg, K. D.; Al-Abadleh, H. A.; Voges, A. B.; Yin, G.; Musorrafiti, M. J.; Schmidt,
C. M.; and Geiger, F. M. “Nonlinear Optical Studies of the Agricultural Antibiotic
Morantel Interacting with Silica/Water Interfaces” J. Am. Chem. Soc., 2005, 127(45),
15771-15777. Copyright 2005, American Chemical Society.
Hayes, P. L.; Gibbs-Davis, J. M.; Musorrafiti, M. J.; Mifflin, A. L.; Scheidt, K. A.; and Geiger,
F. M. “Environmental Biogeochemistry Studied by Second-Harmonic Generation: A
Look at the Agricultural Antibiotic Oxytetracycline” J. Phys. Chem. C., 2007, 111(25),
8796-8804. Copyright 2007, American Chemical Society.
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4.1 Chapter 4 Preface:

The second harmonic response is governed by128,129
r
r r
t 2) r r
t r r
t 2) r r
t
E 2ω ∝ χ (NR
E ω E ω + χ (R2) E ω E ω = χ (NR
E ω E ω + N α (2 ) E ω E ω

(4.1)

r
r
t
t 2)
are the
where E ω and E 2ω are the electric fields at ω and 2 ω, respectively, χ (R2 ) and χ (NR

t
resonant and nonresonant second order susceptibilities, N is the number of adsorbates, α (2 ) is the
second order hyperpolarizability and the <..> indicates an average over all orientations. The
orientation dependence of equation 4.1 is often used to obtain information about the orientation
of adsorbates at interfaces.128,132,172,181-184

4.2 The Second Harmonic Orientation Parameter

Information about the orientation of an adsorbate at an interface has previously been
described through the second harmonic generation (SHG) orientation parameter, D,128
D=

cos 3 (T )
cos(T )

(4.2)

where T is the tilt angle of the adsorbate from the surface normal. To facilitate relating D to
specific elements of the second order susceptibility several assumptions are made. First, one
assumes the adsorbate is a rod-like chromophore whose second order hyperpolarizability is
2)
dominated by α (ζζζ
(i.e. the polarizability is primarily directed along the long axis of the

adsorbate). Second, it is assumed that the species under study is adsorbed isotropically to the
interface with isotropic distributions of molecular azimuthal and twist angles. After making these
assumptions, the second order susceptibility reduces to128,132,161
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2)
2)
χ (zzz
= Nα (ζζζ
cos 3 (T )

(4.3a)

1
2)
2)
2)
2)
2)
2)
2)
χ (xxz
= χ (xzx
= χ(yyz
= χ(yzy
= χ(zxx
= χ(zyy
= Nα(ζζζ
cos(T )sin 2 (T)
2

(4.3b)

and the other 20 susceptibility tensor elements are equal 0.128 After substituting the identity
sin2(T)=1-cos2(T) into equation 4.3b, equation 4.3 can be used to relate D to specific elements of
the second order susceptibility,128,160

D=

cos 3 (T )
cos(T )

χ (2 )
= (2 ) zzz (2 )
χ zzz + 2χ xxz

(4.4)

In order to relate equation 4.4 to measurable quantities, other parameters for the system
need to be defined. Specifically, the parameters depicted graphically in Figure 4.1, the
polarization of the incident light, φin, and the polarization of the generated second harmonic light,
φout, all need to be defined. The polarizations are defined such that the light polarized in the
plane of incidence, or p-polarized light, has φ=0. With these parameters, the equation for the
intensity of second harmonic light generated by an isotropic surface,128

I 2ω

[
[
[

]

2

2)
χ (xxz
s1 sin (2φ in )sin (φ out ) + s 3 cos 2 (φin ) cos(φ out ) +
2)
= C χ (zxx
s 5 cos 2 (φ in ) cos(φ out ) + s 6 sin 2 (φ in ) cos(φ out ) + I 2ω
χ (2 ) s cos 2 (φ ) cos(φ )
zzz

7

in

out

]

]

(4.5)

can be rearranged to obtain an expression for the D in terms of measurable intensities,

D=

 p 45
s3 + s5 + s6  
 I 2ω − I s245
ω

 

s
1



 s 3 + s 5 + s 6    2 s45 
I p2ω45 − I s245
ω 
  +  s I 2ω 
s1

  1


1
s7

1
s7






(4.6)
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Figure 4.1 Graphical depiction of the incidence angle of the fundamental, α, the angle of the

generated SHG field, θ, the angle of refraction for the fundamental, θr, the index of refraction for
the medium through which the detected SHG signal travels, n1, the index of refraction for the
medium through which the detected SHG signal does not travel, n2, the index of refraction for
the nonlinear layer, nNL, the wave vector for the generated second harmonic light, k1, the wave
vector for the refracted fundamental light, k2, and the coordinate system used. In the coordinate
system above, the positive directions for x, y, and z are labeled.
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In equation 4.5, C is a proportionality constant, while in equation 4.6

I p2ω45

and

Is245
ω

are the p-

polarized and s-polarized intensity of the second harmonic light generated by a 45 degree
polarized incident light, respectively. In equation 4.5, the si’s are given by,128
s1 = f 2 y f y f z cos(α )

(4.7a)

s3 = f 2 x f x f z sin (θ ) sin(2α )

(4.7b)

s5 = f 2z f x f x cos(θ) sin 2 (α )

(4.7c)

s 6 = f 2 z f y f y cos(θ)

(4.7d)

s 7 = f 2 zf z f z cos(θ ) cos 2 (α )

(4.7e)

In equation 4.7, the Fresnel factors, fi, and are given by,185

fx =

2 sin (θ r ) cos(α )
sin (θ r + α ) cos(α − θ r )
fy =

(4.8a)

2 sin (θ r ) cos(α )
sin (θ r + α )

(4.8b)


2 sin (θ r ) cos(α )  n1 
 
f z = 
 sin (θ r + α ) cos(α − θ r )  n 2 

(4.8c)

− K sin(θ (r 2ω) ) cos(θ (r 2ω) )
sin(θ + θ (r 2ω) ) cos(θ (r 2ω) − θ)

(4.8d)

f2x =

f2y
f 2z =

K sin(θ (r 2ω) )
=
sin(θ + θ (r 2ω) )

(

K sin 2 (θ (r 2ω) ) n (22ω)

)

(4.8e)

2

(

2ω)
sin(θ + θ (r 2 ω) ) cos(θ (r 2 ω) − θ) n (NL

K=

4πd (2ω)i
cn 1( 2ω)

)

2

(4.8f)

(4.8g)
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The value K, defined in equation 4.8g while necessary to evaluate equations 4.8d-4.8e cancels
out of equation 4.6. In order to use equations 4.6-4.8 to calculate a value for D, a value for the
index of refraction for the nonlinear optical layer needs to be assumed. In the presented work,
we assume this value to be the average value of the two bulk phases.182,186,187 To expedite the
calculation of D, we wrote a graphical user interface (GUI) in the commercial Igor Pro software
package, the code for which is included in appendix 2.
To obtain the tilt angle of the adsorbate from D, there is literature precedence for
assuming a narrow distribution of tilt angles so that equation 4.2 can be converted to182,188
D=

cos 3 (T )
cos(T )

=

cos 3 T
cos T

= cos 2 T

(4.9)

The assumption of a narrow distribution is a severe weakness for equation 4.9, because even if
the adsorbate orientation distribution is a delta function with regard to the local normal, the
orientation distribution with respect to the laboratory surface normal will be broadened due to the
surface roughness of most real samples.188,189 Furthermore, it has been established that the mean
and width of the orientation distribution cannot be simultaneously determined using the classical
SHG polarization experiments.160,161,182,188-191 Simpson and Rowlen addressed this deficiency by
conducting a second measurement using the complimentary method of linear absorbance, which
can be simultaneously fit with SHG polarization measurements to obtain the mean and width of
orientation.182 However, the adsorbates used in these linear absorbance measurements were dyes
which had extremely large absorptivities.182

A similar strategy of multiple measurements that

enables a quantitative evaluation of molecular distribution functions was recently published by
Chen et al. for sum frequency generation experiments.191
While a mean value and a distribution width cannot be simultaneously obtained from a

second harmonic polarization study,

160,161,182,188-191
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a range of mean values which cover all

possible distribution widths can be obtained. To determine this range, theoretical curves for D as
a function of tilt angle at a given distribution are calculated. The tilt angle distribution is assumed
to be normally distributed (i.e. a Gaussian whose integral is one). However a normal distribution
is defined between − ∞ and ∞ while the tilt angle for an adsorbate is defined between 0 and

π.188 Instead of using a truncated Gaussian to represent the distribution, we followed Simpson
and Rowlen188 and used the periodicity of the system to sum portions of the Gaussian which are
outside of the meaningful 0 to π domain and folding it back into the meaningful domain using,
∞

f ' (T) = ∑ f (2πn + T ) + f (2πn − T )
n = −∞

(4.10)

where f is the orientation distribution before the summation and f' is the distribution after the
summation. While Simpson and Rowlen188 found that summing n from -2 to 2 was sufficient to
recover normal distributions with a standard deviation up to 70 degrees, distributions with a
standard deviation up to 90 degrees were considered in the presented work. To account for this
increase in the width of distributions considered, the summation was extended to include n from
-5 to 5. The resulting curves are the dotted lines in Figure 4.2 where each dotted line represents
a different orientation distribution width. While these curves only cover distribution widths up to
90 degrees, it should be noted that a distribution whose width is wide enough that the distribution
can be viewed as isotropic will not yield SHG signal and that the curves converge to a single D
value at high widths. With these curves, it is possible to overlay an experimentally determined D
value and graphically identify all distributions which are applicable.
We applied this methodology to a chemical system of environmental interest, the
agricultural antibiotic morantel citrate (Figure 4.3) adsorbed to the fused quartz-water interface.
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Figure 4.2: Theoretical curves for D as a function of molecular tilt angle. The different curves

represent orientation distribution widths ranging from 0 to 90 degrees with a 5 degree increment
between curves. These curves were calculated following the strategy of Simpson and Rowlen.188
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Figure 4.3: Chemical structure of morantel.

