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Abstract 

The utilization of the sum frequency generation imaging microscope (SFGIM) to 

study heterogeneous samples of alkanethiol-covered reactive metals such as Cu and brass 

was demonstrated in this dissertation. This nonlinear optical microscope provides a 

spatial distribution overview of the surface as a description of conformation and 

orientation of these molecules at the interface. In the first study of this dissertation, the 

length scale dependence of the spatial distribution analysis of the SFGIM technique has 

been analyzed to provide a comprehensive evaluation of its ability of revealing hidden 

domains of monolayer defects from averaged SFG signals. By constructing maps from 

regions-of-interest (ROIs) of different length scales, measuring from 5 to 1000 μm, two-

dimensional localized domains of defects are identified to contain populations of less-

ordered monolayers. By generating the tilt angle distributions of the scaled ROIs, SFGIM 

determines the experimental mean orientation, θ, and distribution width, σ0, as dictated 

by the SFGIM resolution limit.  

The capability of SFGIM in monitoring surface reactions was demonstrated by 

defining changes in the monolayer order as an effect of oxide growth on alkanethiol-

covered copper. The spontaneous atmospheric oxidation of Cu was observed as a change 

in the nonresonant phase response of SFG spectral lineshapes obtained from the SFGIM 

setup (1064 nm). With the growth of the oxidized film, the changes in the methyl tilt 

orientation are spatially correlated to the shifts in the nonresonant phase. Regions with 

the most concentration of reduced surface Cu registered as surface domains with lower 

gauche defect signals and well-oriented molecules.  
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The remarkable advantage of SFGIM against averaged SFG spectroscopy was 

demonstrated in its ability to spatially correlate the local structural behavior of interfacial 

molecules in response to the local physical properties of the surface. The heterogeneous 

local spatial kinetics was evaluated to have a spatial effect on gauche defect formations. 

Several experiments were performed to further test the imaging microscope for its 

capability in characterizing monolayer order on various metals such as gold, silver, 

copper, and brass in order to exploit its full potential in analyzing surface reactions, 

particularly atmospheric oxidation. 
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Chapter 1: Introduction 

For most studies in surface chemistry that utilize vibrational spectroscopy, the 

surfaces is often assumed to be homogeneous since most of these techniques are spatially 

averaging; with this methodological limitation,  recent improvements on surface analytical 

techniques were developed with the ability to determine the structure of surface molecules 

from macroscopic (millimeters) down to atomic level (Ångströms). These innovations in 

surface techniques have led to new discoveries that the surface is actually more 

heterogeneously structured than what was initially presumed. 

The heterogeneity of a surface has a direct effect on the reactions at the interface. 

Surface reactions might be observed in the macroscopic scale, but when determined in 

microscopic length scales, the chemical reactivity is localized in the different regions-of-

interest (ROIs) on the surface. Therefore, there is a tendency in most surface studies to 

analyze the sample with the understanding that the averaged signal of the macroscopic 

surface is a representative of each individual ROI.  

In reality, the averaged spectroscopic signal recovered from the entire surface 

length scale often does not represent the individual ROIs; analyzing the sample from the 

different length scales (macroscopic to microscopic) will have different analytical results in 

terms of the characteristics of the molecules present on the surface. By averaging the 

spectroscopic signal from the entire surface, the chemical and physical properties are 

represented only by the most dominant molecules oriented on the surface. Hence, there is a 

loss of information on the properties of the less-favored molecules. (less favored in terms 

of the quantity, signal strength, and distribution across the surface).
1
 Since these less-

favored populations provide local information on possible defect sites, these ROIs are 
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needed to be accounted into the population distribution of the surface using a spatial 

distribution analysis. 

Analyzing in the microscopic scale will give a two-dimensional overview of the 

monolayer order of the molecules adsorbed on defect-prone metal substrates (i.e. reactive 

metals such as Cu). The adsorbed molecules in these ROIs might have interesting 

contributions on the interpretation of the surface properties. The nature of the metals and 

the orientation of the molecules on the surface are important factors that influence these 

surface properties. The surface heterogeneity might be an outcome of an inherent property 

of the sample or surface defect from the sample preparation. 

The evaluation of surface defects will have a great impact on different surface 

applications of adsorbed organic films such as corrosion inhibition, catalysis reactions, 

adhesion, and electronics. Therefore, a two-dimensional overview of the surface provides 

the spatial distribution of the molecules at the surface which will serve as a measure of its 

overall surface heterogeneity. Microscopic techniques with very high resolution, such as 

scanning probe techniques (SPM), identify the distribution of the molecules across the 

surface. These techniques do not provide a direct chemical identification of the molecules 

at the surface, but may provide the distribution information of the molecules across the 

surface (i.e. orientation and the domain concentration in an atomic scale). What makes Sum 

Frequency Generation Imaging Microscopy (SFGIM) unique is that it combines the 

advantage of the spatial resolution of a nonlinear optical microscope with the abundance of 

molecular information acquired from vibrational spectroscopy. 
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Several imaging techniques had been developed that possess the ability to study the 

monolayers on the surface that, independently, provide chemical, spatial, and temporal 

resolution. For example, atomic force microscopy (AFM) provides excellent spatial 

resolution; however, it lacks specific chemical information over the surface. Aside from 

these known methods, X-ray techniques which include X-ray photoemission electron 

microscopy and near-edge X-ray absorption fine structure have been used for providing 

surface contrast with good spatial resolution in evaluating surface with lithographic 

patterns.
2, 3

 However, these techniques lack the capability of directly probing the adsorbed 

molecules on the surface. Hence, there is a necessity to incorporate the ability of 

determining the local chemical environment of the molecules to provide a more 

fundamental view of interfacial chemistry. 

Hence, vibrational spectroscopy provides a crucial contribution as a useful tool in 

studying the monolayer coverage and intermolecular interactions. Several spectroscopic 

techniques are used to provide chemical information of the molecules present on the 

surface such as IR, Raman, or High Resolution Electron Energy Loss Spectroscopy 

(HREELS). These techniques are beneficial because each technique has a specific role in 

characterizing the molecules adsorbed on the surface. But, on the other hand, these 

techniques are not interface specific such as Fourier Transform Infrared (FTIR) 

microscopy. FTIR spectroscopic/microscopic technique provides chemical information but 

it is not a surface-specific and monolayer-sensitive which are considered as the limiting 

factors for the purpose of imaging. The FTIR technique is also less suitable for imaging 

due to its inherent limitation in spatial resolution. Raman spectroscopic techniques also 

share this limitation of not being interface specific/sensitive. Lastly, HREELS is also 
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limited in terms of spectral resolution when probing adsorbed molecules on the surface.
4
 

Thus, SFGIM is an excellent combination of spatial imaging and vibrational spectroscopy 

such that it probes and identifies the molecules at the interface spectrally, temporally, and 

spatially. 

One of the main objectives of this study is to demonstrate the capability of the 

nonlinear optical microscope in providing a spatial distribution overview of monolayer-

metal surfaces. First, a full-length study was performed to understand and obtain more 

description of the molecules in smaller domains by using different length scales.
1
 Studying 

smaller domains on the surface brings forth a myriad of advantages. For example, these 

monolayer molecules are deposited on a well-polished or evaporated metal on a substrate 

with defects from impregnated particles from polishing, scratches, and foreign materials 

that compete with the solution-based molecules during deposition. The orientation of the 

absorbed molecules, whether well-ordered or not, has an effect on all the interactions that 

occur at the surface. The ability to obtain spatial and spectroscopic information of the 

interfacial molecules will then be applied to areas that will have a great benefit from having 

a two-dimensional overview of the deposited molecules at the surface such as self-

assembled monolayers on metal substrates and adsorption on reactive surfaces.  

SFGIM has provided an in situ method to observe the chemical contrast on a two-

dimensional form based on the inherent vibrational spectrum of the molecules at the 

interface whether the molecules on the surface have different functional groups, 

orientations, stability, and heterogeneity. The microscope has the capability to locate the 

molecules on the surface and provide chemical identification based on the changes of the 
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vibrational spectrum. SFGIM is able to address some of these issues since it has a high 

interface specificity, submonolayer sensitivity, and chemical selectivity, and has spatial 

resolution of approximately of 2 microns.
5, 6

 

Within the recent years, the imaging microscope has been used to address some 

experiments that contribute to the fundamental views of surface chemistry. These studies 

include the initial catalysis/corrosion reactions (carbon monoxide on Pt and cyanide ions 

reacting on gold forming linearly bound CN
-
 ions and complex compounds); patterned 

microcontact-printed self-assembled monolayers (SAMs)
7-9

 on gold with variation in 

different terminal functional groups and chain lengths  that affects the interpretation of 

chemical two-dimensional contrast; and the adsorbed octadecanethiol on mild steel and 

zinc surfaces to study the monolayer order which also includes the evaluation of the 

heterogeneity of the surface.
5, 10

 

With these earlier studies of the SFGIM, the realization of the microscope’s ability 

to chemically identify and locate the adsorbed molecules on real sample surfaces (without 

the patterns) whether homogeneous or heterogeneous are investigated within the limit of 

the technique’s resolution. These experiments are the pioneers that paved the way to studies 

on heterogeneously complex surface of reactive metals (copper, zinc, and brass) in addition 

to the complication of the strong nonresonant signals of these metal surfaces. Comparing 

the individual spatial distributions of the monolayer order of these metal surfaces is of 

prime importance in studying surface interactions (i.e. atmospheric corrosion) wherein 

changes in surface intermolecular environments are needed to be spatially mapped.  
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The SFGIM process of spatial mapping the monolayer properties involves a careful 

acquisition of nonlinear spectroscopic data. The spatial distribution of real, unpatterned 

surfaces (i.e. polished copper or brass) is quantitatively obtained by extracting the spectral 

data from each ROI. Then, the extracted data are plotted and fitted using a Mathematica 

program. Depending on the data analysis to be performed, the raw intensity values for each 

vibrational mode/stretch are obtained and analyzed by taking the ratios of the peak 

intensities recovered from the fitting analysis. For example, if the ratio of the methylene 

symmetric stretch and methyl symmetric stretch was taken from each ROI, the ratio is 

interpreted whether the monolayer formed was well-ordered or not. These ratios, as 

interpretation of gauche defects, are mapped back to their original ROI position to create a 

two-dimensional view of the distribution of the molecules across the surface. The chemical 

distribution is determined by presenting these measures of monolayer order in histograms. 

The interpretation of the statistical data determines the heterogeneity of a surface. Spatial 

correlations of different measures of monolayer order are carried out to visualize the local 

molecular interactions (i.e. the increase in local gauche defects translates to less oriented 

monolayers). 

With the demonstration of SFGIM’s capability to evaluate the surface heterogeneity 

of the reactive metal surface, the technique was utilized in studying an important topic in 

surface chemistry application: atmospheric corrosion. The atmospheric corrosion of metals 

and methods to inhibit it are two of the most important problems confronted in industry.
11, 

12
 Exposure of metal surfaces to moisture or corrosive gases causes the metal to react and 

form oxidation products. The SFGIM techniques was previously employed in investigating 

the process of surface etching, a form of corrosion; for example, the chemical etching of 
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gold in the presence of CN
-1

 wherein it attacks the Au atoms and removes it from the 

surface into  the solution.
5
 Most metals, such as gold, silver, copper, zinc, and mild steel,

10, 

13-16
 have been studied for occurrences of corrosion using SFG spectroscopy and 

microscopy, independently. The susceptibility of metal-SAMs surfaces to localized oxide 

formation is largely dependent on the surface composition and monolayer integrity. These 

determining factors can be independently evaluated by constructing spatial maps and 

parameter distributions of nonresonant phase, monolayer orientation and chain packing 

defects extracted from fitted SFGIM spectral data. 

The ability of SFGIM as a spectroscopic imaging technique to characterize the local 

chemistry of surface oxidation is demonstrated by characterizing a copper surface with 

alkanethiol SAMs undergoing atmospheric oxidation. The densely packed monolayer of 

the alkanethiol self-assembled monolayers (SAMs) provides a low-permeability barrier that 

hinders access of oxidative elements in the air, specifically atmospheric oxygen and water, 

to the metal surface.
17-19

  Previous studies suggest that these molecules are effective against 

atmospheric and aqueous oxidation of metals, alkanethiols form protective coatings by 

forming thin (on the order of 2.0-nm thick), high-crystalline molecular barrier films on 

metals, alloys and semiconductors.
20, 21

 The SFGIM technique was involved in previous 

analyses making use of alkanethiol SAMs to study fundamental initial corrosion 

processes.
5, 22

 However, mapping the progression of initial corrosion on Cu-SAMs surface 

as measured by the SFG nonresonant phase shift and its spatial effect on monolayer order 

has not been explored with the SFGIM technique.  
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The nonresonant contribution of the metal surface to the vibrational spectra is 

unique to the surface electronic properties of the metal. The local spatial correlation of 

the optical nonresonant response of the metal surface to the conformation and orientation 

of the adsorbed molecules is impossible to evaluate using averaged vibrational 

spectroscopy. But with the aid of spectroscopic imaging, the ability to correlate the local 

changes in monolayer order with the shifts in the local electronic properties of the metal 

can be demonstrated. A unique visual interpretation of the surface is achieved through 

SFGIM wherein the local structural behavior of the adsorbed molecules is spatially 

correlated with the local physical properties of the surface. Spatial correlation is key to 

the complete understanding of the local chemistry of interfacial molecules in connection 

to its surface environment.  

As an ultimate test of the ability of the spatial distribution analysis on 

characterizing the monolayer order on complex heterogeneous surface of alloys, metals 

surfaces with known domain patterns of heterogeneous compositions are initially 

investigated. The sample of Cu islands deposited on a Zn substrate was utilized as a 

model surface for brass alloys. By employing this experiment, the ability of SFGIM in 

defining monolayer orders as a function of composition heterogeneity was performed 

through a comparison between a surface with controlled (patterned) heterogeneity 

(binary Cu-Zn surface) and a surface with random (naturally occurring) heterogeneity of 

the brass alloy sample. The rationale of studying SAMs on reactive metals is to 

demonstrate the full potential of SFGIM in characterizing realistic chemical processes at 

the interface. The significance of all these experiments will soon lead to more complicated 

systems to learn more about the surface chemistry of the molecules adsorbed on the surface 
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and how the monolayer stability is affected by a change in the surface environment (both 

aqueous and non-aqueous). The opportunities of studying the adsorbed molecules in a two-

dimensional perspective and understanding the nature of the adsorbed molecules (chemical 

and physical properties) are the primary advantages of the SFGIM technique in probing 

these reactive surfaces. 
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Chapter 2: Theory and Instrumentation 

2.1. Nonlinear Optical Spectroscopy 

To understand how SFG gives rise to a vibrational spectrum of molecules from 

the surface, its origins from nonlinear optical must be established. Almost all optical 

phenomena are governed by linear optics. In linear optics, an electric field of an ordinary 

(non-laser) light source is weak in an isotropic medium. Hence, when a weak electric 

field of light interacts with the molecule, the induced dipole, μ, is linearly proportional to 

the strength of the electric field, E, given by, 

μ = μo + αE       2-1 

where μo is the static dipole of the material and α is the polarizability of the electrons in 

the molecule. In a condensed phase, the dipole moment per volume, P, is conveniently 

used parameter. Thus, the induced polarization by the electric field is given as 

P = P
(O)

 + εoχ
(1)

E      2-2 

where χ
(1)

 is the nonlinear susceptibility, considered as the macroscopic average of the 

polarizability, and εo is the vacuum permittivity.
1, 2

 Since few materials have static 

polarization, P
(O)

, the term is usually dropped and is no longer considered. 

In contrast to this linear optical process, when a high intensity light, such as 

lasers, is source of electric field that interacts with the molecule, the magnitude of 

nonlinearity is increased and higher order terms must now be taken into account in the 

description of the induced polarization. The equation above becomes, 
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μ = μ
o
 + αE + β:EE + γ⋮EEE + …,    2-3 

where β and γ are the first- and second-order hyperpolarizabilities, respectively. The 

expression for polarization of the material now becomes, 

P = P
(1)

 + P
(2)

 + P
(3)

 + …      2-4 

P = εo (χ
(1)

E + χ
(2)

 : EE + χ
(3)⋮EEE +…)   2-5 

where χ
(2)

 and χ
(3)

 are the second- and third-order nonlinear susceptibilities, respectively. 

In the presence of intense light from lasers, the electric fields match the electronic field of 

the molecules. The response of the electrons to the electric field is no longer harmonic 

and the higher order terms of the polarization are needed to be accounted into the 

equation.
3-5

 

By using the definition of an electric field, E = E1 cosωt, is considered, the 

second-order polarization takes the form, 

P
(2)

 = εo χ
(2) 

: (E1 cosωt)
2
     2-6 

P
(2)

 = ½ εo χ
(2) 

: E1
2
(1 + cos2ωt)

2
    2-7 

where ω is the frequency of the light. In this optical process, the dipole oscillates at twice 

the frequency of the incident light, 2ω, which is known as the second harmonic 

generation (SHG). The same argument applies to the origin of sum frequency generation, 

which employs two laser beams that have different frequencies, ω1 and ω2, 

E = E1 cosω1t + E2 cosω2t     2-8 
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Such that incorporating these two frequencies the expression for P
(2) 

would have 

following form, 

P
(2)

 = ½ εo χ
(2)

 : (E1 cosω1t + E2 cosω2t)
2
   2-9 

Applying the corresponding trigonometric identities, 

P
(2)

 = ½ εo χ
(2)

 : E1E2 [cos(ω1 + ω2)t + (ω1 - ω2)t]
2
  2-10 

The electric dipole, induced from these two incident fields, oscillates at the sum, 

ω1 + ω2, and difference, ω1 - ω2, frequencies. These optical processes are known as sum 

frequency generation (SFG) and the difference frequency generation (DFG), 

respectively.
3, 4, 6

 In contrast to the linear processes such as Raleigh and Raman 

scattering, the nonlinear emission is coherent and directional. 

2. 2. SFG Background  

A pulsed laser which provides high energy output is required to observe the 

second-order nonlinear process of sum frequency generation spectroscopy. This process 

involves the sum of two beams to generate a third beam at a specific wavelength and 

polarization angle.
5
 The spatial and temporal overlap of the 1064 nm beam and tunable 

infrared beam generates the sum frequency generation (SFG) signal.  

A laser which generates a fundamental 1064 nm beam pumps an optical 

parametric generation/amplification (OPG/OPA) system. This system converts the 

fundamental beam to 532 nm and tunable IR beams. For the microscope set up, the 

fundamental beam was used instead of the 532 nm beam. The reason for utilizing 1064 
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nm beam are due to the inherent sensitivity of the imaging detection to near-IR 

frequencies.
7
 The beams pass through a series of different optics where the two beams, 

finally, overlap at the surface. After overlapping, the coherent SFG signal is directed 

towards the detection system which is composed of a telescope, diffraction grating, 

microscope, and a charge-coupled device (CCD) camera.  

As a surface technique used since the 1980s, SFG spectroscopy has evolved and 

has become a very effective method in obtaining the vibrational spectrum of different 

molecules at the interface.
5
 Since SFG is a nonlinear surface-sensitive process, the signal 

is generated most efficiently if no inversion symmetry property exists on the system 

under study. Most of the time, the inversion symmetry exists at the bulk because the 

system is isotropic and since the interface is present in between two regions which are 

identified (i.e. air-liquid, solid-liquid interfaces, etc.), these regions are considered non-

isotropic. 

In Figure 2-1, the SFG process involves the overlap of two pulsed laser beams at the 

same time and space to emit and generate the SFG signal. As the IR is tuned, the SFG intensity 

is enhanced since the IR laser is now in resonance with a specific vibrational mode of the sample 

at the interface. Thus, plotting the SFG intensity as a function of IR.
8
 SFG light is generated by 

the sum of two frequencies, fixed 1064 nm pump beam and a tunable infrared beam, which 

spatially and temporally overlap at the interface. 

 

 



15 

 

 

Figure 2-1. The schematic diagram of overlapping beam geometry of SFGIM on the surface: 

the fixed 1064 nm beam (green) and tunable infrared beam (red), and the sum frequency 

generation beam (blue). 

Hence, the second-order induced polarization for the SFG is proportional to the second-

order nonlinear susceptibility and the electric fields of the incident beams, shown as 

P
(2)

 = εo χ
(2)

 E1064nm EIR      2-11 

Based on the conservation of momentum, it has to be noted that the two laser beams are 

co-propagating along the plane of incidence and the emitted SFG signal at a specific angle is 

directional and coherent. This coherence pertains to the phase-matching conditions and shown 

as 

IRIRIRVISVISVISSFSFSF sinknsinknsinkn    
2-12

 

where n is the refractive index, k is the wave vector for each beam, and θ are corresponding 

angles against the surface normal. 

62.10 º

60 º

70 º

SF
VIS

IR
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The SFG intensity is directly proportional to the square of the induced polarization such that 

IRnm1064

2
)2(

eff

2
)2(

SFGSFG IIPI 
     2-13 

where the effective susceptibility is composed of a resonant susceptibility, due to the molecules 

at the interface, and the nonresonant susceptibility, due to the metal substrate, as shown in Figure 

2-2. If the dielectric materials are used instead of the metal substrates, the nonresonant 

susceptibility is almost negligible compared to the resonant susceptibility intensity values. Thus, 

for dielectric materials, the SFG intensity is entirely dominated by resonant susceptibility. 

 

Figure 2-2. An illustration of an alkanethiol molecule on a metal surface. 

The vibrational molecular information of the interface is contained in the second-order 

nonlinear resonant susceptibility as written 







q IRq

)2(

)2(

R
i

N
      2-14 


)2()2()2(

NRR

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As the IR laser frequency approaches any of the q
th
 vibrational modes of the molecules 

at the interface, the SFG intensity will be resonantly enhanced. Thus, plotting the SFG intensity 

as a function of the IR wavenumber yields a vibrational spectrum which will either have a peak 

or a dip that presents the present resonant modes.
3, 9, 10

 

The combination of both resonant and nonresonant signals is known to be a 

complex quantity. The total SFG signal greatly depends on the relative phases of the two 

complex susceptibilities. In contrast to incoherent spectroscopic techniques, a coherent 

process such as SFG carries information in terms of magnitude and phase such that the 

summation is shown as 

2
i)2(

ijk,NR

)(i)2(

ijk,R

2
)2(

effSFG eeI IR 


   2-15
 

where the δ (ωIR) is the resonant phase dependent on the IR frequency and ε is referred to as the 

fixed nonresonant phase which is taken as invariant with IR frequency and dependent on the 

intrinsic properties of the metal, frequency/wavelength of the pump beam and the surface 

plasmon resonance.
5, 11, 12

 For dielectrics, this term is negligibly small such that it is not 

accounted into the SFG intensity equation. However, the magnitude of the nonresonant 

contribution is much higher for metal surfaces. The complication of the SFG spectral lineshape 

is essential quality of spectral data for ODT on metals and, hence, is needed to be expounded. 

Thus, the total SFG light intensity from a metal surface may then be 

2
i)2(

ijk,NR

)(i)2(

ijk,R

2
)2(

effSFG eeI IR 


   2-16 

))(cos(2 IR

)2(

ijk,NR

)2(

ijk,R

2
)2(

ijk,NR

2
)2(

ijk,R

2
)2(

eff 
  2-17 
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The first two terms of susceptibilities remains positive in magnitude while the cross-

term may have positive or negative value. Since the resonant factor and the nonresonant 

background are complex susceptibilities, the convolution of the two factors dictate the lineshape 

of the SFG spectrum. A positive cross-term creates a constructive interference; thus, giving rise 

to a peak. On the other hand, a negative cross-term generates a destructive interference which 

gives rise to a dip. Therefore, the relative phase difference in the cross-term between the two 

susceptibilities may give rise to peaks, dips or semi-interference peaks or dips between the two 

complex quantities. The resonant derivative line shapes are also known to depend on the 

properties of the metal substrate and the polar orientation of the molecules at the interface.
4, 13

 

From the expression for χ
(2)

, it is expected for it to have Lorentzian peak shape (equation 2-14) 

as a function of IR frequency. In reality, the spectra are complicated by the nonlinear optical 

response of the metal surface as seen from the convolution of the crossterm in equation 2-17.   

To simulate the effect of the nonresonant signal, the following equation used for the 

spectral fitting was applied to a theoretical vibrational mode in resonance at 2900 cm
-1
: 

2

 ip

NR

q IRq

R
SFG eA

i

A
I 


 


    2-18 

Where AR and ANR are the amplitudes of the resonant and nonresonant components of the 

effective susceptibility χeff
(2)

 and p represents the relative nonresonant phase. As seen from 

Figure 2-3, the effects of the phase on the spectral lineshape is demonstrated wherein a 

resonance can be resolved as a peak, dip or derivative line.  
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Figure 2-3. Simulation of SFG spectra using different relative nonresonant phase values. 

Hence, in order to capture the effects of the interference of the nonresonant signal to 

each vibrational modes present in a molecule at a certain IR frequency range, the spectral data 
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obtained from metal surfaces must be fitted to an equation of the SFG intensity that accounts for 

both magnitude and relative phase of the nonresonant signal that resulted from the oscillations of 

the surface electrons of the metal.  

To illustrate the spectral appearance of SFG, Figure 2-4 shows a spectrum of a 

monolayer of ODT adsorbed on different metals: Au, Cu and brass. 

 

Figure 2-4. Illustrative SFG spectra of ODT on metal. The different appearances of these 

spectra are a consequence of the nonresonant background of the metal surface. 
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Each SFG spectrum has been fitted to Lorentzian lineshapes as shown in equation 2-18 

using a spectral fitting program written in Mathematica code. This fitting process 

involves estimation of the initial values of all spectral parameters (for amplitude, peak 

widths, vibrational frequency, and relative phase) through spectral simulation similar to 

the procedure done in the results shown in Figure 2-3. It also requires setting the range of 

constraints for each spectral parameter. The optimization of the number of iterations 

needed to reach a good fit is also considered in the spectral fitting process. The 

procedural overview of the fitting process on SFGIM images is further explained in the 

instrumentation section while the vibrational assignments are discussed in Chapter 3. 

2.3. Optical Instrumentation 

The optical setup of the SFGIM technique consists of four main components: the 

fundamental laser, optical parametric generator/optical parametric amplifier (OPG/OPA), 

SFGIM instrumentation, and detection system. Each of these components will be 

explained in detail in the following sections. 

2.3.1. Nd:YAG Laser 

  The acronym LASER stands for light amplification by stimulated emission of 

radiation. Typically common light sources release incoherent photons over a wide range 

of wavelengths. In contrast, a laser is an optical source which emits a coherent beam of 

photons. Laser light is typically near-monochromic, consisting of a single wavelength, 

and emitted in a narrow beam.
14-16
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The laser used to create the fundamental beam is the most critical component to a 

sum frequency generation spectroscopic technique. The fundamental beam from the laser 

is used to generate both the fixed 1064nm pump beam and the tunable infrared beams. 

Unstable energy outputs of the fundamental beam or a misshapen beam profile are typical 

problems that adversely affect the rest of the laser experiments. High energy pulsed lasers 

use components on the cutting edge of optics and electronics, most of which are fragile 

and expensive. A strong knowledge of how to maintain and troubleshoot problems with 

the laser is a necessity in order to perform SFG experiments. This section will include a 

detailed description of the laser used for all SFG experiments. The imaging experiments 

require specific laser conditions such as: (1) Laser stability for both 1064nm and IR 

beams and (2) good beam size and shape. 

  In all of the SFG experiments, the laser system employed was an active/passive 

mode-locked Q-switched Nd:YAG laser (Ekspla, PL2250/20) with a fundamental output 

of 1064 nm, generating pulses of 20-30 picoseconds. The repetition rate of the laser is 20 

Hz and the maximum output energy per pulse is approximately 40 mJ. The Nd:YAG is an 

acronym for neodymium-doped yttrium aluminum garnet (Nd:Y3Al5O12).  

  The laser is comprised of three functional parts: (1) the master oscillator; (2) the 

regenerative amplifier; and (3) the power amplifier. The optical scheme of the Ekspla 

Nd:YAG laser is shown in Figure 2-5. The laser also includes a cooling unit, power 

supply and a remote control unit.  

The master oscillator is a diode pumped passively mode-locked which uses an 

Nd:YVO4 laser material. Mode-locking is achieved by means of a saturable absorber. 
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The master oscillator has two output beams. One of the output beams is employed for 

seeding of the regenerative amplifier. The second beam enters a photo-detector (labeled 

PHD1 in Figure 2-5). This photodetector transforms this light to electrical signal and 

delivers it to the synchronization card, producing synchronization pulses for the Pockels 

cell and TRAIN signals for system monitoring (i.e. energy stability). A Pockels cell is an 

electro-optical device in which the birefringence is modified under the influence of 

applied voltage. This allows for quick switching (nanosecond time scales) of the 

polarization state of the light in the cavity by applying voltage across a Pockels cell. 

Regenerative amplifier is based on a diode pumped Nd:YAG rod (labeled R2). 

Mirrors M8 and M9 act as cavity mirrors of the regenerative amplifier while mirrors 

M10-M12 serve as retro-reflectors which improves the long–term stability of the cavity. 

The polarizer (P4) and Pockels cell (PC1) feeds the pulse output of the oscillator into 

regenerative amplifier cavity and also generates an amplified pulse out of regenerative 

amplifier cavity. 

A quarter-wave plate (QWP1) prevents regenerative amplifier from free-running 

and input pulse injection. When the oscillator pulse is injected, the voltage on PC1 is 

switched on rapidly trapping the beam inside the cavity. After 25-28 round trips, when 

pulse is amplified to maximum level, voltage on the PC1 is switched off and amplified 

pulse is dumped out of the regenerative amplifier cavity. The Faraday rotator (FR1), half 

wave plate (HWP2) and polarizer (P1) are used to prevent the pulse to proceed from the 

regenerative amplifier into the master oscillator and sending the amplified pulse to the 

power amplifier.  
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Figure 2-5. Photograph and optical scheme of the picosecond Nd:YAG laser.
17
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The power amplification stage makes use of a flash lamp pumped Nd:YAG rod 

(R3). To adjust the laser output energy without affecting the other radiation parameters, 

pulse amplification is controlled by varying the delay between the amplifier and 

regenerative amplifier flash lamps. 