88
As described above, it is necessary to assume the conjugated π-electron system in morantel is the
main pathway for movement of electrons that gives rise to the nonlinear optical response in order
for the morantel to be considered a rod-like chromophore. Using the polarization data shown in
Figure 4.4, we calculated a D value of 0.53 for morantel adsorbed to a fused quartz-water
interface. If a narrow distribution is assumed, this D parameter corresponds to a tilt angle of 43
degrees from the surface normal. Since this system is a solid-liquid interface, tilt angles greater
than 90 degrees are not possible. Therefore, the theoretically calculated curves discussed above
were truncated to terminate at 90 degrees. The resulting theoretical curves are shown as dotted
lines in Figure 4.5. By overlaying the experimental value of 0.53, we observed that the 43
degree tilt angle resulting from the assumption of a delta function distribution of angles is the
lower limit of all possible mean tilt angles (Figure 4.5). This orientation measurement suggests
that morantel is adsorbed in a tilted configuration that would allow its two nitrogen centers to
interact with adsorption sites at the fused quartz-water interface through hydrogen bonding. This
description is consistent with the free adsorption energy of 42(3) kJ/mol, which is derived from
adsorption isotherm measurements.54
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Figure 4.4: Polarization data used to calculate D for morantel adsorbed to the fused quartz-water

interface.
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Figure 4.5: The theoretical curves (dotted lines) from Figure 4.2 truncated to tilt angles from 0

to 90 degrees. Overlaid is the experimental D value for morantel adsorbed to the fused quartzwater interface (dashed line). The shaded area represents the mean tilt angles that can produce
the observed D value for morantel adsorbed to the fused quartz-water interface.
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4.3 Null Angle Measurements

The analysis in the previous section assumes that the molecule of interest is a rod-like
chromophore with a single element of the hyperpolarizability dominating all the others.128,132,161
2)
, but methods of analysis exist
In the presented analysis, the dominant tensor element was α(ζζζ

for other dominant elements.128,132,160,161 However, none of these methods of analysis are relevant
to situations where two or more tensor elements are present with a significant
magnitude.128,132,160,161 A complex molecule such as the agricultural antibiotic oxytetracycline is
(OTC, Figure 4.6) likely to have two or more tensor elements of significant magnitude.
Information about changes in orientation can still be obtained using a different form of SHG
orientation analysis.
This analysis relies on measuring the null angle for the output polarization using 45
degree polarized incident light.

To illustrate how the null angle depends on adsorbate

orientation, equation 4.5 is rearranged under these polarization conditions. This rearrangement is
performed while noting the overall SHG intensity is 0, to obtain:172,181
tan (φ null ) =

2)
2)
s3
s 7 χ (zzz
− s 5 − s 6 χ (zxx
−
−
2)
2)
2s1 χ (xxz
2s1 2s1 χ (xxz

(4.11)

Equation 4.11 describes an achiral surface with ∞ m symmetry. For the case of isotropically
adsorbed chiral molecules, such as OTC, the equation analogous to 4.11 would contain terms
2)
2)
2)
2)
, χ(yxz
, χ(xzy
, and χ(yzx
tensor elements which would be non-zero for this case
related to the χ(xyz

because of the reduction of symmetry from ∞ m to ∞ .128 However, equation 4.11 clearly
demonstrates that the null angle for the SHG light with 45 degree polarized incident light
depends on the elements of the second order susceptibility, and ultimately, the orientation of the

H3C CH3
OH
N
H3C OHH
H
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This relationship can be used to determine the change in the orientation

distribution of the chromophore during an SHG experiment.172,181
In the case of OTC, we compared the null angles of OTC binding to three different
interfaces (SHG data in Figure 4.6, Null angle results in Table 4.1).

The three different

interfaces were: 1) a fused quartz-water interface, 2) a methyl ester terminated siloxane
functionalized fused quartz-water interface (methyl ester interface), and 3) a γ-amido butyric acid
terminated siloxane functionalized fused quartz-water interface (GABA interface). The resulting
null angles for the fused quartz interface, the methyl ester interface and the GABA interface are
very similar indicating little or no change in the orientation distribution of the SHG active
chromophore of OTC adsorbed to these interfaces.

Table 4.1 also shows the tilt angles that

result from these null angles under the following assumptions: the chromophore is rod-like,
isotropically adsorbed, and its orientation distribution consists of an isotropic distribution of
azimuthal and twist angles while containing a delta function of tilt angles. These assumptions
are not likely to apply to OTC at any of these surfaces and are included only to give the reader a
measure of the scale of change in orientation that could result from the change in null angles.
The null angle measurements suggest that the average orientation of the SHG active portion of
the adsorbed OTC does not depend significantly on the chemical identity of the interface.
The above work on morantel and OTC demonstrate how SHG can be utilized to better
understand the orientation of pollutants at model environmental interfaces. In these analyses, the
required assumptions are important limitations, and moving beyond these assumptions is a
matter of ongoing research and discussion in the SHG and sum frequency communities.191-193
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Figure 4.7: Null angle measurement for OTC adsorbed to the fused quartz interface (squares),

methyl ester interface (X), and the GABA interface (circles). The fits of f(x)=yo+A*sin2(x+φ) to
the data are shown for the fused quartz interface (solid line), methyl ester interface (dotted line),
and GABA interface (dashed line).
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Interface

Null Angle

Tilt angle

fused quartz

130(2)

58(2)

methyl ester

125(2)

61(2)

GABA

129(4)

59(3)

Table 4.1: Summary of the null angle analysis on OTC adsorption to three different interfaces

with the tilt angles calculated using three assumptions: the chromophore is rod-like, isotropically
adsorbed, and its orientation distribution consists of an isotropic distribution of azimuthal and
twist angles while containing a delta function of tilt angles. These assumptions are not likely to
apply to OTC at any of these surfaces and are included only to give the reader a measure of the
scale of change in orientation that could result from the change in null angles.
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Chapter 5: Chromium (VI) Adsorption to the α-Aluminum Oxide-Water Interface

Portions of this chapter are reproduced in part with permission from:

Musorrafiti, M. J.; Konek, C. T.; Hayes, P. L.; and Geiger, F. M. “Interaction of Chromium (VI)
with the α-Aluminum Oxide-Water Interface” J. Phys. Chem. A., submitted for
publication. Unpublished work copyright 2007 American Chemical Society.
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5.1 Chapter 5 Preface

The EPA priority pollutant chromium (VI) has been introduced into the environment
through industrial activity.74,93,194-198 Once released into groundwater, chromium (VI) mobility in
the environment is controlled by binding from aqueous solution to soil surfaces.113 Soil is
comprised of particles having an inorganic core, often partially coated with organic adlayers.6
For this reason a significant amount of work has been undertaken to understand the binding of
chromium (VI) to minerals and natural organic matter.32,33,48,53,57,70,90-102,199-201 Prior studies on
chromium (VI) adsorption to aluminum oxide have focused on γ-Al2O3 and/or powdered
samples.48,57,70,200,201 These studies have shown that while Al2O3 has little effect on the reaction
between chromium (VI) and iron,48 it is a catalyst for the reactions between chromium (VI) and
some organic molecules.57 These studies have also found that chromate, CrO4-2, adsorption onto

γ-Al2O3 is faster than bichromate, HCrO4-1.70
The presented work extends our prior studies on chromium (VI) binding32,33,52,53,199,202 to
the α-aluminum oxide-water interface, a common model for naturally occurring aluminum
(hydr)oxides.2,43,59,61-64,66-69

This extension will further the understanding of what controls

pollutant mobility across environmental interfaces on the molecular scale. As with carboxylic
acid moieties at mineral oxide interfaces, the aluminum oxide can be charged depending on the
local pH. Since the charge state of the surface is expected to play a large role in adsorption, we
study the dependence of chromium (VI) adsorption as a function of pH as well as characterize
the charge state of the α-Al2O3-water interface. Determining binding parameters for a second
inorganic soil component improves our ability to estimate chromium (VI) mobility in a wide
range of soils.
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5.2 The α-Aluminum Oxide Substrate

In order to better understand the adsorption studies of chromium (VI) to the single crystal

α-aluminum oxide sample, we characterized the aluminum oxide lens using Laue X-ray
backscattering and two second harmonic generation experiments. The goals of these studies were
to gain detailed information about the crystal face exposed to the aqueous solution, the in-plane
symmetry elements of the interface, and the protonation state of the interface as a function of pH.
These experiments are discussed in more detail in the following sections.

5.2.1 Laue X-ray Backscattering

Obtaining the crystal orientation of a ½ inch radius hemispherical lens is challenging
because of its size and concerns that improper handling may compromise the optical quality of
the lens. Sample handling concerns and sample size drastically limit the techniques available for
this determination. One technique suited for this purpose is Laue X-ray backscattering, as the
sample thickness is not a concern.