2.3.2. Optical Parametric Generator/Optical Parametric Amplifier 

To convert the fundamental beam from the Nd:YAG laser to a fixed frequency 

visible beam and a tunable infrared beam, the optical parametric generator/optical 

parametric amplifier (OPG/OPA) is used.
18

 The OPG used in these experiments actually 

has two components, one which performs an optical parametric generation and an optical 

parametric amplification and another set of nonlinear crystals which performs another 

optical parametric generation (difference frequency generation). With optical parametric 

generation, the photon of an incident laser pulse (pump) is divided into two photons, the 

sum energy of which is equivalent to the energy of the pump photon, by a nonlinear 

optical crystal.  

The photon of shorter wavelength generated by the down-conversion process is 

conventionally termed as the signal wave. The wavelengths of the two generated laser 

pulses, the signal and the idler, are determined by the phase matching condition, which is 

changed by the angle between the incident pump laser ray and the axes of the crystal. The 

wavelengths of the signal and the idler lights can, therefore, be tuned by changing the 

phase matching condition.
18
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  If the created idler and signal passes back through the nonlinear crystals 

collinearly with the light of the same wavelength as the pump, a stronger output will be 

of the same wavelength as the signal and idler is acquired.
18

 This process is known as 

optical parametric amplification. A picture of the optical parametric generator/optical 

parametric amplifier is shown in Figure 2-16. 

 

Figure 2-6. Photograph of optical parameteric generator/amplifier 

In the OPG, the fundamental is split into two separate beams using a beamsplitter. 

One of the beams is frequency doubled (2ω) in a nonlinear KTP crystal. Part of the 

frequency doubled beam (532nm) is used as the fixed visible component for conventional 

averaged SFG process (different from the 1064 nm used for the SFGIM setup). The other 

portion, the pump beam, is sent through two nonlinear KTP crystals (1 and 2) (Type II 

phasematching) whose angles are controlled by a set of dc motors. The resulting idler 

wave is amplified by an optical parametric amplification process. The resulting beam is 

combined with the original 1064 nm beam in two KTA crystals (3 and 4) (Type II 

phasematching) which are also controlled by dc motors. A difference frequency 

KTA crystals

KTP crystals
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conversion occurs which creates the mid-IR beam used for the SFG process. The mid-IR 

beam in filtered using germanium polarizers positioned at Brewster’s angle to remove the 

idler and the 1064 nm beam. The resulting beam has a bandwidth of around 5 cm
-1

 and an 

average energy of 400-600 μJ per pulse (2800-3300 cm
-1

). The frequency of the mid-IR 

beam is controlled by the position of the first KTP crystal. The position of the other three 

crystals is used to maximize the energy of the mid-IR beam in the frequency conversion 

process. All angle-tuned nonlinear crystals are moved independently by dc motors 

controlled by a computer program (LASERVISION).
19

 

2.3.3. SFGIM Instrumentation 

This section describes the sum frequency generation imaging microscope in terms 

of schematic diagrams as a general overview of its operation. A complete detailed list of 

the construction and development of SFGIM technique can be found from previous work 

by Cimatu.
7, 20, 21

 Figure 2-1 illustrates the basic diagram of the overlap of the fixed 1 064 

nm and tunable infrared beams at 60° and 70°, respectively, on the surface at the same 

time and space to generate the sum frequency generation (SFG) beam at 62.1°. 

The schematic diagram of the general operation of the sum frequency generation 

imaging microscopy is shown in Figure 2-7. The Nd-YAG laser generates the 

fundamental 1 064 nm beam while the OPG/OPA, which is also pumped by the 1064 nm 

beam, creates the tunable infrared beam. Then, both beams passed through two 

independent beam paths. The two beams overlapped at the surface and generated the 

coherent SFG beam. Then, the SFG beam passed through a 1: 1 telescope and was 
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diffracted by the grating perpendicularly onto the plane of the microscope objective. 

Lastly, the SFG beam was imaged onto the Roper Scientific Intensified-CCD camera. 

. 

 

Figure 2-7. A schematic outline of the general operation of the sum frequency generation 

imaging microscopy 

The controller attached to the PI-MAX CCD camera is also connected to the other 

three different attachments: 1) external triggering from the Laser, 2) power source, and 3) 
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CCD camera and the controller was adjusted according to the time delay of the sync by 

using the Winspec/32 software installed in the host computer. 

The motors were tuned using the LaserVision control program in another computer. 

The base speed of the master control was adjusted depending on the acquisition time and 

speed of acquisition of the experiment. The rate of the motor was adjusted depending on 

the experiment to be performed or the number of accumulations to be acquired. Further 

details on experimental procedure can be found in the next section. 

2.4. SFGIM Experimental Procedures  

2.4.1. Alignment of the Samples 

In aligning the sample with the microscope instrumentation, experimental goals 

such as good SFG signal, low noise, and minimal SFGIM image distortion are needed 

to be attained. Certain routine steps are needed to be kept in practice in order to have 

accurate and precise SFGIM measurements. 

The alignment of the two input beams is of prime importance in order to obtain 

an optimal beam overlap on the surface and maintain the spectroscopic geometry of 

SFGIM. The probe beam 1064nm and the tunable IR beam are aligned towards the 

sample stage using an iris diaphragm that is attached on a magnetic base plate screwed 

onto the laser table. The SFG beam is aligned using a HeNe reference beam using the 

same iris diaphragm. Markings for all three beams are to be found on the table as 

references for two-point adjustments.  
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After the alignment of the beams, the sample stage is placed back to replace the 

iris diaphragm. A clean sample of evaporated gold on silicon wafer will be used as the 

reflective surface needed for alignment of the detection components of the SFGIM. 

Using the SFG HeNe reference beam, the gold film sample is aligned using the sample 

stage adjustments onto the two iris diaphragms directly after the 1:1 telescope. The 

diffraction grating is aligned towards beam axis of the 10x NIR objective.  

After the proper alignment of the gold sample with the reference beam is 

achieved, the Pimax Controller and microchannel plate switches are both turned on. 

The Winspec program, a program that controls all the basic functions of the CCD 

camera, is launched from the host computer. 

At the program prompt, the mode of operation is always set at Safe Mode to 

prevent oversaturation of the detector. The detector temperature is now then selected 

from the Setup tab with a temperature setting at -20
0
 Celsius.  

The overlap of the IR and 1064 beams is visually checked using the CCD 

detector as monitored from the Winspec program.  By setting the mode of detection as 

spectroscopy mode, a Gaussian line profile will the basis of alignment for the IR beam. 

From the setup pulser tab, the number of gates per exposure is set at 10 (see Figure 2-

8). This means that accumulations of 10 per data acquisition will be employed while 

running in spectroscopy mode. From the main tab of the acquisition main menu, the 

CCD read-out needed to be changed in use region of interest (instead of use full chip). 

The gain settings in the intensifier tab needs to be set each time at 240 (see Figure 2-9). 



31 

 

The microscope is run using gate mode (instead of the shutter mode which is the initial 

setting at the startup of the program) for all SFGIM measurements. 

 

Figure 2-8. Repetitive gating setup at imaging mode for microscope alignment using 

gold film 

 

Figure 2-9. Main tab of the experiment setup dialog box where settings for CCD 

readout, gain and acquisition modes are located. 
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A file for the background signal corrections is required to be taken before any 

spectroscopic mode measurement. The acquire background tab from the acquisition 

main menu is used for this step. The IR beam mirror is adjusted to optimize the overlap 

of the input beams. While monitoring the Gaussian profile of the SFG output, signals 

are adjusted to reach its maximum intensity by slowly adjusting the knobs (both X and 

Y directions) of the IR beam mirror.  

Once the overlap is optimized, the SFGIM setup is now ready to take images. 

The CCD read-out is now set to Use full chip and the mode of acquisition is now set to 

imaging. The On-CCD accumulations setting is changed from 10 to 100 for the first 

alignment with gold using Imaging mode. Another background correction is done by 

selecting acquire background tab at the acquisition main menu. 

The focus tab is selected for a continuous acquisition at 10 accumulations. The 

beam profile is evaluated by performing necessary alignments of the 10x objective. 

This alignment is carried out by centering the beam spot onto the 1024 x 1024 CCD 

array which is closely monitored on the Winspec program of the host computer. 

2.4.2. Procedures for SFGIM Measurements  

When both spectroscopy and imaging mode alignments are done, the gold 

surface is now replaced with the actual sample. The actual sample can be aligned either 

by itself or with a SFG vacuum cell. The SFG cell (see Figure 2-10) is made partly of 

glass fittings and a metal case for optical windows (input side is a CaF2 window and the 

output side is quartz window).  The primary purpose of the cell is to protect reactive 
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samples (such Cu, Zn, Brass) from atmospheric conditions either by being purged with 

an inert gas (i.e. N2) or by keeping it at high vacuum pressures (10
-6

 mm Hg) using a 

glass vacuum line that utilizes a thermal oil diffusion pump and mechanical backing 

pump.  

  

Figure 2-10. Photograph and schematic of the SFG vacuum cell 

The sample stage was specifically designed to be able to hold the sample cell in 

place for convenient beam alignment. With the sample surface aligned with the SFG 

HeNe reference beam using the iris diaphragms located after the 10x objective, the 

microscope is now set for longer accumulation times. The number of accumulations is 

dependent on the SFG signal strengths of a particular sample. With low SFG signal 
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intensities, the accumulation time is made longer for each image acquisition. Typically 

for gold surfaces, an acquisition of 5000 accumulations per image is considered optimal 

to reach suitable spatial contrast.  

When the gates per exposure is set at 5000 accumulations, images are needed to 

be collected every 5 cm
-1

. For the case of octadecanethiol on metal surfaces, the 

typically IR frequency range is between 2750 and 3050 cm
-1

 which covers the methyl 

and methylene C-H vibrational modes.  

 

Figure 2-11. Winspec dialog box showing configurations for saving acquired images 
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From the acquisition tab of the main menu, the data file tab is accessed to enable 

saving of images with a corresponding file name. Using the auto increment file name 

(see Figure 2-11), a number can be assigned for each file. Numbering the files allows 

for the construction of an image stack using the ImageJ program after all sample 

measurements are collected.  

A VisualBasic (VB) program named ProgNum is employed from the desktop of 

the host computer. This programs controls the number of images to be collected for a 

certain experiment. It automatically opens a Winspec acquisition window, saves the 

recorded image to a file with corresponding number assigned by auto increment, and 

closes the window to give way to the next image acquisition.  

Using a LabView program on the LaserVision computer, the number of 

accumulations and range of IR frequencies are selected. This program controls the scan 

rate of the step motors of the LaserVision OPG/OPA system as the Winspec program 

simultaneously collect the images every 5 cm
-1

.  

2.4.3. Data Processing and Analysis 

When all of the required images are collected for the entire IR frequency range, 

the images are stacked according to increasing frequency using the ImageJ program. 

Using a PlugIn called stack reverser, the order of the image stack is reversed. The 

image can be adjusted using the brightness/contrast tab. 

In order to obtain an SFG spectra from certain ROIs on the SFGIM image, the 

PlugIn called spectral microscopy is utilized.
22

 A dialog box appears and asks for the 
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step size (5 cm
-1

) and the upper limit of the frequency range (3050 cm
-1

). By selecting 

an ROI on the image window, the SFG spectra can be obtained showing the averaged 

SFG intensities of the ROI for the range of IR frequencies. Using a macros program 

named JH.txt, spectral data from all ROIs of the entire SFGIM image stack are 

automatically saved. The length scale of the ROIs can be varied from 5 x 5 pixel to 100 

x 100 pixel depending on the purpose of the data analysis. The macros program saves 

each spectral data into .txt files and can be accessed using a spectral fitting program 

written in Mathematica code. The spectral data are fitted using the Lorentzian form of 

equation 2-14. The fitted spectral parameters such as amplitudes, peak widths and phase 

can be used for surface mapping analysis such delta-function orientation analysis
23, 24

 or 

spatial mapping. The orientation analysis and mapping procedures are further discussed 

in Chapter 3. A schematic diagram of the spectrum extraction and surface mapping 

process is illustrated in Figure 2-12. Typical size of the SFGIM image being processed 

is 720 x 720 pixel. For ROIs with a size of 10 x 10 pixel each, a total of 5,184 SFG 

spectrum are needed to be fitted using the same initial values and constraints for all 

spectral parameters. Each vibrational assignment has three parameters: amplitude, peak 

width, and frequency. Hence for a spectrum that contains 6 resonant signals and 1 

nonresonant signal (with magnitude and phase), a total of 20 parameters are to be 

obtained from each spectrum.  
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Figure 2-12. Schematic diagram of the data analysis and mapping procedure. 
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2.4.4. Resolution 

The spatial resolution of the microscope was determined to be 2 microns.
7, 20, 21, 

25, 26
 The routine calibration of spatial resolution of the camera is determined with the 

aid of striped patterns of microcontact-printed ODT on gold backfilled with methoxy-

terminated thiols as shown in Figure 2-13. 

 

Figure 2-13. SFGIM image (showing features of 100 micron in length scale) of 

microcontact-printed ODT on gold with methoxy-terminated alkanethiol at 2875 cm
-1

. 

Dark regions are ODT domains. 

With the defined widths resolved using the microcontact-printed sample, the 

master pattern used for making the Polydimethylsiloxane (PDMS) stamps is compared 

side-to-side with the 1951 USAF Resolution target (Figure 2-14) using an optical 

microscope. Through this procedure, the field-of-view (~1 mm) and length scale of the 

digital images can be calculated. The length scales of the striped patterns of the ODT 

100 micron
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were determined showing that 1 pixel of the SFG image corresponds to 1.17 micron 

vertically and 0.92 micron horizontally. 

  

 

Figure 2-14. Schematic (top) and SFGIM images (bottom) of 1951 USAF resolution 

test pattern  

 

Group 1 Element 6 (140 micron) Group 3 Element 6 (35 micron)
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Chapter 3: Scale Dependence of the Orientation and Conformation Distribution 

Analysis of a Molecular Monolayer Using Sum Frequency Generation Imaging 

Microscopy 

3.1. Introduction 

Interfacial properties of thin organic films are of critical importance in many 

applications such as wettability, tribology, adhesion, and corrosion. These macroscopic 

physical processes are largely influenced by the molecular structure at the interface; 

hence, it is crucial to understand these interfacial materials at the molecular level. 

Spectroscopic determination of molecular order at surfaces provides abundant 

information into the nature and structure of surface systems. Most commonly used 

spectroscopic methods for orientation analysis include infrared absorption,
1-4

 

fluorescence,
5, 6

 linear dichroism using polarized infrared and UV-Vis light,
7-9

 second 

harmonic generation (SHG),
10, 11

 and sum frequency generation (SFG).
12, 13

  Connecting 

the relationship between the macroscopic orientation measurements and the molecular 

information by these spectroscopic techniques relies on averaged signal measurements 

over areas of a few hundred microns to a millimeter.  

 

Conventional spectroscopic analysis of the surface monolayer lacks the 

measurement of two-dimensional information of the monolayer heterogeneity as defined 

by orientation distribution and structural defects. Self-assembled monolayers (SAMs) 

provide, in theory, convenient access to well-ordered organic interfaces whose molecular 

and aggregate structures can be specifically defined based on the numerous studies. 

Alkanethiol SAMs on gold, for example, has been the surface system of choice for 
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studying monolayer defects due to formation of ordered monolayers and the abundance 

of work on this system.
14

 SAMs structures on Au are generally regarded to have highly 

ordered arrangements compared to other metal substrates but their dynamic formation 

from the solution phase also results in structural complexities.
15-17

 External factors that 

cause monolayer defects include cleanliness of substrate, preparation method of the 

substrate, and composition and purity of the adsorbate solution, chemical nature of the 

adsorbate and substrate, reconstruction during assembly, and many others.
14, 17-21

 A major 

portion of these previous studies on gold focus on defects due to surface variations of the 

gold substrate examined typically by scanning probe microscopies (SPM) that explores 

the surface in the nanometer-scale.
18, 22-24

   

 

Different length scales of gold surface defects, which vary from 10 nm to 1mm, 

influence monolayer assembly.
14, 25, 26

 These substrate defects, that include gold steps and 

crystal edges, gold grain boundaries, and substrate impurities, result in domains 

representing regions of alkanethiol of diverse packing densities in different length scales. 

14, 27-30
 SPM studies (i.e. AFM and STM) that investigated gold surfaces consistently 

agree that to form defect-free SAMs in the nanometer scale, the surface should have low 

microscopic roughness.
30-34

 Bulk gold and mica-annealed gold surfaces are rough on a 

macroscopic scale but contain nanometer-range atomic flatness.
31

 Losic et al. 

demonstrated the measurement of flat areas showing that flat gold made from the first 

gold atomic layer deposited directly on mica gave the largest flat surface areas (40-80 

nm) per micron based on root-mean-squared AFM roughness scales compared to 

evaporated gold samples that have flat areas ranging between 2-5 nm.
30
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However, this characteristic flatness in the nanometer scale is less important if 

micron-scaled images are needed to monitor macroscopic surface activity such as surface 

wetting or corrosion.  Although macroscopically “smooth” evaporated gold film does not 

possess atomically flat regions, it offers varying roughness length scales (10 nm to 100 

microns) which can be spatially imaged through spectromicroscopic techniques.
26-29

 This 

particular description of surface roughness makes thermally deposited gold films suitable 

for sum frequency generation imaging microscopy (SFGIM) measurements as a sample 

standard to compare with other metals of different surface reactivity.
35-37

 Furthermore, 

while SPM techniques (i.e. AFM, STM) deliver better lateral spatial resolution for 

surface imaging in the nanometer-scale, these are less sensitive to molecular information 

that describes defects based on the orientational order and packing density of the 

alkanethiol monolayers on metal substrates. In addition to its inherent micron-scale 

spatial resolution, the SFGIM technique takes advantage of the surface sensitivity to the 

C-H (methyl and methylene groups) stretching modes of alkanethiols that is typical of 

averaged-signal SFG spectroscopy. 

 

A statistical analysis of sum frequency generation (SFG) spectra generated from 

the SFGIM images is performed by obtaining the symmetric and antisymmetric ratios of 

the CH3 stretches that are used to determine the angular distribution of the terminal 

methyl group across the gold surface. In addition, the CH2-sym/CH3-sym peak intensity ratio 

is obtained to estimate the degree of conformational disorder of the ODT alkyl chains.
36, 

38-40
 The orientation and conformation SFGIM maps constructed from these ratios are 
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used as a measure of surface defect concentration based on established structural 

information of the monolayer for gold. 

 

The SFGIM maps are generated in different imaging length scales (5 to 720 µm) 

to illustrate the sensitivity of this technique in mapping out the spatial concentration of 

microscopic defects across the sample field-of-view (FOV). Distribution analysis 

suggests that the major contributions are efficiently accounted from micron to the sub-

micron range which emphasize the relevance of scale of the imaging ROIs. Statistical 

analysis at different length scales reveals hidden areas of defects in smaller length scale 

that are obscured by average data. The capability of SFGIM in mapping domains of 

defect densities is utilized to illustrate the advantage of quantifying the surface defects in 

the macroscopic scale in terms of its relevance for imaging physical processes on metal 

such as localized corrosion and heterogeneous catalysis in the micron-scale.
25, 41

 By using 

the same method of processing imaging data and subsequent orientation analysis, 

comparison of monolayers of ODT on Au and Cu were done to test ability of statistical 

methods of evaluating monolayer order for different metal substrates. This is done to 

validate the feasibility of these statistical tools in evaluating heterogeneity of much more 

complex monolayers systems such as alloy substrates and corrosion-active surfaces. 

 

3.2. Theoretical Basis 

Relevant theoretical and experimental SFG concepts are reviewed here for better 

understanding of SFGIM. SFG is a nonlinear vibrational spectroscopic technique that 
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involves two input laser beams; visible and tunable IR that overlap in a medium to 

generate an output beam that has a frequency equal to the sum of the frequencies of the 

two incoming beams.  It is a highly surface specific technique, since under the dipole 

approximation, it is forbidden in a medium with inversion symmetry.
42
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The intensity I(SF) of the generated sum frequency beam is proportional to the 

square of the induced polarization, |P
(2)

|
2
, on the surface introduced by the electric fields 

of the two incident beams (IIR, I1046 nm).  The term that relates the induced polarization 

response to the electric fields is called the second-order nonlinear susceptibility tensor 

eff
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. This has two components, the nr coming from the nonresonant background of the 

surface and the resonant term r, which contains the vibrational spectroscopic 

information. 
(2)

 is the hyperpolarizability containing vibrational information averaged 

over all molecular orientation, which is composed of the Raman polarizability and the IR 

dipole transition moments. Aq, IR, q, and q are the amplitude, frequency of the IR 

beam, frequency of the normal mode and the damping constant of the qth vibrational 
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The two laser beams are co-propagating and the emitted SFG signal at a specific 

angle is directional and coherent based on the conservation of momentum where the 

beams are aligned along the plane of incidence. In practice, the SFG spectra are 

complicated by the nonlinear optical response of the metal substrate. A striking 

characteristic of SFG spectra of metal surfaces is the wide variety of spectral lineshapes 

that arise from interference between the electric fields of the light emitted by the 

adsorbate (resonant) and the substrate (nonresonant). This is quantified by the relative 

phase shift, φ, which is the difference between the nonresonant(ε) and resonant(δ) phase 

as denoted in equation 3-3.  The polar coordinate form of the SFG equation (equation 3-

3) is the basis for the nonlinear model fitting to extract resonant amplitudes used for 

orientation analysis and mapping results. 

3.3. Experimental Section 

3.3.1. Sample Preparation  

Gold substrates were prepared by thermally evaporating 100 nm of gold (Kurt-

Lesker, 99.999%)   onto chromium coated SiO2 (100) wafers in 1 x 10
-5

 Torr pressure. 

The standard reagent of alkanethiol was used as received to prepare the SAMs on the 

metals (ODT, CH3(CH2)17SH, 98%; EtOH, 200 Proof). The gold substrates were 

subjected to 2 hours of thiol solution deposition using 1mM ODT-ethanol solutions. The 

slides were rinsed with excess ethanol to remove weakly adsorbed thiol molecules.  The 

samples were dried under a stream of N2 gas. After the sample preparation, the gold slide 

was aligned for SFGIM data acquisition. Additional gold slides were overlayed with 
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evaporated copper metal to produce composite samples. These samples are used for the 

direct comparison of ODT formation on different metal substrates. 

3.3.2. SFG Imaging Microscopy  

A picosecond pulsed Nd:YAG laser (EKSPLA) with a 20 Hz repetition rate was 

used for the following experiments. The Nd:YAG laser provides the 1064 nm beam that 

pumps the optical parametric generator/amplifier (OPG/OPA) to generate the IR beam, 

which is tunable from 2000 to 4000 cm
-1

. The polarization of the two incident beams and 

the SFG output were set to be p-polarized light (parallel to the plane of incidence) such 

that the polarization combination is set as ppp. The incidence angles of the IR and 1064 

pump beams are set at 70
o
 and 60

o
, respectively. The SFG microscope was set with a 

reflection configuration collecting the intermediate image from the grating by use of a 

10x objective for magnification and tube lens for collimation. A Roper Scientific CCD 

camera with 1024 x 1024 pixel array was used for detection. By continuously scanning at 

fixed rates within the IR range of 2750-3050 cm
-1

, one image is produced every 5 cm
-1

. 

This IR frequency range captures the C-H vibrational frequencies for methyl and 

methylene groups in alkyl chains of ODT. The images were stacked using ImageJ and 

extraction through the stack generates the SFG spectrum. By selecting regions-of-interest 

(ROIs) from the image, spatial distribution of SFG spectra is demonstrated. With an FOV 

of 1mm
2
, it has an approximated spatial resolution of 2 microns.

43, 44
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3.4. Results and Discussion 

3.4.1. Spatial Mapping and Orientation Analysis  

Spectral assignments for the terminal methyl (CH3) and methylene (CH2) 

vibrational modes of ODT were determined based on previous works on alkanethiol-gold 

systems studied on the SFGIM instrument. The assigned peaks are the following:  the 

terminal methyl symmetric (CH3-sym) stretch at ~2875 cm
-1

, methyl Fermi resonance(CH3-

Fermi) from the symmetric methyl stretch and methyl bending overtone at ~2940 cm
-1

, and 

the CH3 antisymmetric (CH3-asym) stretch at ~2965 cm
-1

. Weaker vibrational stretches 

present in the spectrum at 2850 and 2915 cm
-1

 are the methylene symmetric (CH2-sym)  

and Fermi (CH2-Fermi) vibrational modes, respectively, that are present due to gauche 

defects in the alkyl chains.  

The ROI size typically used in previous studies performed on the SFGIM was 20 

x 20 square pixel ROIs. One pixel is approximately equivalent to 1 micron based on 

conversion using the USAF pattern as standard test for spatial resolution.
44

 The size of 

the ROIs was selected through a process that takes into account signal-to-noise ratios 

(SNR) of the SFG spectra. With ROI areas below 5 x 5 square pixel ROI, signal levels 

are too low to obtain quantitative fit for the resulting SFG spectra. Hence, maps of the 

same sample image stack with different length scales (based on pixel area) were 

constructed in sizes of 5, 10, 20, 45, 90, and 180 pixel square areas. The averaged 

orientation of the entire 720 pixel square image was also measured to compare with the 

orientation distribution of different length scales. 
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Orientation analysis of the SFG spectral data initiates with acquisition of the peak 

intensity ratios derived from curve fitting. The fitted intensity ratios in the ppp 

polarization of the symmetric and antisymmetric stretching modes of the terminal methyl 

groups were collected from each ROI extracted from the SFGIM image. The orientation 

equations relies on the summation of active tensor elements       
   

 that makes use of 

constants such as β
(2)

-tensor elements and the depolarization ratio.
38, 39, 45

 Wang et al. 

emphasized that the measured tensor elements are linear combinations of <cos θ> and 

<cos
3
 θ>,

40
 where θ is the tilt angle of the methyl C3 axis to the surface normal, and the 

operator < > denotes the orientational ensemble average over different molecular 

orientations. It was assumed that the monolayer surface is azimuthally isotropic; such that 

the angle between the surface normal and the principal axis of the methyl group can 

represent the molecular orientation of the monolayer. 

The orientation analysis involves the use of the δ-function distribution 

approximation where each ROI has a narrow molecular orientation distribution. Hence, 

the δ-function limit of <cos
n
 θ> is estimated as cos

n
 θ. Calculated orientation from this 

assumption will typically represent the favored molecular structures that give higher 

intensity contributions to the average SFG signal.  

The conformational defects across the surface were measured by obtaining the 

intensity ratio of CH2-sym/CH3-sym from the curve fitting. Calculated ratios that deviate 

from zero define areas that contain varying concentrations of gauche defects. As a 

complement to the orientation distributions, the spatial maps of monolayer conformation 

provide additional information to the surface heterogeneity. 



51 

3.4.2. Orientation Distribution Analysis  

The contour maps of intensity ratios (CH3-sym/ CH3-asym) in Figure 3-1 (a-b) were 

used to generate the matrices of the methyl tilt angle θ that are presented as spatial maps 

in Figures 3-1c and 3-1e using the theoretical δ-function orientation curve of Au/ODT 

used in previous studies.
36, 46

 Histograms are constructed for extracting the overall 

statistical information of each ROI scale dataset used for the orientation analysis. The 

fitted parameters of these histograms are then used as quantitative measures of the 

experimental surface heterogeneity of the monolayer-metal system. 

The heterogeneity of the imaged surface is visualized through the use of the 

orientation maps and histograms of the tilt angle of ODT as listed in Figure 3-2. Fitting 

the histogram curves allows for determining the angular distributions experimentally. As 

listed in Figure 3-3a, the mean orientation, θ, and distribution width, σ, were curve-fitted 

from the histograms in Figure 3-3 using two probability functions: Gaussian and Log-

normal. The Gaussian distribution function has been used several times to describe 

molecular orientation on surfaces.
47-49

 Wang et al. demonstrated by comparing the 

Gaussian and Maximum Entropy Method (MEM) distributions in fitting distributions 

showing that the results deduced from both methods are good approximations for the 

angular distribution.
45

 The Log-normal function distribution, a type of maximum entropy 

probability distribution, was tested for goodness of fit for orientation histograms as 

compared to the Gaussian function results. In Figure 3-3a, the calculated θ and σ from the 

two functions are comparably close as expected from fitting functions that are able to fit 
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the orientation distributions as linear combinations of the Legendre polynomials, <Pn> = 

<cos
n
 θ> where n=1,3 for second-order nonlinear processes. 

 

Figure 3-1. (A and B) Contour map and histogram, respectively, of the intensity ratio of 

the CH3-sym /CH3-asym vibrational modes of the terminal methyl group, (C & D) Contour 

map and histogram, respectively, of the cosine of the tilt angle calculated from the δ-

function approximation, and (E &F) Contour map and histogram, respectively, of the tilt 

angle of the C3 axis of the terminal methyl group from the surface normal (ROI scale: 10 

x 10 square pixel).  
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Figure 3-2. Contour maps of tilt angle distributions (in degrees) with different ROI sizes: 

(A) 5 x 5, (B) 10 x 10, (C) 20 x 20, (D) 45 x 45 and (E) 90 x 90 and (F) 180 x 180 square 

pixel areas; (G-L) are corresponding statistical histograms of the tilt angle distributions. 
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Figure 3-3. (A) Fitted mean methyl tilt angle (θmean) with distribution width (±σ) for each 

ROI-size dataset of different pixel scale areas for Au/ODT system (B) Distribution width 

versus length scale (for Au and Cu surface) fitted to determine the distribution width (σo) 

at L=1µm as set by the SFGIM detection limit. 
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In Figure 3-4, two-dimensional maps involving signal intensities of the methylene 

stretch are used to interpret the alkyl chain defects of the SAMs film.  The relative 

intensities of CH2-sym and CH3-sym modes had been often used as a useful measure of 

conformational order.
36, 50, 51

 In Figure 3-4, the maps of the fitted results for the CH2-

sym/CH3-sym intensity ratios reveal the relative amounts of alkyl backbone defects at the 

surface. As the ROI scale is decreased, hidden domains with high gauche defects appear 

from the contour maps. Averaging the CH2-sym/CH3-sym intensity ratios over larger sample 

areas leads to loss of spatial conformational information.  