However, the sample size and handling concerns still

prevented us from mounting the sample in a manner where it could be rotated to fully index the
crystal. Thus, the only X-ray backscattering pattern obtained was for the beam perpendicular to
the flat side of the hemispherical lens (Figure 5.1), which located seven low index faces by
looking for intersections of 3 or more zones.203 We analyzed the X-ray backscattering pattern
using a Greninger chart and plotted the results on a Wulff net to determine the angles between all
seven unknown faces.203 The only face which was the intersection of more than three zones was
the face nearest the center of the diffraction pattern, indicating it is the face from which the
sample was cut. This zone intersection (which we will refer to as face A for
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Figure 5.1: Laue X-ray backscattering diffraction pattern for the flat side of the α-aluminum

oxide hemispherical lens.
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simplicity) was the intersection of four zones. Using the Greninger chart and Wulff net to
analyze the distance between face A and the center of the Laue diffraction pattern indicates that
the sample was cut six degrees from face A.
To identify the seven unknown faces, the experimentally determined angles were
compared with the theoretical angles calculated by Lee and Lagerlof 204 for 18 low index faces
which can yield Laue X-ray backscattering spots. The comparison was performed by writing a
computer algorithm that systematically picked a set of seven theoretical faces then compared the
angles between these theoretical faces and the experimental data (see appendix 3). Two different
criteria were used to pick the best comparison: the average difference and the largest difference
between the calculated and experimental angles. The comparison with the smallest average
difference (3.24°) indicated that face A was (2113), but this comparison had a largest difference
of 13.7°. The comparison with the smallest of all the largest differences (8.9°) indicated face A
is (20 2 5), but that comparison had an average difference of 4.3°.
This average difference of several degrees reveals that these comparisons are quite poor.
This deviation suggests that at least one of the 7 experimental faces was not a low index face.
Since face A is the intersection of four zones, while the other faces are only the intersection of
three zones, it is not likely that face A is the high index face. To remedy this problem the
computer algorithm* was modified to compare face A as well as a selection of 5 of the remaining
6 faces with the theoretical sets. This modification systematically allows one of the experimental
faces to be considered a high index face and not to be compared with the theoretical faces. To
save on computational time, the basal plane, (0001), was not considered for face A as this would

*

The code for this algorithm is too extensive to include in the print form of this thesis but is available electronically
upon request to Professor F. M. Geiger.
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have yielded an identifiable diffraction pattern; all other combinations were considered. It should
be noted that this calculation only compared 15 different experimental values with the theoretical
values instead of the 21 which were initially considered. The comparison with the smallest
average difference (1.15°) indicated face A was (1102), while having a largest difference of 4.7°.
The comparison with the best largest difference (4°) also indicated face A was (1102) while
having an average difference of 1.65°. There is a substantial gap in average angle difference and
largest angle difference between the best comparisons which indicate (1102) is face A and the
best comparisons that do not. Of the comparisons which do not indicate that face A is (1102), the
smallest average difference is 2.56°, but this comparison had a largest difference of 9.3°. In fact
the best largest difference of any comparison that does not indicate (1102) was face A was 7°,
and that comparison has an average difference of over twice those that indicate face A is (1102).
Based on this comparison between theory and our X-ray measurement, we conclude that the flat
side of our hemispherical sample is six degrees miss-cut from the (1102) surface. A proposed
model, published by Trainor et al.2 for the (1102) surface, is shown in Figure 5.2.

5.2.2 Surface Structure Measurements

In the previous chapters only isotropic surfaces (i.e. surfaces with ∞ m or ∞ symmetry)
were considered. However, this is not true for our single crystal aluminum oxide lens with an
anisotropic surface. If the surface does not contain a center of inversion, the second harmonic
electric field produced at the aluminum oxide-water interface will depend on the geometry
between the in-plane incident polarization and the in-plane symmetry elements of the
interface.128,205-208 The component of the electric field that is perpendicular to the surface, i.e. the
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Figure 5.2: A side view of a proposed model for the (1102) surface of α-aluminum oxide under

water based on the X-ray studies by Trainor et al.2 The large spheres represent oxygen atoms and
the small spheres represent aluminum atoms.
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z component of the fundamental electric field, will not be affected by the surface symmetry
elements. However, the components of the electric field that are parallel to the surface, i.e. the x
and y components of the fundamental electric field, will sample a surface with varying degrees
of centrosymmetry based on the geometry between the in-plane polarization vector and the inplane crystal symmetry elements.128,205-208
While the (1102) surface has lower symmetry than 3m, consider a crystal whose surface
does have 3m symmetry as an example. When the in-plane polarized light is perpendicular to a
mirror plane (Figure 5.3A) it experiences a centrosymmetric environment, thus the SHG
intensity as a function of sample rotation has a minimum.128,205-208 When the in-plane polarized
light is oriented parallel to a mirror plane (Figure 5.3B), centrosymmetry is lifted and the SHG
intensity reaches a maximum.128,205-208 The second harmonic signal as a function of rotating the
(0001) surface of a SrTiO3 sample, whose surface does have 3m symmetry, around its surface
normal clearly demonstrates this phenomenon (Figure 5.4). As expected there are 6 minima and
6 maxima with the maxima separated by 60 degrees and the minima separated by 60 degrees.
The asymmetry in the maxima height is contributed to a slight tilt between the surface normal of
the sample and the axis of rotation. Scatter is also introduced into the data by sampling slightly
different spots on the sample as a function of rotation due to the laser beam only being visually
centered.
Using SHG to obtain information about the surface symmetry of a buried interface is
experimentally challenging. If the center of the hemispherical lens used in this work is not
directly centered over the axis of rotation, the generated second harmonic field will be steered in
a circle. Unfortunately, this is also the experimental indication that the sample surface normal is
tilted with respect to the axis of rotation. Both of these alignment concerns yielding the same
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A

B

Figure 5.3: The rotation angles of a 3m symmetric surface that will yield a A) minimum and B)

maximum in SHG signal. The double headed arrow represents the in-plane polarized light, the
solid lines represent the mirror planes, and dotted lines represent crystal rotation angles that will
yield a minimum in SHG signal.
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Figure 5.4: Polar plot of the SHG intensity from a SrTiO3 sample as a function of sample

rotation with an arbitrary 0. The data was taken using p-polarized incident light and monitoring
the s-polarized SHG intensity. A) The raw data and B) the result of fitting each peak with
yo+A*sin(f*x+ψ) then plotting the fit setting A=yo=1.
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experimental response makes alignment of the rotation experiment difficult. One solution
addressing part of this experimental challenge is to flip the sample and study the air-aluminum
oxide surface in external reflection. However this configuration loses the signal benefit of being
near total internal reflection. This loss of signal, in combination with the low power levels
required to avoid undesirable higher order optical processes, causes the signal to noise ratio of
the experiment to be too low to obtain meaningful data within a reasonable collection time.
Marking the sample and the Teflon flow cell allowed the majority of the adsorption isotherms to
be run with the sample at approximately the same orientation. However, in general the shape of
the isotherm is not affected by the signal dependence on sample rotation; only the signal to noise
ratio for the analyze adsorption will be affected. Thus we are able to compare all of our
normalized isotherms independent of the sample rotation.

5.2.3 χ(3) Technique Measurements

As explained in chapter 2, the χ(3) technique can be used to obtain surface pKa values and
surface charge densities. As can be clearly seen in Figure 5.5, there are many inflection points in
the pKa data, which make it challenging to fit the data in a manner which is analogous to the data
treatment in chapter 2. Due to the number of inflection points in the surface pH response, we
measured the surface charge density at several pH values chosen to allow for comparison with
chromium (VI) isotherm measurements (Figure 5.6). As expected the trend of the surface charge
density as a function of pH (Figure 5.7) mirrors that of the pKa measurements. It should be noted
that the surface charge densities obtain in these experiments are quite low (0-25x10-6 C/m2),
relative to 0.16 C/m2, the surface charge density which results from charging 1x1014 sites/cm2
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with a single charge per site. This measurement does not necessarily indicate that the surface is
mainly composed of neutral groups, but suggests that the difference in the number densities of
the positive and negative sites is not large. Additionally, these experiments give a direct and
clear indication of the condition where those number densities are equal, i.e. the point of zero
charge. This point occurs at or near pH 5.1, which lies in the range of previously measured
values60,61,209,† for the point of zero charge of the single crystal Al2O3-water interface. It is
important to note that the point of zero charge of single crystal Al2O3 differs from the measured
value of between 8 and 10 for powdered samples.209
Further detail can be obtained by fitting measurements of the surface charge density as a
function of pH to obtain the proportionality constants between the electric field and potential.
With these proportionality constants we can convert the data shown in Figure 5.5 to a direct
measure of the potential at the interface. With the potential and an estimate of 8x1014 surface
sites/cm2 (based on the molecular weight and density of α-Al2O3) we can calculate the
distribution of sites on the surface (Figure 5.8). This analysis provides a reasonable picture of
the pH response of the overall surface, which can be used as a starting point for interpreting the
pH dependence of chromium (VI) adsorption.

5.3 Adsorption Measurements

The experimental set up for the adsorption experiment is similar to our previous
experiments33,52-55 and is depicted in Figure 5.9.

All the data shown in Figure 5.10 were

collected as a series of on-off traces, an example of which is shown in Figure 5.11. Figure 5.11

†

The interested reader is directed to Table 2 in (209) Franks, G. V.; Meagher, L. Colloids and Surfaces aPhysicochemical and Engineering Aspects 2003, 214, 99.
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Figure 5.10: Chromium (VI) adsorption isotherms to the α-aluminum oxide-water interface at a

variety of pH values. The solid lines are fits of the Langmuir model to the data. Experimental
conditions: λSHG=290nm, p-polarized input, and collecting all the output.
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demonstrates that the adsorption is reversible. This reversibility allows us to monitor water
background throughout the experiment. All the data points in the isotherms displayed in Figure
5.10 were obtained by subtracting the average of the signal level of water backgrounds before
and after the chromium (VI) flow from the signal level when chromium (VI) is present. The
square root of the difference was then normalized to monolayer coverage for each data set. With
the exception of pH 2.5, all the isotherms in Figure 5.10 are the combination of multiple data
sets.
The number of data sets compiled to obtain the isotherms in Figure 5.10 varied by pH.
Specifically, pH values 3 through 5 are two data sets each with all of the data sets collected at the
same sample rotation angle. While pH values 6 and 7 are three data sets each, only one set was
collected at the same sample rotation angle for each pH. Finally, pH 8 is the combination of four
data sets, all of which were collected at the same sample rotation angle, in order to improve the
low signal to noise present at that pH. The data sets were combined by averaging all data points
that were within 1 µM chromium (VI) concentration of one another. All of the isotherms in
Figure 5.10 are very similar with the exceptions of pH 2.5 and 3 which require significantly
higher bulk chromium (VI) concentration to reach saturation.
To obtain thermodynamic information from the isotherms, they were fit with the
Langmuir model,12

θ=

KC t
1 + KC t

(5.1)

In equation 5.1, θ is the surface coverage of the chromium (VI), K is the adsorption equilibrium
constant, and Ct is the bulk chromium (VI) concentration. The Langmuir model makes four main
assumptions: the adsorption process is fully reversible, the adsorption process reaches saturation,

the adsorbates do not interact, and all adsorption sites are equivalent.