The difference between the spectral information obtained from averaged SFG and 

SFGIM is experimentally demonstrated by the effect of changing the ROI scale to the 

orientation distribution. From Figure 3-2 (e-f), the data sets consist of large ROIs (at 90 

to 180 microns) that make them similar to non-imaging SFG signal averaged over large 

areas of the sample. These ROIs are approximated by a narrow angular distribution that 

resembles a δ-function distribution. Hence, for large ROIs, even if these contain larger 

populations of defects, the calculated orientation represents the SFG favored structures 

(near 50
o
) as demonstrated in Figure 3-5. The sensitivity of the SFG technique to certain 

molecular orientations and distributions is directly linked to the experimental conditions 

of the SFG technique. 
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Figure 3-4. Contour maps of conformational defects from the fitted ratios of CH2-

sym/CH3-sym intensities in ppp polarization with different ROI scales of (A) 5 x 5, (B) 10 x 

10, (C) 20 x 20, (D) 45 x 45 (E) 90 x 90, and (F) 180 x 180 square pixel areas. 
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Figure 3-5. (A and B) The normalized effective susceptibility,     
   

, for the symmetric 

and antisymmetric CH3 stretch, respectively, versus the distribution width, σ. Each curve 

represent each average molecular orientation from the surface normal; (C and D) The 

normalized effective susceptibility,     
   

, for the symmetric and antisymmetric CH3 

stretch, respectively, versus the molecular orientation,θ. Each curve represent each 

distribution width for a Gaussian function; (E and F) XYZ contour plot of normalized 

effective susceptibility,     
   

(CH3-sym) and     
   

(CH3-asym), respectively, vs. θ and σ. The 

polarization combination was set as ppp. 

As discussed by Rao et al., the     
   

, the nonlinear optical parameter directly 

proportional to the SFG signal, is simplified mathematically as a linear combination of 

<cos θ> and <cos
3
 θ> such that: 

    |    
   

|
 

 |      〈    〉    〈     〉 |   3-4 

The parameters c and d are functions that vary with particular experimental 

conditions such as molecular polarizability ratios, angular geometry of the SFG beams, 

dielectric constants of the two bulk media and the monolayer at the optical wavelength of 

the two input beams. The     
   

 as a measure of SFG detection sensitivity is related to the 

SFG experimental configuration through the c and d parameters. In Figure 3-5, the c and 

d parameters are used as experimental constants to generate the relationship of SFG 

intensity to the molecular orientation and its corresponding distribution width. 
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The SFGIM detection sensitivity is plotted (Figure 3-5 a-b) as a function of 

distribution width at different molecular orientations. Each curve represents a specific 

terminal methyl orientation (θ) subjected to a range of angular distributions. When the 

distribution width σ is zero (a delta distribution), the methyl tilt angles (θ) between 30
o
 

and 50
o
 gives the strongest SFG intensities for the symmetric methyl stretch (ppp 

polarization). For the antisymmetric methyl stretch, SFG intensity for this mode is at 

maximum for orientations between 50
o
 and 60

o
. Considering only the direction of the 

dipole transition moments with respect to the surface normal, the SFG intensity for 

orientations close along the surface normal (θ=0) are, as expected, higher for the 

symmetric mode than the antisymmetric one. At θ=0, the antisymmetric modes are 

perpendicular to the plane of incidence which results to a zero SFG signal in agreement 

with IR surface selection rules.
52

 This suggests that the SFGIM optical configuration for 

metal surfaces (i.e. Au, Cu, Ag) is suitable in detecting upright molecular orientations 

typical of well-oriented monolayers such as ODT. Figure 3-5 (e-f) shows the range for θ 

and σ with the best SFG signal contributions (red-colored region). 

Certain ROIs with monolayer populations in the 40
o
-60

o
 angular interval highly 

contributes to the δ-average tilt. With average tilt angles at around 39
o
, the ODT/Au 

system produces fairly accurate estimates for the methyl orientation;
36, 46, 53, 54

 except for 

domains on the surface that contain higher concentration of defects. For large ROIs 

containing widely distributed orientation populations, the calculated δ-average tilt is 

dominated by signal-favored orientations. However, if the ROIs are small enough, it is 

possible to reveal areas of specific local orientations (with narrow tilt distributions) that 

are less-favored in the δ-function approximation (i.e. areas of defect). Hence, the tilt 
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angle histograms are wider for smaller ROI scales due to the inclusion of these less 

favored populations. As seen from Figure 3-2 (g-l), for the larger ROI scale, the tilt angle 

bias at 40
0
 is noticeable with missing populations for θ<35

o
 and θ>55

o
 since these are the 

less favored orientations by SFG sensitivity.  

From Figure 3-5, the SFGIM signal intensities converge at a minimum when σ 

approaches towards 90
o
 at which the molecular distribution is considerably random.  As 

the surface becomes less homogeneous, SFG becomes less sensitive. This description of 

sensitivity due to heterogeneity is consistent with the SFG signal being null in an 

isotropic medium. This limitation due to sample heterogeneity of SFG is similar to that of 

the SHG when describing an angular distribution for an inhomogeneous sample. Simpson 

and Rowlen
9, 47, 55

 proposed that the delta distribution approximation is specifically 

problematic for rough surfaces where adsorbed molecules are likely to have broader 

angular distributions.
45

 In order to avoid an artificial convergence to a magic angle value, 

Simpson et al. complemented their SHG results with independent linear absorption 

measurements to simultaneously obtain both orientation angle and distribution. Other 

similar approaches involved various linear spectroscopic techniques to complement SHG 

and SFG.
5, 56, 57

 However, the key difficulty of these complementary approaches is that 

linear measurements lack the monolayer sensitivity required for orientation analysis. 

There were several SFG and SHG studies
9, 40, 45, 47, 48, 55, 58, 59

  that deduce the molecular 

orientation (θ) and its distribution (σ) but most them rely on the orientation parameter D 

=<cos θ>/<cos
3
 θ> with the assumption of a narrow distributions acquired through the 

average     
   

 over the whole sample area. These methods lack the ability of direct 

measurement of the experimental distribution. 
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Fortunately, SFGIM is capable of addressing this issue by treating equally all 

extracted regions as individual angular distributions that contribute to the global 

distribution of the sample. Each region is independently measured; hence, regions with 

less-favored molecular arrangements are better accounted for in the orientation analysis.  

3.4.3. ROI Scale Analysis  

As presented in the contour maps of the tilt angle in Figure 3-2 (a-f), the effect of 

reducing the ROI size from 720 to 5 microns reveals the heterogeneous features of the 

surface. As the ROI area is exponentially decreased, the domains of tilt deviations appear 

more distinct against the well-oriented portions (green). Since signal-favored orientations 

dominate the larger ROIs, the tilt angle values are typically close to the fitted normal 

distribution mean; orientations that are off the δ-function average are buried in the total 

    
   

 in the large ROI maps.  

For the large ROI maps, the distributions widths calculated from the histograms 

are narrower in contrast to the smaller ROI maps. Clearly shown in Figure 3-2l, 

unaccounted populations appears to be “missing” on both sides of the distribution curve 

(tails), in contrast to the better fits of the wider distributions in Figure 3-2 (g-h).  The 

orientation maps of smaller ROIs account for domains that contain molecules with lower 

SFG signal. When these smaller ROIs are counted into the statistical analysis of the entire 

data set, the distribution width increases and the obscured domains of less-favored 

molecular orientations appear in the spatial maps (Figure 3-2 a-f). Furthermore, the 

accuracy of calculated statistical parameters for small ROI scales is also demonstrated by 

projecting averaged orientation distribution of large ROI datasets (see Supporting 
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Information in Appendix A, Figure A-1). The calculated histograms resulted to narrow 

distribution widths and tilt angle spatial maps with angles that favored by the δ-function 

approximation. 

As the ROI becomes smaller, the tilt angle θ and width σ converge to a finite 

value that are considered to be an indicator of the surface heterogeneity. Extrapolation of 

the measured values of the tilt and width (θ and σ) to “zero” scale provides a measure of 

the heterogeneity of the monolayer on the surface. The data in Figure 3-3b was fitted 

based on logarithm values (log σ vs. log of length scale L). The y-intercept of the fitted 

line for Au/ODT (σ = 12.8
o
) is considered the marginal value for the distribution width 

corresponding to length scale of 1 µm, the resolution limit of the SFG microscope. This 

determination of absolute tilt distribution of the sample is subject to instrumental 

limitations and, hence, it is only suitable for the micron-scale (>1 µm) range 

approximations. Albeit, this demonstrates the significance of extracting tilt angle 

distributions at various ROI scales in revealing accurate statistical measures of molecular 

orientation.  

Previous works on micron-scale AFM images of the evaporated gold substrates 

show a surface structure formed by large grains, with sizes from some tenths of a micron 

up to a few microns.
23, 60

 These substrate-induced heterogeneities lead to formation of 

domains with higher concentration of surface deformation. Furthermore, without any 

external influence from the substrate, it is also inherent for SAMs to incur defects upon 

formation to diverse dimensions: from nanoscale islands to micron-scale aggregates. 

Theoretical studies using molecular dynamic calculations confirms that for groups of 
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nanoscale islands of alkanethiol SAMs, appearance of well-differentiated domains are 

bordered by molecules that have higher-than-average number of conformational gauche 

defects which also possess preferred deviating tilt directions.
61-63

 A combination of tilt 

and gauche defects, either induced by the substrate or adsorbate, defines the range of 

monolayer deformities present on the SAMs-Au system. Detection of these regions of 

deformed monolayer films is of prime importance to surface applications such as 

corrosion inhibition, adhesion, wetting, and lubrication.  

3.4.4. Defect Correlation  

There are a number of studies which relates the alkyl orientation to the 

conformational defects found in long-chain SAMs. Most of the assumptions are based on 

Euler transformation relationships that relate trans-gauche transitions and alkyl chain-

twist to orientation of the alkyl chain obtained from simulations of experimental 

reflection absorption infrared spectroscopy (RAIRS) spectrum of monolayers. 
50, 64-66

 In 

this method, only the tilt angle (Θ) of the chain axis with respect to the surface normal 

and the twist angle (Φ) about the chain axis are needed to characterize the whole 

molecular geometry (Figure 3-6). The geometrical description is determined through 

calculated hyperpolarizabilities as a function of the conformation. However, ab initio 

hyperpolarizabilities involve arbitrary initial parameter choices (i.e. local mode 

approximation, defect models) which may influence its precision in order to minimize 

computing complications required in a systematic survey of all possible molecular 

conformations.
67, 68
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Figure 3-6. Geometric parameters that dictate relationship of CH3 tilt angle (θ) to gauche 

defects: tilt angle (Θ) of the chain axis with respect to the surface normal and the twist Φ 

about the chain axis. 

The geometric relationship of the terminal tilt angle (θ) to the chain orientation 

(Θ) was previously known to be influenced by the number of methylene groups (odd-

even effect). From Figure 3-2, the range of θ (~39
o
) for Au/ODT is in agreement for 

alkanethiols with even number of carbon atoms in contrast to odd-numbered alkanethiols 

that typically have higher θ values at ~ 60
o
. 

54, 69
  Also, Au/ODT is known to have a chain 

tilt angle Θ at ~30
o 

from RAIRS studies.
53, 66

 Both tilt angles θ and Θ are linked strongly 

Φ ChainΘ Chain

θ Methyl

φ Methyl
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to represent the directionality of the monolayer chains.  However, for the purpose of 

characterizing the monolayer orientation, the SFGIM orientation analysis is primarily 

concerned with the orientation of the methyl terminal group (θ). 

Effects of the conformational change to the molecular geometry of the terminal 

CH3 with respect to the surface normal had been demonstrated using averaged spectral 

information from linear and nonlinear spectroscopic techniques.
50, 53, 64, 67, 68

In RAIRS, 

the spectra are averaged over all CH2 groups (both cis and trans configurations), but, in 

SFG, all-trans portions of alkyl chains do not contribute to the spectra. Therefore, SFG in 

the CH2 stretching region may reveal specifically chain defects that linear spectroscopies 

cannot uniquely detect.  

Providing that the orientations of CH3 and all CH2 groups are related 

geometrically using averaged spectroscopy, spatial conformational information can be 

extracted from SFGIM data by mapping the CH3 and CH2 band information in two-

dimensions to see the direct relationship of local molecular tilt to gauche defects. The 

correlation function (CF) is estimated as a quantitative relationship between the average 

delta-function tilt angle and gauche defects such that 
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where θδ is the δ-function tilt angle at (i,j)th ROI position , θmean is the overall tilt average 

of the matrix dataset and the I(CH2-sym)/I( CH2-sym) + I(CH3-sym)) is gauche defect ratio at 

position [i,j] of the corresponding intensity map. The gauche term accounts for the ROIs 
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that contain significant CH2-sym signal intensities. As the CF value approaches zero, defect 

contributions, both orientation and conformational, goes to a minimum. It is either 

minimized by a well-oriented (near θmean) monolayer on a certain ROI (first term is zero) 

or the alkyl chains have all-trans configuration (second term is zero). Intuitively, both 

first and second terms could be either small or large. For example, a tilt deviation (first 

term is large) could be caused by a gauche defect (second term is large) on its alkyl chain.  

Examining the maps of orientation (Figure 3-2 a-f) and conformation (Figure 3-4 

a-f), similarities in the spatial domains are visible such that upon comparing it to the 

resulting CF maps (Figure 3-7 a-f), the familiar heterogeneous features are carried over as 

a mixture of orientation and gauche defect domains. ROIs that are green (minimum 

absolute CF values) represent areas that accommodate highly oriented monolayers with 

minimum gauche defects. As smaller ROIs are introduced, the scattered areas that have 

correlated defect contributions (less oriented and gauche chains) appear in the maps. By 

analyzing the spatial relationship between methyl tilts and gauche defects using smaller 

ROI scales, the correlated defects can be modeled as a continuous non-discrete type of 

distribution (Figure 3-7 g-l) wherein the maxima is at CF=0 (minimal defects). 
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Figure 3-7. Correlation maps of the orientation and conformation distributions, wherein 

correlation function (CF) defines regions with minimal tilt angle deviations and CH2 

defects; different ROI scales: (A) 5 x 5, (B) 10 x 10, (C) 20 x 20, (D) 45 x 45 (E) 90 x 90 

and (F) 180 x 180 square pixel areas. (G-L) Corresponding histograms of  the correlation 

function (CF) wherein values close to 0 have minimal orientation and conformation 

defects.  
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For most of the ROI scales, the CF histograms are asymmetric (biased to positive 

values) due to the orientation distribution (Figure 3-2 e-f) are also biased to angles above 

the average. For large ROI scales (Figure 3-7 k-l), the defect population is not evenly 

distributed such that it appears mostly to have domains of ordered monolayers. The 

domains of higher defect concentration are not properly accounted as compared to the 

small ROI maps of Figure 3-7 a-b. This further validates that the δ-distribution 

approximations for large scale ROIs inhibit detection of defect domains.

 

However, ROIs with uncorrelated deviations are expected to arise. For example, 

gauche defects are minimum (second CF term is small) although orientation is off-

average (first CF term is large). These uncorrelated ROIs with minimum CF values are 

difficult to locate spatially if not accounted for. These cases represent distinct populations 

that are intermediate states of orientation and conformation. These ROIs are classified in 

the scatter plot in Figure 3-8 as part of quadrants I and IV. Typically if the monolayer in 

an ROI is well-oriented and ordered, these ROIs are represented by quadrant III while 

ROIs with correlated tilt and gauche defects are in quadrant II.   
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Figure 3-8. (A) Scatter plot of the gauche defect ratio against the absolute difference of 

the θ of each ROI to θmean where σ is the standard deviation for the orientation histogram 

from Figure 3-2 (ROI scale: 5 x 5 sq. pixel) (B) Spatial map of the four quadrants (I, II, 

III and IV) obtained from Figure 3-8a.  
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Although majority of the population is in quadrants III and II, the smaller 

populations in quadrants I and IV are existent based on the fact that not all of orientation 

and conformation parameters are correlated. Interestingly, ROIs in quadrant I are in close 

proximity to those in quadrant II. This suggests that ROIs of high gauche defect 

concentrations are grouped in micron-scale domains that exhibit a range of methyl tilt 

angles θ. Similarly, ROIs in quadrant III and IV are domains of tightly-packed 

monolayers with a range of θ values (mostly near θmean). Various length-scale models (i.e. 

single molecule, two-chain structure, nanoscale islands) were used to describe the 

relationship between the terminal CH2 and CH3 groups as a measure of the effect of 

gauche conformers to the terminal CH3 orientation.
54, 62, 66

   

However, these correlation models do not account for the whole-chain 

conformation of the monolayer in specific length scales. Further spectroscopic analysis in 

spatial correlation of chain order to orientation, preferably towards more complex 

systems than Au/ODT (i.e. micropatterned samples, alloys), is needed to explain these 

uncorrelated defects.  
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Figure 3-9. (A and B) Contour map (5 x 5 square pixel ROIs) and histogram for the tilt 

angle of terminal CH3 group of the Cu/ODT film sample. (C) Contour map of CH2-

sym/CH3-sym intensity ratios, (D) Contour map of CF values, (E) Comparison of the 

average methyl tilt angle (θmean) distributions, and (F) Distribution widths (σo)  for 

Cu/ODT and Au/ODT sample systems. 
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3.4.5. Distribution Analysis of Cu/ODT  

Although thiol adsorption on gold is the most widely studied system, copper has 

become the subject of increasing number of studies in relation with the formation of 

alkanethiol SAMs on its surface. Long carbon chain thiol SAMs has been repeatedly 

proven to inhibit oxidation of the surface of copper, and there had been numerous 

comparisons of the effective organization of different thiol varieties on copper for 

designing corrosion inhibiting molecular properties of these SAMs. 
70-75

 SFGIM 

specifically provides a method to observe spatially the heterogeneity of SAMs on copper. 

This information is essential in examining the influence of the SAMs heterogeneity to the 

surface reactivity of copper (initial oxidation of Cu/ODT).
75

  

Using the same statistical approach, Au/ODT system was compared to that of 

Cu/ODT to provide insight in monolayer heterogeneity. The CF map was generated from 

tilt angle and gauche defect maps. In Figure 3-9, the difference in the mean orientation of 

ODT on Cu and Au are reported. The higher tilt angle range for Cu/ODT is in agreement 

to previous spectroscopic studies.
66, 75

  The histogram of terminal methyl orientation 

distribution showed that the Cu/ODT sample has a skewed distribution of tilt angles 

(Figure 3-9b) wherein there are more ROIs having tilts above the average. This 

orientation bias is also illustrated through the CF map wherein a higher population for 

positive CF values is observed. This suggests the preference of ODT monolayers on 

copper to lie flat closer to the substrate away from the surface normal (θ close to 90
o
). 

The positively skewed form of the CF distribution already demonstrates the tendency of 

Cu to produce less upright molecules that are correlated to inherent presence of CH2 
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defects.
76, 77

  The apparent distribution width at 1 μm for Au and Cu were compared in 

Figure 3-9f showing that Cu has a slightly higher distribution width at σo = 15.6
o
. 

However, difference in the surface roughness, sample preparation and instrumental 

conditions affects the interpretation of the measured orientation distribution width. 

By incorporating the evaporated films of Cu and Au together into one SFGIM 

image stack, difficulties in comparing of orientation distribution on Au and Cu surfaces 

brought about by sample preparation and instrumental conditions are minimized. In 

Figure 3-10a, the difference in the fitted ratios of the CH3-sym and CH3-asym intensities 

gave a bimodal curve resulting to two distinct ranges of different orientation distributions 

(Figures 10d and 10f). Similar with the former results on plain Cu substrate, the ODT 

chains on Cu lies (~50
o
) closer to the surface compared to that of the Au surface (~39

o
). 

This substantiates the claim that SFGIM has high sensitivity for distinct orientations due 

to signature molecular configurations of monolayers as an effect of substrate 

composition.  
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Figure 3-10. (A) Contour map of fitted ratios of the CH3-sym and CH3-asym intensities for 

ODT in Au (left) and Cu (right). (B) Combined distribution histograms of fitted ratios of 

the CH3-sym and CH3-asym intensities for Cu (red) and Au (black), and (C and D) tilt angle 

distributions for Cu and Au, respectively. 

Comparing the tilt angle histograms of Cu and Au (Figures 3-10c and 3-10d), the 

distribution width is larger for Cu wherein it extends to angles closer to 90
o
. Alkanethiol 

monolayers on Cu had been widely known to be more heterogeneous compared to that of 

other coinage metals (i.e. Au, Ag, Pt) due to higher concentration of surface oxide.
66
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the subject of increasing number of studies in relation with the formation of alkanethiol 

SAMs on its surface. Long carbon chain thiol SAMs has been repeatedly proven to 

inhibit oxidation of the surface of copper, and there had been numerous comparisons of 

the effective organization of different thiol varieties on copper for designing corrosion 

inhibiting molecular properties of these SAMs. 
70-75

 However, there are no available 

spectroscopic studies that specifically provide a method to observe spatially the influence 

of the SAMs heterogeneity to surface corrosion on copper or similar metals. SFGIM can 

be used to probe air oxidation of Cu/ODT system to evaluate change in surface 

heterogeneity with exposure time.
75

 The change in the substrate composition with metal 

oxidation has it direct effects on the monolayer distribution. The ability of SFGIM to 

profile orientation distribution based on substrate composition can be further tested on 

metal Cu alloy substrates (i.e. brass) that are expected to be more spatially heterogeneous 

than plain Cu.  

3.5. Conclusion 

This paper demonstrated the sensitivity of the SFGIM technique to measure the 

experimental orientation distribution of Au-ODT using the δ-function distribution 

approximation at different length scales. Factors such as instrumental configuration and 

surface properties have direct effects on the calculated methyl tilt angle and distribution 

width. The ODT monolayer that is oriented closer to the surface normal is a suitable 

chemical system to study based on the range of orientation angles the SFGIM is most 

sensitive. 



77 

Changing the length scale of the ROIs of the SFGIM image demonstrated the 

relationship of the resolution limit and signal sensitivity of the instrumentation in 

revealing hidden domains of monolayer defects across the surface. By using smaller ROI 

scales, buried information in averaged SFG signal as collected in conventional 

instrumentation can now be exploited as spatial maps to measure surface heterogeneity. 

Based on the maps of CF distributions, orientation, and gauche defects can be 

correlated in defining the monolayer heterogeneity on gold through the use of varying 

length scales. Similarities in the domain patterns in the different maps (orientation, 

conformation and correlation) can be traced in each length scale, revealing smaller 

intricate defect-rich domains as the ROI scale is made smaller. 

The statistical analysis made it possible to compare orientation distributions on 

Au and Cu. Using a composite sample, it was shown that monolayer orientations on Cu 

are less upright than on Au which indicates that SFGIM can distinguish and segregate 

monolayer populations based on substrate properties. Studying much more complex 

metal systems such as metal oxides and alloys are deemed possible within the scope of 

statistical analysis of SFGIM. 
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Chapter 4:  Monitoring Localized Initial Atmospheric Oxidation of Alkanethiol-

covered Copper using Sum Frequency Generation Imaging Microscopy: Relation 

between Monolayer Properties and Cu2O Formation 

 

4.1. Introduction 

Copper is widely utilized in a number of different industrial roles, which include 

acting as a major component in heat exchangers and electrical applications due to its high 

thermal and electrical conductivity. It has been proven that exposure to some constituents 

from the atmosphere (such as oxygen, water, and organic acids) are needed to be 

controlled to prevent formation of the oxides on copper surfaces. Localized types of 

corrosion attack on reactive metals and alloys have been studied intensively due to 

presence of susceptible domains that are associated with inherent surface defects of 

metals such as phase inclusions and grain boundary regions.
1
 Since these vulnerable 

domains are generally smaller in area than the less reactive metal matrix, it is reasonable 

to make use of high resolution imaging techniques to reveal local chemical nature of 

these corrosion-initiating sites. Surface images that provide both spatial and chemical 

information on the surface will enable the identification of these sites and the possible 

chemical processes that initiate the corrosion.   

 

  There had been numerous studies to examine the chemical information of local 

corrosion sites on metal and alloy surfaces thru techniques such as x-ray photoelectron 

spectroscopy (XPS), Auger electron spectroscopy (AES), and secondary-ion mass 

spectrometry (SIMS), while morphology and surface structure of corrosion sites was 
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surveyed through scanning probe microcopy (SPM) techniques such as AFM and STM.
2-4

 

Vibrational spectroscopic techniques such as Raman and IR spectroscopy provide further 

chemical information through a more specific identification of chemical functionalities 

but enhancing it with spatial visualization across the surface of interest provide a more 

comprehensive description how local corrosion sites develop on the surface. Several 

methods such as photo-electron emission microscopy (PEEM), near edge X-ray 

absorption fine structure microscopy (micro-NEXAFS), surface probe microscopy 

(SPM), and miscellaneous microelectron and X-ray techniques have been developed that 

are capable of surface imaging which provide spatial, temporal, and chemical description 

in varying degrees but most require high vacuum conditions that limits the possibility of 

monitoring corrosion processes in ambient conditions.
5, 6

  

 

In contrast, Sum Frequency Generation Imaging Microscopy (SFGIM) provides 

the unique advantage of combining microscopy and spectroscopy into one surface-

sensitive technique that operate at standard atmospheric conditions. In addition, it is 

suitable for monitoring interfacial chemical activity due to the inherent capabilities such 

as high surface specificity, submonolayer sensitivity, chemical selectivity, and a spatial 

resolution of approximately 1 µm.
7, 8

  

 

The ability of SFGIM as a spectroscopic imaging technique to characterize the 

local chemistry of oxidation sites is demonstrated by observing an alkanethiol-covered 

copper surface undergoing atmospheric oxidation. By modifying the surface properties of 

copper to increase its corrosion resistance, various organic and inorganic coatings have 
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been proposed. Among these coatings, self-assembled monolayers (SAMs) are found to 

be appropriate candidates as model systems for corrosion inhibitors due to their simple 

and spontaneous chemical adsorption, densely packed structure, and nanoscale thickness. 

The densely packed monolayer of alkanethiol self-assembled monolayers (SAMs) 

provides a low-permeability barrier that hinders access of oxidative elements in the air, 

specifically atmospheric oxygen and water, to metal surface.
9
  Previous studies suggest 

that alkanethiols are effective against atmospheric and aqueous oxidation of reactive 

substrates by forming thin (on the order of 2.0 nm thick), high-crystalline molecular 

barrier films on metals, alloys and semiconductors.
10-12

 The SFGIM technique was 

involved in previous analyses making use of alkanethiol SAMs to study fundamental 

initial corrosion processes.
7, 13-18

 However, mapping the progression of initial corrosion 

on Cu-SAMs surface as measured by the SFG nonresonant phase shift and its spatial 

effect on monolayer order has not been explored with the SFGIM technique.  

 

The susceptibility of metal-SAMs surfaces to localized oxide formation is largely 

dependent on the surface composition and monolayer integrity. These determining factors 

can be independently evaluated by constructing spatial maps and parameter distributions 

of nonresonant phase, monolayer orientation and packing defects extracted from fitted 

SFGIM spectral data. By chemically stripping the native oxide of the copper surface 

using amidosulfonic acid (ASA), the spontaneous atmospheric oxidation of Cu was 

observed as a change in the nonresonant phase response of SFG spectral lineshapes 

obtained from the SFGIM setup (1064 nm).  In this study, the spatial correlations of 

monolayer order (in terms of conformation and orientation ) are evaluated against the 
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two-dimensional distribution of the relative nonresonant phase which provides kinetic 

information of the oxide growth. 

 

4.2. Background: SFG and the Nonresonant Signal Contribution 

The definition of sum frequency generation (SFG) has been discussed in Chapters 

2 and 3. The focus of the theoretical section is primarily on the convolution of the 

resonant signal with the nonresonant background in relation to a substrate that contains 

surface properties from Cu and its oxidized form, Cu2O. 

 

As seen from equation 4-1, the intensity I(SF) of the generated sum frequency 

beam is proportional to the square of the induced polarization P
(2)

 on the surface due to 

the coming together of the  electric fields of the two incident beams (EIR, E vis).  The term 

that relates the induced polarization response to the electric fields is called the second 

order nonlinear susceptibility tensor eff
(2)

. This has two components, the nr coming 

from the nonresonant background of the surface and the resonant term r, which contains 

the vibrational spectroscopic information. In equation 4-2, 
(2)

 is the hyperpolarizability 

containing vibrational information averaged over all molecular orientation, which is 

composed of the Raman polarizability and the IR dipole transition.  IR,  q , and q are 

the frequency of the IR beam, frequency of the normal mode and the damping constant of 

the qth vibrational mode, respectively. 

 IRnm1064

2
)2(

eff

2
)2(

SFSF IIPI        4-1 
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It has to be noted that the two laser beams are co-propagating and the emitted 

SFG signal at a specific angle is directional and coherent based on the conservation of 

momentum where the beams are aligned along the plane of incidence. In polar 

coordinates, the susceptibility tensor eff
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 4-4 

The convolution of the resonant and nonresonant components of the susceptibility 

gives rise to the lineshape of the SFG spectrum. For a single molecular resonant response, 

a positive value of the cross term in equation 4-3 registers a peak in the spectrum; and a 

dip, if otherwise. For metals, the effect of the nonresonant component of the 

susceptibility is not negligible as compared to dielectric substrates such as glass. Hence, 

the effect on the cross-term of the χ
(2)

NR is more pronounced for molecule-metal systems. 

Here, ϕ = ε−δ is the difference between the phase of χ
(2)

NR and the part of the phase in 

χ
(2)

R that is independent of mid-IR frequency (ωq−ωIR−iΓ) contains a mid-IR frequency-

dependent phase) and will be referred to hereafter as the phase shift. To obtain the 

absorbate parameters such as the resonant frequency, the vibrational amplitude, and 

phase shift, the experimental spectra are fitted to equation 4-4. When multiple vibrational 

modes are present, the second term in equation 4-4 becomes a summation over all modes. 
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The coherent nature of SFG introduces complications in the interpretation of the 

spectra as compared to linear vibrational spectroscopy, because there can be constructive 

and destructive interference between adjacent peaks as well as with the nonresonant 

background. This can especially be problematic when the nonresonant signal is strong, 

which is the case for most of metals.
19, 20

 The oxidation of the copper surface results to 

two oxidation states: Cu and Cu2O. The surface electronic properties of these two surface 

components are different such that the nonresonant behavior of the surface is also more 

spatially heterogeneous. Previous SFG studies on the catalytic processes on pure copper 

surface suggest that copper oxide and adsorbed oxygen species on the copper surface 

affect the electronic structure of the subsurface atoms which directly affects the 

nonresonant background and the spectral shape of the SFG spectra. 