210

116
Figure 5.11 clearly

demonstrates that adsorption is fully reversible, while Figure 5.10 clearly shows that all the
isotherms reach saturation. There is no direct evidence for adsorbate-adsorbate interactions;
however comparison of this data to previous data interpreted with adsorbate-adsorbate
interactions indicates that this is a good assumption.32 The assumption that all the adsorption
sites are equal is discussed in more detail in section 5.5. Therefore, the Langmuir model, a
straight-forward adsorption model, is appropriate for interpreting our data. A summary of the
results of fitting the data with the Langmuir model is shown in Figure 5.12. The extracted
equilibrium constant at pH 5, 1.4(2)x105 M-1, is substantially different from 1.70x104 M-1, the
equilibrium constant previously reported by Deng and Stone57 for the adsorption of chromium
(VI) to γ-Al2O3 at pH 4.7. One possible explanation for this deviation is the use of different
phases of Al2O3 in the two experiments.
Figure 5.12 also shows the free energies of adsorption, ∆G, which are calculated from the
fit K values after referencing to the molarity of water by means of12

∆G = −RT ln(K * 55.5)

(5.2)

In equation 5.2, R is the gas constant and T is the temperature. All of these free energies of
adsorption are consistent with hydrogen bonding of the chromium (VI) with the hydroxylated αaluminum oxide-water interface. A physical model for interpreting the trend in the
thermodynamic data is discussed in section 5.5.
As stated in the preface, our group has studied the fundamental energetics of chromium
(VI) binding to a number of different interfaces.32,33,53,199 A comparison of these interactions is
shown in Figure 5.13. Chromium (VI) interacting with the (1102) of α-aluminum oxide-water
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chromium (VI) adsorbed to the α-aluminum oxide-water interface with those for chromium (VI)
adsorbed to several other interfaces previously studied in our group.32,33,53,199
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32,33,53

interface is more favorable than with the other interfaces which do not allow for chelation

but less than those that do.199 In fact, the adsorption equilibrium constant of chromium (VI) to
the (1102) of α-aluminum oxide-water interface is a factor of seven greater than the adsorption
equilibrium constant of chromium (VI) to the other hydroxylated mineral-water interface we
have studied, the fused quartz-water interface. This result suggests that the (1102) of αaluminum oxide will act to delay the chromium (VI) flow rate from the ground water flow rate
more than fused quartz.

5.4 Soil Transport

We use the Environmental Protection Agency’s Kd model to translate the thermodynamic
measurements described in the previous section into information about the transport through soil.
We assume the transport is controlled by the chromium (VI) interaction with the (1102) of αaluminum oxide-water interface. The values for the partition coefficient, Kd, obtained from our
measurements are shown in Figure 5.14. The associated retardation factors, as calculated by113
Rf = 1+

ρ
Kd
n

are shown in Figure 5.15 for density to porosity ratios,

(5.3)

ρ
, in the environmentally typical range
n

of 4 to 10.113 These retardation factors correspond to a delay of between 1% and 15.5% of the
base groundwater flow rate. This is consistent with the notion that chromium (VI) is highly
mobile in the environment,58,73,92,211-214 but under certain soil and ground water conditions can
yield a delay of pollutant flow.
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Figure 5.14: The partition coefficients, Kd, obtained from the isothermal adsorption of
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5.5 Adsorption Modeling

To gain further insight into the physical mechanism of the adsorption process, we
modeled the adsorption equilibrium constants obtained in section 5.3 with systems of mass
balanced equilibria. To improve the differentiation between the different models, a measure of
quantity adsorbed was obtained (Figure 5.16). To calculate this quantity, we began with the
square root of the signal increase at saturation coverage for every pH for all isotherms measured
at the marked angle. To adjust for power and alignment variations, each data point in the
monolayer regime was normalized to its χ(3)-normalized water background, i.e. the square root of
the water background signal divided by a spline interpolated value for the χ(3) data depicted in
Figure 5.5.

The resulting data points are shown in Figure 5.16.

These data points are

proportional to the quantity of chromium (VI) adsorbed to the interface. The shape of the
resulting data differs from the peak measured by Deng and Stone.57 This difference can be
explained by the difference in relative surface coverage between the two experiments. While the
previous measurements were performed at a bulk chromium (VI) concentration of 20µM57 and
therefore are below saturation, our data in Figure 5.16 were obtained for saturation data points.
The decrease at low pH in the data by Deng and Stone57 can be explained by the change in the
shape of the adsorption isotherm as a function of pH, which is demonstrated by Figure 5.17.
Figure 5.18 shows an illustration depicting key interactions, which are a starting point for
modeling our data.

In this model, bichromate and chromate are related by an acid-base

equilibrium, Kac, and either ion can bind to an active surface site with equilibrium constants K1
and K2, respectively. The equilibrium constant for the acid-base behavior of the surface site is
defined as Kas. In this model, electrostatic repulsion prevents bichromate and chromate from
binding to the deprotonated sites.

To incorporate the electrostatic repulsion and attraction
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Figure 5.16: A measure of the quantity of chromium (VI) adsorbed to the α-aluminum oxide-
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Figure 5.18: Schematic of an adsorption model with two pH active sites to explain the trend in

the observed thermodynamic data. The hashed circles represent oxygen atoms, the checkered
circles represent hydrogen atoms, the gray circles represent chromium atoms, and the black
circles represent aluminum atoms.
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present at a charged interface, we introduce a layer near the interface from which all interaction
with the surface occurs. The concentrations in the interaction layer are related to the bulk
concentrations by means of a Boltzmann term, B,13-16,113
 eΦ 
B = exp o 
 kT 

(5.4)

In equation 5.4, e is the elementary charge, Φ o is the potential at the interface which was
derived from our experimental data in section 5.2.3, k is the Boltzmann constant, and T is the
temperature. Equation 5.4 corresponds to the Boltzmann correction factor necessary for
obtaining the concentration of a singly negatively charged ion in the interaction layer. For
example if [Ab] is the bulk concentration of a singly negatively charged species, the
concentration in the interaction layer, [A], is given by: 13-16,113
[A]=[Ab]*B

(5.5)

The correction factor for a species of charge z is given by B-z.13-16,113
Surface acid-base equilibria can be shifted from their bulk counterparts.23,132,146,149,215 For
the case of one adsorption site, allowing the Ka to vary on the surface and in the interaction layer
are functionally equivalent. This equivalence occurs because the equilibrium constant while
adsorbed to the surface, Kaca, can be directly related to the equilibrium constant in the interaction
layer, Kacs, by:
K aca =

K1K acs
K2

(5.6)

To allow the surface acid-base equilibria to differ from the bulk, we allow the equilibrium
constant between bichromate and chromate in the interaction layer to differ from the bulk value.
To incorporate this difference in the model, we start with the Boltzmann corrected bichromate
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and chromate concentrations in the interaction layer and shift them,

[C] = [C b ]B2 − x
[HC] = [HCb ]B +

(5.7a)

x[H ]
BK acs

(5.7b)

In equation 5.7, [C] is the concentration of chromate in the interaction layer, [Cb] is the bulk
chromate concentration, x is the concentration of chromate shifted due to the equilibrium
constant being different in the interaction layer than the bulk, [HC] is the concentration of
bichromate in the interaction layer, [HCb] is the concentration of bichromate in the bulk, [H] is
the bulk hydronium ion concentration, and Kacs is the equilibrium constant between bichromate
and chromate in the interaction layer. The value for x can be eliminated from equation 5.7 by
substituting equation 5.7 into the expression for the equilibrium in the interaction layer.
Subsequently solving for x in terms of the bulk chromate concentration allows us to substitute
the expression for x back into equation 5.7 to obtain:

[C] = [C b ]B
2

2

 K acs


+ 1
 K ac


[HC] = [HC b ]B  K ac


2

 K acs


+ 1


(5.8a)

(5.8b)

We can now solve the system of equations describing the equilibria and mass balance
conditions for the quantity adsorbed:
N = [H ]C t B(K ac + K acs )S t ([H]K1 + BK 2 K acs ) ( B 2 K ac K acs K 2 C t [H ]
+ B 2 C t K 2 K acs 2 [H ] + 2K as BK acs K ac + 2K as BK ac K acs [H ] + K1C t [H]2 BK ac

(5.9)

+ 2[H]K acs K ac + 2[H]2 K acs )
In equation 5.9, Ct and St are the total chromium (VI) concentration and the total number surface

128
sites involved in the adsorption process, respectively. By substituting the quantity adsorbed, the
total number of sites chromium (VI) is allowed to bind, and the total chromium (VI) bulk
concentration into the Langmuir model, we calculate an effective equilibrium constant, Keff:
K eff =

[H]K1 + BK 2 K acs
[H ] + BK acs

(5.10)

The variables K1 and K2 from equation 5.10 are graphically defined in Figure 5.18. Setting
K1=18018 M-1, the lowest experimentally obtained value, K2=162160 M-1, the largest measured
equilibrium constant, and Kacs=Kac=10-6.5 then plotting the result leads to the curve in Figure
5.19A. Interestingly, plotting the quantity adsorbed (Figure 5.19B) using the parameters above
as well as Kas=10-3, St=8x1014 sites/cm2, and Ct=300µM in equation 5.9, clearly demonstrates the
independence of Keff and the quantity adsorbed. The cause for this independence is that the
shape of the Langmuir isotherm depends on the relative coverage with respect to saturation but
not on the total number of adsorption sites or the absolute amount adsorbed to the surface. This
allows for Keff to be large while the absolute quantity adsorbed is small, as is the case in Figure
5.19. However, the calculated Keff clearly does not agree well with the data in Figure 5.12.
Since the two site model did not demonstrate good agreement with the experimentally
determined Keff values, the model was adjusted to incorporate a third site (Figure 5.20). This
third site represents the protonated hydroxyl and is in equilibrium with the neutral hydroxyl site.
A protonated hydroxyl site is a common adsorption site used in models for environmental metal
oxide surfaces.3,17 In this model we assume that bichromate and chromate can adsorb to the
protonated hydroxyl and neutral hydroxyl sites but that they cannot adsorb to the deprotonated
sites (Figure 5.20).
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Figure 5.19: A) Keff and B) the quantity adsorbed versus bulk solution pH resulting from the

model depicted in Figure 5.18. See text for details.
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Figure 5.20: Schematic of an adsorption model with three pH active sites to explain the trend in

the observed thermodynamic data. The hashed circles represent oxygen atoms, the checkered
circles represent hydrogen atoms, the gray circles represent chromium atoms, and the black
circles represent aluminum atoms.
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Using equation 5.8 to relate the bichromate and chromate concentrations in the
interaction layer with the bulk concentrations and a Boltzmann relationship for all other species,
we arrive at
K eff =