 

4.3. Experimental Section 

4.3.1. Sample Preparation and Exposure  

Polycrystalline coupons (Goodfellow, 99.99%) of copper were used as sample 

material. The samples were rectangular with an area of 2 cm
2
 and thickness of 1 mm. The 

samples were polished down to 0.25 µm using diamond compound, sonicated with 

ethanol for 5 min between each step. The standard reagent of alkanethiol was used as 

received to prepare the SAMs on the metals. (ODT, CH3(CH2)17SH, 98%; anhydrous, 

99% minimum; Ethanol, absolute-200 Proof, Aaper). Before the copper coupon was 

dipped for two hours in ODT-ethanol solution for SAMs deposition, the coupon was first 

chemically etched to remove native oxide using amidosulfonic acid (ASA, 99.5%, EMD) 

solution for 30 seconds and then rinsed with ethanol. After the SAMs deposition, the 
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metal sample is then washed with ethanol and dried with nitrogen gas stream before it 

was inserted into the sample cell. 

 

The sample cell is made of glass and metal fittings that can maintain high vacuum 

pressures. The CaF2 windows of the cell permit transmission of the input (1064 nm and 

IR) beams. A thinner quartz window was installed on the side of output beam of the SFG 

(~815 nm) due to space constraints on the detection side of the SFG microscope. The 

freshly polished sample is placed inside and the cell is evacuated down to pressures of 1 x 

10
-5

 Torr to prevent atmospheric oxidation of the copper surface. The cell is then 

backfilled with inert N2 gas before the SFGIM measurement. Oxidation of the copper 

sample was performed by opening the sample cell to the atmosphere for 10 hours while 

image acquisition is being performed. 

   

4.3.2. SFGIM Data Analysis 

The procedures on the image acquisition of SFGIM are discussed in Chapter 2 

and 3. The IR frequency range used in the fitting analysis accommodates the C-H 

vibrational frequencies for the terminal methyl and chain methylene groups of the ODT 

alkanethiol. The images were processed using ImageJ and extraction through the SFGIM 

image stack generates the SFG spectrum. By dividing the SFGIM image into smaller 

regions-of-interests (ROIs) of at a length scale of 10 x 10 pixel, the spatial distribution of 

SFG spectral information is demonstrated for the alkanethiol-covered copper undergoing 

oxidation. The post-analysis was accomplished by stacking images from 2750-3050 cm
-1

 

where the 61 images were processed by extracting the intensities from each region-of-
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interest (ROI) and plotted as a function of the IR wavenumber using ImageJ and 

Mathematica.  

 The partitioning of one whole image to 10 x 10 pixel starts left to right and from 

top to bottom. After the fitting routine is finished, the corresponding data are collected as 

SFG intensity ratios which are used for further analysis of the orientation of the 

alkanethiols on the Cu sample.  

 

4.4. Results and Discussion 

4.4.1. Nonresonant Response of SAMs-Metal Systems 

The transformation of the spectral lineshape of SAMs-metal samples as a function 

of the nonresonant phase of the SFG signal has been widely known to have a direct link 

to the surface electronic properties of the substrate at the interface. As presented in 

previous studies in SFG measurements of metal surfaces, factors that affect the 

nonresonant response include the experimental geometric configuration of the SFG 

setup,
19, 21

 the pump beam wavelength,
22, 23

 and the metal electronic structure.
20, 24

 The 

difficulty of SFG analysis on metals had led to studies that employ minimization of the 

nonresonant background using theoretical, such as maximum entropy method (MEM) 

analysis, and experimental methods (i.e. temporal delay).
25-30

  

 

However, these methods prevent the acquisition of nonresonant information that 

describes changes in electronic properties of the metal surface undergoing oxidation. By 

employing these experimental methods an amount of spectral information is lost that 

prevent accurate SFG analysis to generate a reliable description of the molecular order. 
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Hence, the orientation and conformation analysis using SFG spectral data are carried out 

using fitting analysis that include change in nonresonant behavior as an effect of metal 

properties and pump beam wavelength. 

 

The advantage of using SFGIM to reveal hidden domains of monolayer defects 

has been demonstrated previously using different length scales in surface dimensions.
31

 

The systematic bias of conventional averaged SFG techniques towards monolayers with 

signal-favored orientation distributions is minimized in SFGIM wherein the spatial 

detection of localized defect sites is allowed. SFGIM brings to account regions that 

contain less signal-favored molecular structures to be included in the total distribution of 

monolayer order.  

 

The spatial sensitivity of SFGIM is useful in monitoring change in monolayer 

order and nonresonant background during surface oxidation. As a direct method for 

identification of the anodic sites on surface, the regions that register a sizeable shift in 

nonresonant phase and increase in monolayer defect can be identified to have undergone 

atmospheric oxidation. 

 

To produce a two-dimensional reference to which all spatial changes in SFG 

information can be correlated against, an initial homogeneous state for the sample surface 

is required. Hence, ASA, a chemical etchant, is used to remove the native oxide layer of 

the copper surface. This permits the initiation of the spontaneous atmospheric oxidation 

of the metal surface. These domains undergoing oxidation can be detected closely by 
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using the SFGIM technique through the use of spatial maps of orientational and 

conformational parameters gathered from fitted local spectra of the monolayer. By 

comparison between the change in CH3 tilt angle and amount of CH2 alkyl chain defects 

of prior and after images of the surface, the expected growth of the copper oxide film can 

be assessed effectively in the two-dimensional space of the substrate surface. 

 

Figure 4-1. Spectral comparison of SFG lineshapes of Cu-ODT undergoing oxidation 

using averaged SFGIM data (1064 nm). 

 

Figure 4-1 shows the SFG spectral response of ODT with the oxidation of the Cu 

substrate. The formation of thin oxide film beneath the ODT SAMs had been previously 
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studied using SFG spectroscopy complemented with reflection–absorption infrared 

spectroscopy (RAIRS), cathodic reduction and X-ray photoelectron spectroscopy 

(XPS).
32

  This study demonstrated sensitivity of SFG to detect the overall change in 

substrate composition by tracking the nonresonant response of the ODT-metal system 

when undergoing oxidation. The transformation of the spectral lineshape of the Cu-ODT 

using the 1064nm probe beam is much more subtle as compared to results from previous 

study
32

 which used 532 nm beam. At a certain wavelength of the probe, the optical 

properties of the metal (i.e. complex refractive index) surface will dictate the local field 

effects of the surface. The tensor elements of the effective susceptibility of the resonant 

SFG signal are dependent on these local fields and will have a direct influence on the 

convolution of the resonant and nonresonant signals which defines the spectral lineshape. 

 

4.4.2. Relationship of the Relative Nonresonant Phase to the Oxidation Rate  

As a source of important substrate information, the nonresonant SFG signal can 

be used as a measure of localized oxidation. Hosseinpour et al. were able to observe the 

effect of oxide formation to the nonresonant phase of Cu-ODT spectra using averaged 

SFG signal as a semi-quantitative measure of the oxidation kinetics.
32

 In Figure 4-2, the 

spatial maps and histograms of the nonresonant phase exhibited a shift from a distribution 

mean of ~1.5 to ~2.2 radians as an effect of surface oxidation. In table 4-1, based on 

listed values for the statistical mean and distribution width, a slight increase in the 

distribution width (coincides with the shift in the mean) was observed during exposure. 

These suggest that the distribution shift in the substrate signal as represented by the 

http://www.sciencedirect.com/science/article/pii/S0010938X00000159#sec2.3
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nonresonant phase corresponds to the overall positive increase in concentration of 

oxidized Cu. 

 

Table 4-1. Statistical parameters of the histogram distributions of the relative 

nonresonant phase (Gaussian fit). 

 Relative nonresonant phase (rad) 

Time (min) Mean Distribution width (σ) 

0 1.47 0.30 

180 1.74 0.41 

360 1.99 0.41 

600 2.16 0.43 

 

In Figure 4-3, the rate of the relative nonresonant phase shift of each imaging ROI 

were mapped spatially showing surface domains (in red) that registered the highest rates 

(calculated by using the least-squares method). These ROIs are identified as areas on the 

sample surface that had the most relative increase in Cu2O concentration. However, 

different regions on the sample have different initial nonresonant relative phase values 

prior to air exposure. This demonstrates the ability of SFGIM to accurately define the 

spatial heterogeneity of the Cu surface using nonresonant phase that contains local 

information to the surface electronic structure of the oxidized metal substrate.
33-35
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Figure 4-2. Maps and histograms of the relative nonresonant phase upon atmospheric 

oxidation. Regions in yellow represent substrate domains that contain higher 

concentration of Cu2O.  
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Figure 4-3. (a and b) Maps of relative nonresonant phase at t = 0 min and t = 600 mins, 

respectively; (c) Map of calculated slope (rate of change) of the relative nonresonant 

phase; (d) Scatter plot of the nonresonant phase as function of exposure from selected 

ROIs (size: 50 x 50 square pixels) labeled with a-e. 
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nonresonant phase maps (from time 0 mins to 600mins), different regions on the surface 

have different initial oxide concentrations with varying local oxidation rates. Based on 

the local relative phase of regions C and D, these represent areas with low initial 

concentration of oxidized species that had high oxidation rates. These regions are 

relatively more reduced compared to the rest of the surface. The availability of oxidizable 

Cu resulted to higher occurrence of oxidation activity. As expected, region A contains a 

high level of oxidized species with low rates of oxidation. However, special cases such as 

region E also incurred a high rate of oxidation but started oxidizing at a higher initial 

nonresonant phase (high initial concentration of oxidized species).  

 

At the length scale being probed by SFGIM, it can be proposed that the initial 

concentration of oxidized copper is not the only factor that influences the rate of localized 

oxidation. The initial state of SAM conformational and orientational order also 

contributes to the local oxidation kinetics. These effects of the monolayer order to the 

oxidation activity are efficiently evaluated using the corresponding spatial maps which 

are correlated with the surface properties represented by the local nonresonant signal.  

 

4.4.3. Spatial Maps of Conformation and Orientation of Cu/ODT 

As a measure the monolayer conformation of the ODT SAMs, the presence of 

gauche defects on alkanethiol chains was often estimated using the signal intensity of the 

symmetric methylene stretch.
36-38

 From the histograms of the intensity ratio of the 

symmetric modes of the methylene and methyl group in Figure 4-4, an overall increase in 

alkyl chain defects is observed as the distribution shifts towards higher methylene 
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intensities. Hence, the overall conformational disorder of the surface is increased as a 

result of the local oxidation.  

 

Figure 4-4. Maps and histograms of intensity ratios of CH2-sym/CH3-sym before and 

after air oxidation of the ODT-Cu samples (10x10 pixel ROI Maps). Arrows depicting 

areas that are well ordered (blue-colored regions) showing decrease in domain size as 

oxidation progresses from t = 0 min to t = 600 mins. 
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It also must be noted that the initial conformational state of the surface (at t = 0) is 

spatially heterogeneous such that the blue-colored ROIs represent regions with the least 

amount of gauche defects. As the surface is oxidized, the regions with high packing 

densities (less defect concentrations) becomes smaller suggesting that oxidation process 

perturb these regions of these well-ordered monolayers. By comparing the conformation 

map from t = 0 to t = 180 min, the well-ordered ROIs (blue) are gradually filled in (from 

the domain edges) with gauche defects.  

 

By comparing the individual spatial maps of the nonresonant phase and 

conformation response (Figure 4-2 and 4-4), the shift in nonresonant signal is not specific 

to ROIs that undergo increase in gauche defects. The local nonresonant phase is linked 

directly to the oxidation of Cu and, hence, any change in its value is caused by the 

formation of Cu2O. The gauche defects are not locally correlated with the magnitude of 

the nonresonant phase, however, both of these parameters resulted to shifted distributions 

wherein there is an overall increase in the phase and chain disorder.  

 

To fully picture the correlation of the nonresonant effect to the monolayer order in 

terms of conformation and orientation, the spatial effects of oxidation on the local 

monolayer orientations are presented in Figure 4-5. During the oxidation, the monolayer 

orientation evolved such that it shows regions with C3 axis of the terminal methyl groups 

being more upright towards the surface normal. In table 4-2, the calculated distribution 

mean and width for the orientation intensity ratio demonstrates the shift and broadening 

of the overall orientation. Based on literature of studies on alkanethiol-gold systems using 
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SFG spectroscopy,
39-41

 spectral assignments for the terminal methyl (CH3) and methylene 

(CH2) vibrational modes of ODT were determined. The assigned peaks are the following:  

the terminal methyl symmetric (CH3-sym) stretch at 2875 cm
-1

, methyl Fermi 

resonance(CH3-Fermi) at 2940 cm
-1

, and the CH3 antisymmetric (CH3-asym) stretch modes: 

out-of-plane (CH3-asym(op) at 2950 cm
-1

) and in-plane (CH3-asym(ip) at 2965 cm
-1

). Weaker 

vibrational stretches present in the spectrum at 2850 and 2915 cm
-1

 are the methylene 

symmetric (CH2-sym)  and Fermi resonance (CH2-Fermi) vibrational modes, respectively, 

that are present due to gauche defects in the alkyl chains.  

 

Table 4-2. Statistical parameters of the histogram distributions of the orientation intensity 

ratio of CH3-sym/CH3-asym(ip) and methyl tilt angle (deg). 

 Intensity Ratio (CH3-sym/CH3-asym(ip)) Methyl Tilt Angles (deg) 

Time (min) Mean Distribution  

width (σ) 

Mean Distribution  

width (σ) 

0 0.76 0.51 37.0 11.4 

180 0.93 0.54 34.1 9.5 

360 1.10 0.60 31.8 8.1 

600 1.13 0.65 31.6 8.0 

 

By using the bond polarizability model and the formulas presented by Wang et al. 

and Hirose et al., the orientation analysis from SFG spectral data is performed by 

recovering the fitted results of the peak intensity ratios of symmetric and antisymmetric 

(in-plane) stretches of the terminal methyl.
42-45

 The intensity ratio is plotted against the 
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tilt angle (θ) of the C3 axis from the surface normal wherein a delta function distribution 

approximation is used to deduce the ensemble average orientation for each ROI. In 

Figure 4-6, the tilt angle results were already corrected with the appropriate refractive 

indices for Cu and Cu2O by individually matching the intensity ratio to the corresponding 

nonresonant phase (Cu and Cu2O) of each ROI to ensure reliability of tilt angle 

calculations.  