K1[H]2 + [H]BK 2 K as1 + [H ]K acs K 3 B + K as1K 4 B 2 Kacs

(5.11)

BK as1[H ] + K as1B 2 K acs + [H ]2 + K acs B[H]

The relationship between the two pKa values and the point of zero charge, pHpzc, (see section
5.2.3) is used to reduce the number of parameters present in the expression for the quantity
adsorbed,
pH pzc =

1
(pK as1 + pK as2 )
2

(5.12)

The new expression for the quantity adsorbed is:

(

)

N = BC t (K ac + K acs )S t K 1[H ]2 + [H ]BK 2 K as1 + [H]K acs K 3 B + K as1K 4 B 2 K acs (
2K acs 10

− 2 pH pzc

[H]K ac + 2K acs 10

− 2 pH pzc

[H]2 + K as1[H ]K 2 C t B 2 K acs + 2K acs BK as1[H] +

K as1B 2 [H]K ac C t K 2 + K as1B 3 K 4 C t K acs 2 + K as1B 3 K acs K ac K 4 C t + 2K acs BK as1K ac +

(5.13)

K1C t [H ]2 BK ac + K 1C t [H]2 BK acs + 2K acs [H]2 + [H ]K 3 C t B 2 K acs 2 +
[H]K acs K ac K 3 C t B 2 + 2K acs [H]K ac )

The relations between the Ka values of the adsorbed species and the Ka in the interaction layer
become:
K aca1 =

K1K acs
K3

(5.14a)

K aca 2 =

K 2 K acs
K4

(5.14b)

In equation 5.14, Kaca1 is the Ka of bichromate adsorbed to the protonated hydroxyl site and Kaca2
is the Ka of bichromate adsorbed to the hydroxyl site.
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Equation 5.11 and 5.13 contain a large number of parameters, which makes the quality of
solutions suspect due to the large number of possible solutions. To partially alleviate this
problem, the fits were performed by only fitting K1, K2, K3, and K4 while holding the values for
Kas1 and Kacs fixed during the error minimization algorithm. However, variations in these two
parameters were introduced by performing the error minimization at various Kas1 and Kacs values.
The values used for pKas1 were varied between 2 and 4.5 in 0.5 increments, while the values for
pKacs were varied between 6 and 8.5 also in 0.5 increments. This process resulted in a six by six
array of fits.
This array of fits was performed in four test cases. The first case fit K3 only, because the
interaction between the doubly charged anion, chromate, and the positive site is expected to be
the most energetically favored due a Coulombic interaction. The second case was to fit K3 and
K1, as the interaction between the singly charge anion, bichromate, and the positive site is
expected to be the second most energetically favored. The third and fourth cases included the
equilibrium constants which describe the binding processes at the neutral sites, which result from
charge-dipole interactions, and are expected to be the third and fourth most energetically
favored, K4 and K2, respectively.
To further complicate the fitting process, the experimental data for the quantity adsorbed
is actually proportional to the quantity adsorbed. To account for this proportionality, the fit was
normalized to the data. Three different normalization parameters were used for each test case to
allow for some variation in the normalization constant. Initially, the average of the data points
between pH 2.5 and 7 was used to normalize the fit to the data. The two other normalization
constants used were this average plus and minus 25%. To further constrain the system, it was
noted that an anion interacting with a positively charged site should be energetically more
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favorable than an anion interacting with a neutral site. Therefore, K2 was constrained to be less
than K1, and K4 was constrained to be less than K3.
The data for the quantity of chromium (VI) adsorbed and the effective equilibrium
constant were fit simultaneously using a method similar to the least squares method.‡ We
minimized the relative error, E, according to:
2

2

2

2

K −f 
 K + δi − f i 
 K − δi − f i 
3  Q − Ni 
 + ∑  i
 + ∑  i
 (5.15)
E = ∑  i i  + ∑  i
Qi 
i  Ki 
i  K i + δi 
i  K i − δi 
i ni 
In equation 5.15, Ki is the experimental Keff at a pH value of i, fi is the fit value for the effective
equilibrium constant at a pH value of i, Qi is the quantity adsorbed, Ni is the fit value for the
quantity of chromium (VI) adsorbed, ni is the number of quantity adsorbed data points at a pH
value of i, and δ is the standard deviation of the experimental Keff. The terms which include the
standard deviation of the Keff were added to the error to weight the fit by the error on the
experimental data. The error in equation 5.15 for each point in Figure 5.16 was divided by the
number of data points present at its pH value and multiplied by 3. This allows for the data in
Figure 5.16 to be averaged and count as 3 data points per pH value in the error summation
similar to the Keff data. The summation is performed over all pH values for which we collected
experimental data. The fitting method described above will intentionally weigh smaller
magnitude points more than they are weighted in a least squares algorithm. This weighting is
necessary to compare the deviations of the fit from the quantity adsorbed data, which is on the
order of 10-1, with the deviations of the fit from the Keff data, which is on the order of 105-106.
Using the relative error as the minimization parameter we were able to fit both data sets

‡

The code for this algorithm is too extensive to include in the print form of this thesis but is available electronically
upon request to Professor F. M. Geiger.
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Figure 5.21: Locating optimal values for Kas1 and Kacs for test case 4 using A) the average of the

data, B) the average of the data minus 25%, and C) the average of the data plus 25% to
normalize the fit to the quantity adsorbed data.
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simultaneously. Plotting E as a function of pKacs and pKas1 (Figure 5.21) demonstrates that using
the array of fits allows the optimized Kas1 and Kacs values to be determined as well as optimized
K1, K2, K3, and K4 values.
The fits that resulted from the four test cases are shown in Figure 5.22 and Figure 5.23.
The best fits in the test cases were selected by sorting their relative error (E in equation 5.15) and
selecting the fits which were within a factor of 2 of the lowest error. These fits were then
visually screened to discard those that were not within error of three or more Keff data points or
did not show a decrease in the quantity adsorbed within a pH unit of pH 9. As can be seen from
Figure 5.22 and Figure 5.23, a significant number of fits were left after this screening process.
The corresponding equilibrium constants and pKa values are summarized in Table 5.1. To
graphically summarize the range these fits represent, all the fits were placed on the same plots
and shaded, resulting in Figures 5.24 and 5.25 for Keff and quantity adsorbed, respectively.
From these modeling test cases we can draw three observations and conclusions. First,
using the values obtained from the fits in equation 5.14, it is observed that the pKa of bichromate
adsorbed to the protonated hydroxyl site is shifted by at least 3 pKa units from the bulk value.
Secondly, the pKa of bichromate adsorbed to the hydroxyl site can not be calculated because K4
in all of the fits is either zero or a negligible quantity. The negligible magnitude of K4 indicates
that chromate binding to neutral sites does not play a major role in this system. Thirdly, K3 is
four or five orders of magnitude larger than the other active processes. This indicates that
chromate, CrO4-2, binding to positively charged surface sites is, as expected, the most
energetically favored adsorption process. Furthermore, inspection of equation 5.11 shows that
K3 is the dominant contribution to Keff. Equation 5.11 can be considered to be the summation of
four terms,
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Figure 5.22: Best fits to the experimental Keff data resulting from A) case 1, B) case 2, C) case 3,

and D) case 4. See text for details.
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Variable
K1
K2
K3
K4

K range
(0.93 - 14)x103 M-1
(1.7 - 8.2) x103 M-1
(4.9 - 44)x108 M-1
0.0 - 0.1 M-1

pKas1
pKacs

3.5 - 4
7-8

pKaca1‡
pKaca2‡

≤ 3.5

−∆G* range
26.9 - 33.7 kJ/mol
28.4 - 32.3 kJ/mol
59.5 - 65.0 kJ/mol
___

___

Table 5.1: Summary of the parameters resulting from the best fits of the three site model

depicted in Figure 5.20.
‡

* Referenced to the molarity of water, calculated by equation 5.2.

Calculated from equation 5.14.
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α=

β=

γ=

η=

K eff = α + β + γ + η

141
(5.16a)

K1 [ H] 2

(5.16b)

BK as1[H ] + K as1B 2 K acs + [H ]2 + K acs B[H ]
[H ]BK 2 K as1
BK as1[H ] + K as1B 2 K acs + [H ]2 + K acs B[H ]
[H ]K acs K 3 B
BK as1[H] + K as1B 2 K acs + [H]2 + K acs B[H ]

K as1K 4 B 2 Kacs
BK as1[H ] + K as1B 2 K acs + [H ]2 + K acs B[H]

(5.16c)

(5.16d)

(5.16e)

each containing one of the intrinsic equilibrium constants. The term α accounts for the low pH
binding and is a sigmoid that transitions between a high constant value and zero, i.e. it creates a
flat baseline for Keff (Figure 5.26) at low pH. The term η similarly is a sigmoid, but transitions
between zero and a stable value, i.e. it creates a flat baseline for Keff at high pH (Figure 5.26).
However, as previously mentioned, this K4 is approximately zero for all reasonable fits. Hence a
summation of the two sigmoids cannot be used to generate the observed peak in the Keff versus
pH data set. With K2 constrained to be less than K1, the functional form of the Keff versus pH
data set is dominated by γ, the term in equation 5.16 that contains K3. Consequentially, the
majority of adsorbed chromium (VI) is in the form of chromate, as is apparent in Figure 5.27.
Clearly, determining intrinsic equilibrium constants obtained through the modeling and
fitting analysis of our experimental data provides a detailed molecular-level understanding of
what controls chromium (VI) adsorption to the α-Al2O3-water interface. However, it should be
noted that the model depicted in Figure 5.20 violates an important assumption of the basic
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Langmuir model (all the surface sites are equal). However, by calculating the equilibrium
constant which results from fitting an adsorption experiment with the Langmuir model, if this
physical model is the correct one, we gain insight into the energetics of the adsorption process.
These intrinsic equilibrium constants are those which govern the interaction of chromium (VI)
with a hydroxylated aluminum oxide-water interface. Ideally these values can be used in a model
to predict the effective equilibrium constants present in a sample with different ratios of α-Al2O3
surface sites.

5.6 Conclusions

In conclusion, our measurements coupled with a physical-chemical model provide a
detailed molecular-level understanding of the parameters which control chromium (VI)
adsorption to α-Al2O3. The free energies of adsorption determined from our isotherm
measurements are consistent with an outer-sphere hydrogen binding mechanism. Through
modeling we determine that the acid-base equilibrium constant between bichromate and
chromate adsorbed to the protonated hydroxyl site is shifted towards a lower pKa compared to
the bulk value. This shift indicates that chromate is stabilized while adsorbed to the protonated
hydroxyl site, which is the dominant adsorption species according to the model. A model with
two kinds of binding sites, neutral and positively charged, was required because of the failure of
a one binding site model to reproduce the experimental data. Through this molecular-level
analysis we gained significant insight into the mobility of chromium (VI) in the geochemical
environment. We also gained insight into the mobility of chromium (VI) by using the U.S.
Environmental Protection Agency’s Kd model to predict the mobility of chromium (VI) in
aluminum (hydr)oxide rich soils. Our predictions are consistent with the notion that chromium
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(VI) is extremely mobile in groundwater. However, our predictions also suggest that chromium
(VI) is substantially less mobile in aluminum (hydr)oxide rich soils than in silica rich soils under
certain pH conditions.53 In summary, this work presents a significant advancement in our
understanding of the molecular-level interactions between chromium (VI) and α-Al2O3, thereby
improving our ability to predict the environmental mobility, speciation, and ultimate fate of
chromium (VI).
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6.1 Conclusions and Environmental Impact

In sum, the work presented here demonstrates the power of second harmonic generation
(SHG) to yield quantitative and predictive data about important environmental systems,
especially when coupled with physical-chemical models. In this work, the application of SHG to
environmental interfaces is evaluated and improved by exploring the effects of the phase
difference between the resonant and nonresonant contributions to the second harmonic signal on
isotherm and desorption kinetics experiments. This work improves the reliability of resonant
second harmonic generation experiments on model environmental systems such as the work
described in chapter 5.
Our experimental SHG measurements indicate that a surface dominated by carboxylic
acid moieties may form a hydrogen-bonding network, increasing the energy required to
deprotonate the acid groups and thereby raising the pH at which carboxylate ions form at the
interface. This finding has direct implications for solute binding in heterogeneous geochemical
environments. If a naturally occurring humic or fulvic acid contains a high density of closely
packed carboxylic acid groups, these groups may be neutral rather than charged in nature due to
the stabilization provided by the hydrogen-bonding network. This stability allows these groups to
bind both anions and cations via a physisorption mechanism. In contrast, the Coulombic
interaction expected from a carboxylate group is energetically more favorable, but can only bind
cations. If the humic or fulvic acid present displays a lower density of carboxylic acid groups,
the hydrogen-bonding network does not form, and the carboxylic acid groups deprotonate at a
much more acidic pH. Thus, cations would be strongly bound to the humic or fulvic acids via a
Coulombic interaction, and the carboxylate groups would electrostatically repel anions.
Therefore, this work has shown that the surface concentration of carboxylic acids can drastically
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alter their critical surface-pollutant interactions. To further aid in the prediction of pollutant
binding to carboxylic acid interfaces, we have calculated the free energy density change which
results from the deprotonation of the interface and obtained the most sensitive interfacial free
energy profile for a heterogeneous acid-base chemical system with the widest dynamic range to
date. Lowering the free energy density is a major driving force for adsorption to interfaces.
We also demonstrate one of the powerful advantages of SHG by measuring information
regarding the orientations of morantel at the fused quartz-water interface and oxytetracycline at
three different interfaces. The morantel measurement indicates that the average tilt angle is
greater than or equal to 43° from the surface-normal. This measurement combined with our
isotherm measurement suggests that the morantel is, on average, binding to the surface through
its two nitrogen centers. Based on this molecular surface orientation, we can postulate that the
ring containing the sulfur center (Figure 4.3) is more likely to be available for reaction with
solution-phase species.

In the oxytetracycline measurements, if the orientation of the

chromophore that gives rise to the SHG resonance enhancement within oxytetracycline is
indicative of the overall orientation, our measurements indicate that the effects of orientation on
reactivity are likely the same for all three surfaces. Therefore, all three interfaces would have
similar surface oxytetracycline reactivity and thereby similar effects on the environmental
lifetime of oxytetracycline.
Finally, we expanded our previous work32,33,52,53,199 to include the adsorption of
hexavalent chromium to an important model for aluminum (hydr)oxide minerals, α-Al2O3. From
these SHG measurements, we determined intrinsic binding parameters, which are expected to be
more useful in future pollutant transport models than the measured effective binding constants,
as they contain more chemical information than the free energies obtained from the Langmuir
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isotherm model. Modeling also provides the pKa of the active sites for chromium (VI) binding
and the pKa of bichromate to chromate while adsorbed to the dominant surface site. These pKa
values can be used to improve pollutant transport models and our understanding of the reactivity
of hexavalent chromium at aluminum (hydr)oxide-water interfaces.

6.2 Possible Future Directions

The presented work clearly demonstrates the power and versatility of second harmonic
generation for obtaining information about surfaces of environmental interest and the pollutants
adsorbed to them. One way to expand the research discussed here is to continue to increase the
complexity of the model surfaces by employing either single crystal alumosilicate minerals or
aluminum oxide surfaces functionalized with organic adlayers analogous to our work on
functionalized fused quartz surfaces.32,33,199,216

The organic linker used for our prior

work32,33,199,216 should be long enough to eliminate most substrate effects, but there is still the
possibility that the anisotropic nature of the single crystal aluminum oxide surface sites will
pattern the deposited layer. The resultant patterning may change pollutant adsorption to the
organic adlayer, allowing for a study on geometrical effects on pollutant adsorption.
Studying single crystal alumosilicate minerals, such as kaolinite and smectite, will benefit
from our previous work on adsorption to the fused quartz-water interface and the work presented
in chapter 5 on aluminum oxide. These studies provide enough information (i.e. equilibrium
constants for adsorption to hydroxyl groups attached to an aluminum center and hydroxyl groups
attached to an silicon center) to build a model, similar to that used in chapter 5, to deconvolute
the different adsorption equilibria, which would be expected at a single crystalline alumosilicatewater interface. Therefore, adsorption measurements to single crystal alumosilicate-water
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interfaces would allow for the determination of synergistic effects of having both hydroxyl
groups attached to aluminum centers and hydroxyl groups attached to silicon centers present at
the interface. Understanding such effects will greatly improve the understanding of pollutant
adsorption in mixed mineral systems and thereby improve our understanding of pollutant
transport in real environments.
An additional future study of interest would include adsorption to other aluminum oxide
surfaces. Single crystal surfaces, such as that used in chapter 5, are commonly used in surface
science. Single crystals find such broad application because, while they are complex systems
themselves, they are often simpler and easier to interpret than a more environmentally realistic
alternative, such as a powdered sample. However, single crystals commonly have different
properties for different faces. Single crystals may also have very different properties than
powdered samples if the surface properties of the powder are dominated by defect sites. For
example, the point of zero charge of α-Al2O3 differs dramatically between single crystal and
powder samples.209 This difference indicates that a better model for the naturally occurring soil
colloids may be an amorphous layer of Al2O3, which would have a larger defect site density.
This amorphous layer could be deposited, using either electron beam deposition or atomic layer
deposition (ALD), onto a fused quartz substrate. It should be noted that if the layer is thin
enough, the measured properties will be perturbed by the underlying fused quartz, which in turn,
may perturb pollutant adsorption. A study of this type of film as a function of film thickness,
would provide a better understanding of how defect sites and the perturbed properties of the
aluminum oxide near a silicon oxide layer affect pollutant adsorption, and thereby, pollutant
transport and environmental fate.
The work outlined above will compliment and build upon the insight gained from the
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surface characterization, orientation, and adsorption studies completed in this thesis to provide a
more detailed molecular-level understanding of pollutant binding to environmental soil-water
interfaces. This molecular-level understanding is critical to understanding pollutant mobility,
speciation, and ultimate environmental fate. A complete chemical understanding of these soil
surface-pollutant systems will ultimately improve how we care for and remediate the
environments in which we live.
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Appendix 1: Derivation of the Interfacial pKa Fit Equation

The concepts contained in the following appendix were developed by Eisenthal and
Coworkers49,137,144,148 and are included for the reader’s convenience.
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Variables used in Appendix 1

[ H 3 O + ]s

concentration of hydronium ions at the interface

[ A − ]s

concentration of deprotonated acid at the interface

[HA]s

concentration of protonated acid at the interface

Ka

equilibrium constant for the acid-base equilibrium

pKa

-log(Ka)

f

mole fraction for the deprotonated acid

[H 3O + ]

concentration of hydronium ions in the bulk solution

Φ

potential created by the charge bound to the interface

T

temperature in K

k

Boltzmann constant

e

elementary charge

Φo

potential created by the charge bound to the interface measured at the interface

z

charge of the surface bound moiety, i.e. for a carboxylate group z=-1

σ

surface charge density

ε

dielectric constant of water

R

gas constant

C

concentration of counter ions

a

collection of constants

pH

pH of the bulk solution

σ max

maximum surface charge density obtain after an acid-base equilibrium

r
E 2ω

χ

( 2)

r
Eω

χ

( 3)

E (z )
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electric field vector of the second harmonic light
second order susceptibility
electric field vector of the fundamental light
third order susceptibility
static electric field generated by the surface bound charge measured at distance z
from the surface

^

a

unit polarization vector

2)
χ (water

portion of χ ( 2) that does not change during the pH transition

2)
χ (acid

portion of χ ( 2) that changes during the pH transition evaluated prior to the transition

2)
χ (base

portion of χ ( 2) that changes during the pH transition evaluated after the transition

Φ max

maximum potential reached after the acid-base transition

PC

proportionality constant

EN

normalized electric field adjusted for the proportionality constant

Low
E pH
N

EN evaluated prior to the acid-base equilibrium

High
E pH
N

EN evaluated after the acid-base equilibrium
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To derive the fitting equation necessary for the pKa experiment found in chapter 2, first
consider the equilibrium:
H2O + HAs ↔ A- + H3O+s
where the subscript s denotes species that are surface bound. The equilibrium constant, Ka, for
the above equilibrium is given by
Ka =

[A − ]s [H3O + ]s
[HA]s

(A1.1)

If one considers all the carboxylic acid groups which do not deprotonated during a pKa transition
to be a different species from the groups that do deprotonate, then those groups that do not
deprotonate can be ignored for the rest of the derivation. This distinction allows for mole
fractions of the deprotonated acid, f, and protonated acid, 1-f, which range from 0 to 1.

f =

[ A − ]s

[HA]s + [A − ]s

1− f =

[HA ]s

[HA]s + [A − ]s

(A1.2)

(A1.3)

Combining equations A1.1 through A1.3 gives
Ka =

f [H 3 O + ]s
1− f

(A1.4)

We assume that the surface hydronium concentration, [H3O+]s, and the bulk hydronium ion
concentration, [H3O+], are related through a Boltzmann relationship,
 − eΦ o 
[H 3O + ]s = [H 3O + ] exp

 kT 

(A1.5)

In equation A1.5, e is the elemental charge, k is the Boltzmann constant, T is the temperature,
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and Φο is the interfacial potential at the interface. Substituting equation A1.5 into A1.4 yields
Ka =

f
 − eΦ o 
[H 3O + ] exp

1− f
 kT 

(A1.6)

Taking the log of equation A1.6 to convert the hydronium ion concentration to pH yields
 f
− pK a = log
1− f

eΦ o

 − pH −
ln(10)kT


(A1.7)

The potential in equation A1.7 is modeled using the Gouy-Chapman model
Φo =


2kT
π 

arcsinh σ

ze
2
εkTC



(A1.8)

It should be noted that the electrolyte concentration, C, in A1.8 is in molecules/m3, and the
conversion of this concentration to molarity yields,




2kT
π


Φo =
arcsinh σ

ze
 L 
 2000

εRTC



 m3 



(A1.9)

To simplify future expressions we use a collection of constants,
a=

π
 L 
2000 3 εRT
m 

(A1.10)

Combining equations A1.7, A1.9, and A1.10 yields
 2kT
 f 
e
 σa  

 −
pH = pK a + log
 
arcsinh

 C 
 1 − f  ln(10)kT  ze

Substituting the identity arcsinh( x ) = ln x + x 2 + 1  into equation A1.11 gives,



(A1.11)
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 f
pH = pK a + log
1− f

 σa


2
σ2a 2
 −
ln
+
+ 1

C
 z ln(10)  C


(A1.12)

Rearranging equation A1.12 and substituting in the charge of a carboxyl group, z=-1, yields,
2
 

  σa
σ 2a 2
pH = pK a + log f
+
+ 1 1−
 C

C
 





f



(A1.13)

The surface charge density changes during the pH transition and we model this change as
σ = fσ max

(A1.14)

Substituting A1.14 into A1.13 gives
 

fσ a
pH = pK a + log f  max +

C
 



f 2 σ 2max a 2
+ 1

C


2



1− f 



(A1.15)

Substituting the constants collapsed into a back into equation A1.10 gives equation 2.4a.
 
 
π
pH = pK a + log f   fσ max

2000CεRT
 



f 2 σ 2max π
 + 1+

2000CεRT







2



(1 − f )



(2.4A)

Equation 2.4a requires an expression for the mole fraction f, to derive this expression we
begin with equation 2.1
r
( 2) r r
( 3) r r ∞
E 2ω ∝ χ E ωE ω − χ E ωE ω ∫ E(z)dz

(A1.16)

z=0

Note that:
∞

∫ E(z)dz = −(Φ(∞) − Φ(0)) = Φ o

z =0

Combining equations A1.16 and A1.17 yields

(A1.17)
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E 2ω
∝ χ ( 2 ) − χ ( 3) Φ o
E ωE ω
In equation A1.18, χ ( 2) is the magnitude of χ

(2) ^ ^

a a and χ ( 3) is the magnitude of χ

(A1.18)
(3) ^ ^

a a , where

^

a is the unit polarization vector. We treat χ(2) as a summation of three different components,
2)
2)
2)
χ ( 2) = χ (water
+ fχ (base
+ (1 − f )χ (acid

(A1.19)

2)
In equation A1.19, χ (water
is the portion of χ ( 2) that does not change during the pH transition,
2)
χ (base
is the portion of χ ( 2) that changes during the pH transition evaluated after the transition,
2)
is the portion of χ ( 2) that changes during the pH transition evaluated prior to the
and χ (acid
2)
transition. In equation A1.19, χ (base
can also be thought of as the χ ( 2) component that
2)
can be thought of as the χ ( 2) component that
corresponds to the carboxylate groups, while χ (acid

corresponds to the carboxylic acid groups which are going to be deprotonated during the
transition.
Under the constant capacitance model,
Φ o = fΦ max

(A1.20)

Combining equations A1.18 through A1.20 gives,
E 2ω
2)
2)
2)
∝ χ (water
+ fχ (base
+ (1 − f )χ (acid
− χ ( 3) fΦ max
E ωE ω
Defining PC

(A1.21)

E 2ω
as EN, where PC is the proportionality constant, and solving for f yields:
E ωEω
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f =

2)
2)
− χ (acid
E N − χ (water
2)
2)
χ (base
− χ (acid
− χ (3) Φ max

(A1.22)

To convert equation A1.22 into all measurable terms, first consider when the pH is low enough
that the transition has not progressed at all, i.e. what happens to equation A1.21 when f=0,
Low
2)
2)
E pH
= χ (water
+ χ (acid
N

(A1.23)

Next consider when the pH is high enough that the transition has reached completion, i.e. what
happens to equation A1.21 when f=1,
High
2)
2)
E pH
= χ (water
+ χ (base
− χ (3) Φ max
N

(A1.24)

Substituting equations A1.23 and A1.24 into A1.22 yields

f =

Substituting PC

Low
E N − E pH
N

(A1.25)

High
Low
E pH
− E pH
N
N

E 2ω
back into equation A1.25 and canceling we obtain equation 2.4b
E ωEω
 E − E pH Low
2ω
ω
f =  pH2High
Low
E
− E pH
2ω
 2ω






(2.4B)
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Appendix 2: Code to Calculate the Second Harmonic Orientation Parameter

The following script is designed to be copied and pasted into a procedure file in the commercial
Igor Pro software package. Please see chapter 4 for definitions and details not contained in the
comments to the code.
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#pragma rtGlobals=1
// Use modern global access method.
//This function will calculate the D parameter for rod like molecules isotropically //adsorbed
//input parameters
//n1 = index of refraction of material beam travels through at fundamental
//n2 = index of refraction of material beam does not travel through at fundamental
//n12w = index of refraction of material beam travels through at SH
//n22w = index of refraction of material beam does not travel through at SH
//ad = incident angle in degrees
//I45s = 45 in, s out, dark counts subtract
//I45p = 45 in, p out, dark counts subtract
// in the variable definitions and comments to this code the indices of the subscripts to the
//intensities are backwards
function calcD(n1,n2,n12w,n22w,ad,i45s,i45p)
variable n1,n2,n12w,n22w,ad,i45s,i45p
variable nnl, Or, O, Or2w,fx,fy,fz,f2x,f2y,f2z,a,s1,s3,s5,s6,s7,xzzz,xxxz,D
// internal parameters
// nnl = index of refraction in the NL layer at SH
// Or = angle of refraction at fundamental
// O = exit angle of SH
// Or2w = angle of refraction at SH
// fx,fy,fz = linear Fresnel coeff in x,y,z coords respectively
// f2x,f2y,f2x = nonlinear Fresnel coeff in x,y,z coords respectively
// a = incident angle in radians
// s1,s3,s5,s6,s7 = constants that don’t depend on polarization
// xzzz, xxxz = tensor elements, with constants canceled
// D = D parameter, what you are after
a=ad*Pi/180 // calcing incident angle in rads
nnl=(n12w+n22w)/2 // calcing index in NL layer
Or=asin(n1*sin(a)/n2) // calcing angle of refraction of fundamental
O=asin(n1*sin(a)/n12w) // calcing exit angle of SH
Or2w=asin(n12w*sin(a)/n22w) // calcing angle of refraction for SH
// calcing the linear Fresnel coeffs
fx=(2*sin(Or)*cos(a))/(sin(Or+a)*cos(a-Or))
fy=(2*sin(Or)*cos(a))/(sin(Or+a))
fz=fx*(n1/n2)
// calcing the NL Fresnel coeffs
f2x=-sin(Or2w)*cos(Or2w)/(sin(O+Or2w)*cos(Or2w-O))
f2y=sin(Or2w)/sin(O+Or2w)
f2z=((sin(Or2w))^2*n22w^2)/(sin(O+Or2w)*cos(Or2w-O)*nnl^2)
// calcing constants (see angles document)
s1=f2y*fy*fz*cos(a)
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s3=f2x*fx*fz*sin(O)*sin(2*a)
s5=f2z*fx*fx*cos(O)*(sin(a))^2
s6=f2z*fy*fy*cos(O)
s7=f2z*fz*fz*cos(O)*(cos(a))^2
// the following elements have constants missing from them which drop out in the //equation for
D
xxxz=2*sqrt(i45s)/s1
xzzz=(sqrt(i45p)-sqrt(i45s)*((s3+s5+s6)/s1))/s7
D=xzzz/(xzzz+xxxz) // calcing D
// printing stuff for error checking purposes
print "fx" print fx
print "fy" print fy
print "fz" print fz
print "f2x" print f2x
print "f2y" print f2y
print "f2z" print f2z
print "s1" print s1
print "s3" print s3
print "s5" print s5
print "s6" print s6
print "s7" print s7
print "xxxz" print xxxz
print "xzzz" print xzzz
// printing D
print "D" print D
end
// these two functions are a GUI to make the function calcD more usable
Function calcDGui()
NewPanel /W=(150,50,500,350) //creates panel at specified location
Variable/G n1,n2,n12w,n22w,ad,i45s,i45p // declaring global variables
DrawText 75,18,"Calculating D for rod like molecules" // creates the title string
Execute "ModifyPanel cbRGB=(56797,56797,56797)" // changes the color of the
//panel... I think, was in an example never changed it
SetVariable
setvar0,pos={10,28},size={122,17},limits={0,5,0.000001},value=
n1
SetVariable setvar0,Title="n1" // creates and operates set variable slot for n1
SetVariable
setvar1,pos={10,
60},size={150,17},limits={0,5,0.000001},value=n2
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SetVariable setvar1, Title="n2" // creates and operates set variable slot for n2
SetVariable setvar2,pos={10,92},size={150,17},limits={0,5,0.000001},value=n12w
SetVariable setvar2, Title="n12w" // creates and operates set variable slot for n12w
SetVariable
setvar3,pos={10,125},size={122,17},limits={0,5,0.000001},value=
n22w
SetVariable setvar3, Title="n22w" // creates and operates set variable slot for n22w
SetVariable setvar4,pos={185, 28},size={150,17},limits={0,90,0.001},value= ad
SetVariable setvar4, Title="input angle" // creates and operates set variable slot for a
SetVariable
setvar5,pos={185,60},size={150,17},limits={0,50000,0.00001},value=
i45s
SetVariable setvar5, Title="Is45" // creates and operates set variable slot for I45s
SetVariable
setvar6,pos={185,92},size={150,17},limits={0,50000,0.00001},value=
i45p
SetVariable setvar6, Title="Ip45" // creates and operates set variable slot for I45p
Button rabbit, title="Run", size={50,20}, proc=calcDrun, pos={270,275} // creates
//button that will run calcDrun when pushed
//writing a bunch of text to GUI window as to not forget what they are
DrawText 10,175,"n1 = index of refraction of material incident beam travels"
DrawText 10,187,"
through at fundamental "
DrawText 10,200,"n2 = index of refraction of material incident beam does not"
DrawText 10,212,"
travels through at fundamental"
DrawText 10,225,"n12w = index of refraction of material incident beam travels"
DrawText 10,237,"
through at SH"
DrawText 10,250,"n22w = index of refraction of material incident beam does not"
DrawText 10,262,"
travels through at SH"
DrawText 10,275,"Is45 = 45 in S out, dark count subtracted"
DrawText 10,288,"Ip45 = 45 in P out, dark count subtracted"
End
//function run by the run button
Function calcDrun (ctrlName) : ButtonControl
String ctrlName
NVAR n1,n2,n12w,n22w,ad,i45s,i45p //passing global vars
calcD(n1,n2,n12w,n22w,ad,i45s,i45p) //running calcD fn
End
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Appendix 3: Code for the First Set of X-ray Data-Theory Comparisons

The following script is designed to be copied and pasted into a procedure file in the commercial
Igor Pro software package. Please see chapter 5 for definitions and details not contained in the
comments to the code.
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// this function is designed to compare experimental and theoretical values
// for the angles between alpha-aluminum oxide faces measured
// by Laue x-ray backscattering
// warning to user:
// this program is slow and may take on the order of days to run
function brute()
variable cycle,cyclecount
wave wave0,wave1,wave2,wave3,wave4,wave5,wave6,wave7
// theoretical waves
// entered such that the row 0, is the angle with face c0, row 1 is the angle
// with face c1, etc.
wave c0,c1,c2,c3,c4,c5,c6,c7,c8,c9,c10,c11,c12,c13,c14,c15,c16,c17
// experimental data waves
// entered such that the row 0, is the angle with face a, row 1 is the angle
// with face b, etc.
wave a, b,c,d,ee,f,g
nvar r1, r2,r3,r4,r5,r6,r7
string na,nb,nc,nd,ne,nf,ng
wave wave8, wave7, wave9
wave8=0
wave7=10
wave9=1e100
cycle=0
cyclecount=0
for(r1=0;r1<=17.5;r1+=1)
for(r2=0;r2<=17.5;r2+=1)
for(r3=0;r3<=17.5;r3+=1)
for(r4=0;r4<=17.5;r4+=1)
for(r5=0;r5<=17.5;r5+=1)
for(r6=0;r6<=17.5;r6+=1)
for(r7=0;r7<=17.5;r7+=1)
// getting name of selection of theoretical waves for this loop iteration
na="c"+num2str(r1)
nb="c"+num2str(r2)
nc="c"+num2str(r3)
nd="c"+num2str(r4)
ne="c"+num2str(r5)
nf="c"+num2str(r6)
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ng="c"+num2str(r7)
wave pa=$na
wave pb=$nb
wave pc=$nc
wave pd=$nd
wave pe=$ne
wave pf=$nf
wave pg=$ng
// calculating the difference between theory set and experimental faces
wave0[0]=a[0]-pa[r1]
wave0[1]=a[1]-pa[r2]
wave0[2]=a[2]-pa[r3]
wave0[3]=a[3]-pa[r4]
wave0[4]=a[4]-pa[r5]
wave0[5]=a[5]-pa[r6]
wave0[6]=a[6]-pa[r7]
wave1[0]=b[0]-pb[r1]
wave1[1]=b[1]-pb[r2]
wave1[2]=b[2]-pb[r3]
wave1[3]=b[3]-pb[r4]
wave1[4]=b[4]-pb[r5]
wave1[5]=b[5]-pb[r6]
wave1[6]=b[6]-pb[r7]
wave2[0]=c[0]-pc[r1]
wave2[1]=c[1]-pc[r2]
wave2[2]=c[2]-pc[r3]
wave2[3]=c[3]-pc[r4]
wave2[4]=c[4]-pc[r5]
wave2[5]=c[5]-pc[r6]
wave2[6]=c[6]-pc[r7]
wave3[0]=d[0]-pd[r1]
wave3[1]=d[1]-pd[r2]
wave3[2]=d[2]-pd[r3]
wave3[3]=d[3]-pd[r4]
wave3[4]=d[4]-pd[r5]
wave3[5]=d[5]-pd[r6]
wave3[6]=d[6]-pd[r7]
wave4[0]=ee[0]-pe[r1]
wave4[1]=ee[1]-pe[r2]
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wave4[2]=ee[2]-pe[r3]
wave4[3]=ee[3]-pe[r4]
wave4[4]=ee[4]-pe[r5]
wave4[5]=ee[5]-pe[r6]
wave4[6]=ee[6]-pe[r7]
wave5[0]=f[0]-pf[r1]
wave5[1]=f[1]-pf[r2]
wave5[2]=f[2]-pf[r3]
wave5[3]=f[3]-pf[r4]
wave5[4]=f[4]-pf[r5]
wave5[5]=f[5]-pf[r6]
wave5[6]=f[6]-pf[r7]
wave6[0]=g[0]-pg[r1]
wave6[1]=g[1]-pg[r2]
wave6[2]=g[2]-pg[r3]
wave6[3]=g[3]-pg[r4]
wave6[4]=g[4]-pg[r5]
wave6[5]=g[5]-pg[r6]
wave6[6]=g[6]-pg[r7]
// summing the difference to get the cumulative error (dividing by number of angles gives
//average error)
wave8=0
wave8=abs(wave0)+abs(wave1)+abs(wave2)+abs(wave3)+abs(wave4)+abs(wave5)+abs(wave6)
variable checksumation, ahah, ahah2
checksumation=0
checksumation=wave8[0]+wave8[1]+wave8[2]+wave8[3]+wave8[4]+wave8[5]+wave8[6]
// storing the best overall value so far
ahah2=0
ahah2=wave9[0]
// building a temporary wave that has all ther differences in it to determine the largest //deviation
variable nmpts,n0,n1,n2,n3,n4,n5,n6
n0=numpnts(wave0)
n1=numpnts(wave1)
n2=numpnts(wave2)
n3=numpnts(wave3)
n4=numpnts(wave4)
n5=numpnts(wave5)
n6=numpnts(wave6)
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nmpts=n0+n1+n2+n3+n4+n5+n6
make /o /n=(nmpts) tempwave
variable i,j,k,l,m,n,o,p,bn
bn=0
i=0
j=0
k=0
l=0
m=0
n=0
o=0
p=0
for(i=0;i<=(n0-0.5);i+=1)
tempwave[i]=abs(wave0[i])
endfor
for(j=0;j<=n1-0.5;j+=1)
bn=j+n0
tempwave[bn]=abs(wave1[j])
endfor
for(k=0;k<=n2-0.5;k+=1)
bn=k+n1+n0
tempwave[bn]=abs(wave2[k])
endfor
for(l=0;l<=n3-0.5;l+=1)
bn=l+n2+n1+n0
tempwave[bn]=abs(wave3[l])
endfor
for(m=0;m<=n4-0.5;m+=1)
bn=m+n3+n2+n1+n0
tempwave[bn]=abs(wave4[m])
endfor
for(n=0;n<=n5-0.5;n+=1)
bn=n+n4+n3+n2+n1+n0
tempwave[bn]=abs(wave5[n])
endfor
for(o=0;o<=n6-0.5;o+=1)
bn=o+n5+n4+n3+n2+n1+n0
tempwave[bn]=abs(wave6[o])
endfor
wave wave7
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// determing the largest overall deviation
wavestats/Q tempwave
// printing the loop if it meets certain minimum requirements
if(checksumation<=300)
print "___________________________"
print ",", r1,r2,r3,r4,r5,r6,r7, ",",checksumation, ",",V_max
print "find me"
if(checksumation<=ahah2)
wave9[0]=checksumation
print "new low"
print wave9[0]
endif
print "____________________________"
endif
if (V_max<wave7[0])
print "----------------------------------------------------"
print r1,r2,r3,r4,r5,r6,r7
wave7[0]=V_max
print "new best match"
print wave7[0]
print "----------------------------------------------------"
endif
// zeroing the difference waves for start of next loop
wave0=0
wave1=0
wave2=0
wave3=0
wave4=0
wave5=0
wave6=0
endfor
endfor
endfor
endfor
endfor
endfor
endfor
end
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