As seen from Figure 4-5, there is a notable shift in the ROI distribution of the 

average intensity ratio and the calculated delta-function tilt angle wherein an overall 

decrease in the methyl tilt angle is observed. The average orientation shift towards a more 

upright terminal methyl group as an effect of oxidation on Cu-ODT was also confirmed 

previously by averaged SFG signals employing 532 nm pump beams.
32

  

 

Interestingly, the ROIs with high occurrence of tilt angle shifts are also the same 

regions that incurred highest amounts of Cu2O as measured by the relative nonresonant 

phase (comparing Figures 4-2 and 4-5). These changes are consistent with the evolution 

of a more heterogeneous methyl environment at the surface as a result of exposure to 

corrosive conditions. It has been often demonstrated in previous studies (specifically 

using RAIRS) that both orientation and conformation of alkanethiols are typically altered 

(into a more disordered state) by the introduction of oxides to metal surfaces of coinage 

metals (such as Pt and Cu).
9, 46-48

 However, the spatial relationship of orientation and 

conformation to oxide formation could not be deduced using the RAIRS technique. From 

Figures 4-2 and 4-5, it is inferred from the individual parameter maps that the spatial 

change of the nonresonant phase and orientation are locally similar with exposure time. 
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This demonstrates that the monolayer orientation is sensitive to the local surface 

modification by oxide formation.  

 

 

Figure 4-5. Maps and histograms of intensity ratios of CH3-sym/CH3-asym(ip) before and 

after air oxidation of the ODT-Cu samples. Corresponding histograms of calculated 

methyl tilt angles. 
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4.4.4. Spatial Correlation of the Nonresonant Phase to the Monolayer Order 

In Figure 4-6, a scatter plot is constructed to correlate two spectral parameters: 

nonresonant phase and CH3-sym/CH3-asym(ip) intensity ratio. With exposure time, the 

correlated distributions (surrounded by an ellipsoid quantile to represent the distribution 

at 90 % confidence interval) shifts as an effect of oxide formation. From t=0 min to 600 

mins, the increase in the distribution width of the correlated distribution (larger area for 

the ellipsoid quantile) suggest the disruption in the overall orientation of the alkanethiol. 

 

However, by obtaining the terminal methyl tilt angles using the delta-function 

distribution approximation for each ROI from the experimental CH3-sym/CH3-asym(ip) ratio, 

a narrower tilt angle distribution is recovered after the surface exposure. In Figure 4-6, 

the distribution shift shows a decrease in the average tilt angle towards 20
o
 with a smaller 

distribution width.  

 

It must be noted however that the range of calculated methyl tilt angles for the 

oxidized Cu is subject to the mathematical limit of the delta-function orientation curve. In 

Figure 4-7, it is demonstrated that at higher values of methyl intensity ratios (>1.0), the 

range of possible methyl tilt angles is narrower. For the range of ratios between 1.0 and 

1.5, this corresponds to a narrow set of tilt angles (compare the angle distributions of A 

and B). As observed from the shift of the methyl ratios as the Cu surface is oxidized 

(histograms in Figure 4-5), the calculated methyl tilt angles becomes smaller (more 

upright) but also the distribution becomes narrower due to intrinsic nature of the delta-

function orientation curve.  
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Figure 4-6. (A) Scatter plot of nonresonant phase vs. CH3-sym/CH3-asym(ip) ratio for t = 0 

min and t = 600 mins; (B) Scatter plot of nonresonant phase vs. CH3-sym/CH3-asym(ip) ratio 

at different times (0, 180, 360, 600 mins) of sample exposure; (C ) Scatter plot of 

nonresonant phase vs. tilt angle variance for t = 0 min and t = 600 mins. 
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It was demonstrated that the tilt angle calculated by the delta-function orientation 

analysis of an ROI is biased towards signals of molecules with favored structures as 

dictated by sensitivity of the SFG technique.
31

 Ideally, if a Gaussian distribution 

correction is applied, this artificial narrowing of orientation distribution at higher methyl 

ratios can be corrected. However, the actual Gaussian distribution widths of each ROI are 

unknown. Hence, there is need for further evaluation on how to acquire the individual 

orientation distributions of each ROI. In the future, this problem can be resolved by 

changing the experimental configuration of SFGIM using different polarizations and 

beam geometries. 

 

Figure 4-7. The orientation curve calculated by using the delta-function distribution 

approximation. 
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Figure 4-8. (Left) Scatter plot of conformation ratio vs. nonresonant phase; (right) 

contour plot of conformation ratio vs. nonresonant phase at different times (data points 

colored orange, green, blue, and red are for exposure times of 0, 180, 360, 600 mins, 

respectively) of sample exposure. 
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introduction of Cu oxidation underneath the SAMs, the amount of chain disorder is 

increased in the overall conformational distribution of the sample as demonstrated by the 

deviation of the gauche ratio away from zero with exposure time. The correlation 

distribution (Figure 4-8) of conformational order and nonresonant phase also show 

increase in the distribution width (larger scatter of points) which further proves that the 

surface becomes more heterogeneous with oxide formation as a function of these two 

parameters. 

 

In contrast to orientation order, the spatial maps of chain order do not correlate to 

the local oxide concentration. The conformation maps show a different spatial behaviour 

(compared to its nonresonant and orientation counterparts) due to the tendency of gauche 

defects to grow inward from the edges of surface domains with good crystallinity. The 

overall distribution of both monolayer tilt angles and chain conformation are collectively 

affected by the formation of oxide but the localized changes of these parameters behave 

differently.  

 

In Figure 4-9, the map for the least-squares slope of nonresonant phase which 

represent the spatial distribution of the local oxidation rates is spatially correlated to the 

initial conformational order (CH2-sym/CH3-sym intensity ratio). Based on the map of 

conformational order at t = 0 min, regions enclosed in boxes suggest that areas with well-

ordered monolayers matches the areas with the highest change in nonresonant phase (as 

measured by the slope). Although the individual gauche maps do not follow the same 

spatial changes as compared to the orientation and nonresonant background, the highest 
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rates occurred on the more crystalline monolayer domains. This is an indication that the 

presence of well-ordered monolayers has a direct relation on the susceptibility of surface 

towards oxygen transport.  

 

  

Figure 4-9. (a) Map of calculated slope (rate of change) of the relative nonresonant 

phase; (b) Map of the gauche ratio at t = 0 min. 
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important to note, however, these molecules are not absolute surface barriers that 

completely inhibits oxygen transport from atmosphere into the alkyl chains and finally to 

the underlying Cu atoms. Various studies (both experimental and theoretical) have shown 

that the barrier properties of alkanethiols depend strongly on its molecular order.
9, 10, 47, 49, 

50
 Molecular dynamic simulations of the oxygen transport through alkanethiols on Cu 

suggests  that barrier resistances were a function of crystallinity, density and chain length 

of the SAMs.
50

 Even highly ordered SAMs contain isolated populations of defect 

formations which are prone to local oxidation. 

 

If the conformational maps at t=0 min and at t=600 mins are compared, the 

surface area of the domains that contain highly ordered monolayers becomes smaller 

during the exposure which shows that there is a localized increase in gauche defects that 

resulted from surface oxidation. By assuming that the Cu surface is spatially 

heterogeneous in terms of oxidation species (Cu and Cu2O) prior to alkanethiol 

adsorption, it is implicit that assembly of monolayers that are free of defects are expected 

to appear on less oxidized areas (due to lower surface defects). As the alkanethiol-

covered surface was exposed to air, there is a general increase in gauche defects on the 

entire surface. At t=600 mins the areas with low gauche defects decreased in surface area 

but these regions persisted to contain domains with the least amount of chain defects over 

the entire sample surface.  These domains of well-ordered monolayers at the upper half of 

the surface area persisted to have the least amount of underlying oxidized Cu as observed 

from the nonresonant phase map at these regions (with phase values at <1.8 radians) at 

600 mins of exposure. 
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These domains with ordered monolayers had the most concentration of reduced 

Cu species. In effect, these areas would have the most concentration of Cu to undergo 

oxidation. This explains why these areas would register higher rates of oxidation and, 

also, the highest amounts of orientation change (as seen from Figure 4-9). Hence, these 

are the important surface descriptions of Cu-ODT that can affect the oxidation kinetics of 

Cu-ODT: (1) initial state of surface oxide heterogeneity; (2) initial state of 

conformational order. 

 

Thus, while the overall gauche defects increase as the signal (relative nonresonant 

phase) of the Cu2O increases showing a positive correlation in the distribution, the local 

surface concentration of each ROI is not the cause of the presence of CH2 defects; but the 

oxidation rate, d[Cu2O]/dt, of Cu is the spatial cause of the gauche defect formation. The 

surface in this way is spatio-kinetically heterogeneous where different regions are in 

different stages of oxidation (Figure 4-3). Some regions are reduced while some are more 

oxidized. Those regions with higher concentration of reduced Cu (low relative 

nonresonant phase) will have higher oxidation rates while those regions with higher 

concentration of oxidized species will have lower oxidation rates. The oxidation rates are 

spatially varied, affecting the local formation of gauche defects. 

 

4.5. Conclusion  

The spontaneous atmospheric oxidation of Cu was observed as a change in the 

nonresonant phase response of SFG spectral lineshapes using the SFGIM setup which 
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employs a 1064 nm probe beam. Results from a recent study that utilized a 532-nm beam 

showed similar findings on the effect of Cu oxidation on the nonresonant signal. Hence, 

surface reactions such as surface oxidation can be monitored as an effect of the local 

electronic properties of the metal using nonlinear optical spectroscopy. 

 

 Results from the spatial distributional analysis shows that there is an overall 

decrease in the mean tilt angle and an increase in the amount of alkyl gauche defects as a 

result of the oxidation of the metal surface. There was a definite increase in the overall 

monolayer disorder as result of the surface oxidation. Spatial correlations between the 

orientation order and the relative nonresonant phase were monitored suggesting that the 

formation of the oxide induces orientation disorder in the localized regions of the surface. 

On the other hand, the changes in the conformational order were rather spatio-kinetically 

correlated with respect to the local oxidation rates.  

 

We have demonstrated that SFGIM can be used to examine atmospheric corrosion 

processes when ODT on copper is exposed to atmosphere, to in situ monitor oxide 

growth with a significantly higher sensitivity to monolayer order (both orientation and 

conformation) than any other commonly used techniques in surface science. 
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Chapter 5: Orientation and Conformation Distribution Analysis of Alkanethiol on 

Cu-Ag, Patterned Cu-Zn and Brass Surfaces 

5.1. Introduction 

Brass is an alloy (Cu–Zn) widely used in in the manufacture of various types of 

products across many industries. The corrosion behavior of Cu–Zn alloys has been 

extensively studied for a wide range of surface conditions with specific interest in 

preferential dissolution of zinc, stress corrosion cracking and pitting corrosion, when 

exposed to aggressive aqueous environments.
1-4

  

Different techniques have been proposed and applied to protect brass from 

corrosion and, among them, the chemical versatility of coating techniques are very 

interesting. Self-assembled monolayers (SAMs) are formed through a simple 

chemisorption process wherein an ultra-thin hydrophobic film prevents transport of 

oxidative agents such as atmospheric water and oxygen. It offers a great prospect to 

protect metal substrate from corrosive elements from the atmosphere. In this context, the 

application of organic monolayers on brass through self-assembly has been investigated 

to test its chemical barrier properties against surface oxidation.
5-7

 In the last 20 years, this 

approach has been used to modify of a variety of metals and oxide surfaces. The most 

studied self-assembled monolayers (SAMs) are the alkanethiol (HS-(CH2)x-X) 

chemisorbed on surfaces of noble metals like gold.
8-10

 Most recently, studies the 

properties of  alkanethiols as barrier films on oxidisable metals such Cu, Zn, and Ni have 

been reported.
10-16
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The monolayer order of adsorbed thiol molecules on different metal substrates 

were studied using SFGIM.
14, 17-22

 The results demonstrated that the presence of assembly 

defects and inhomogeneity of the monolayer on reactive metal surfaces influence the 

surface reactivity of the metal substrate such as atmospheric oxidation.  

Over the past several years, it has always been assumed that a surface is 

homogenous based on the averaging of the acquired signal.  By only considering the 

average signal, many local features of the surface are overlooked and thus, leading to an 

inaccurate understanding of the system. Due to development of various microscopic 

techniques that have atomic resolution of the surface, it has been demonstrated that the 

surface was spatially heterogeneous at different length scales: from atomic scale to 

micronscale. However, most of these microscopic techniques are incapable of detecting 

surface domains based on their chemical nature, specifically, the molecular order on the 

surface.  

SFG imaging permits two-dimensional visualization of the surface structure and 

the relation of molecular environment to the surface physical properties. For example, it 

is known that physical properties such as surface wetting, friction, adhesion, and 

corrosion inhibition of the SAMs are influenced by the degree of molecular order of the 

film. Therefore, the ability of imaging spectroscopy to evaluate the quality and the 

structure of the monolayer films based on their inherent vibrational spectrum is beneficial 

in understanding localized chemical reactivity. 

In this work, surface modification of the surface of the brass surface with an 

alkanethiol thin film were analyzed using spatial distribution analysis using the SFGIM 
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technique. Motivation for this work stems from the successful spectroscopic imaging 

using sum frequency generation (SFG) nonlinear technique on polycrystalline surfaces of 

copper undergoing initial atmospheric oxidation.
16

 In order to characterize the surface 

properties of chemically heterogeneous metal surfaces, a patterned metal surface 

comprising of copper islands deposited on bulk zinc was used to show spatial contrast of 

alkanethiols on a heterogeneous and reactive sample. By using this model surface, the 

capability of SFGIM to describe the monolayer order on brass alloy surfaces is evaluated 

for suitability in monitoring surface reactions on these complex surfaces. 

5.2. Theory 

SFG spectroscopy has been described thoroughly in Chapters 2 and 3. Also, the 

importance of the signal interference of the nonresonant background was discussed 

previously in the earlier chapters.  

Several important advantages that makes SFG suitable for studying monolayers 

on metals include submonolayer detection limit, inherent surface sensitivity, and its 

capability to deduce orientational information of the surface molecules. The SFG signal 

depends on such diverse parameters as the number density and the average orientation of 

interfacial species, the phase and amplitude of the nonresonant contribution from the 

metal substrate compared to that of the adsorbate, the Fresnel factors, and possible 

resonances of the probe beam with optical transitions in the interfacial region.
23-27

 

Another factor that may complicate interpretation of SFG signals is the possible 

enhancement of the SFG signal due to surface plasmons, similar to surface-enhanced 

Raman scattering on structured surfaces.
27

 Thus, all of these factors are needed to be 
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taken into account in the accurate interpretation of SFG signals for the orientational 

analysis of the molecules. For this analysis, molecular hyperpolarizabilities are calculated 

using bond additivity models and Raman depolarization ratios. This analysis assumes free 

rotation about the C3 symmetry axis for the methyl groups, an isotropic plane, and a 

delta-function distribution of tilt angle from the surface normal.
28-33

 

5.3. Experimental Section 

5.3.1. Sample Preparation and Exposure 

The polycrystalline samples (zinc, copper and brass coupons) were polished with 

SiC grit paper, from 600 mesh in steps down to 2000 mesh, in water. Diamond paste with 

particle sizes 3 μm, 1 μm, and, finally, 0.25 μm was used as the final polishing steps, with 

ethanol used as lubricant. In order to remove residual diamond particles, each sample was 

sonicated in ethanol for 5 min between each step. After being polished, the sample was 

quickly rinsed with ethanol to remove residues of the electrolyte and then immediately 

immersed in the ODT/ethanol (20 mM) solution, dried with nitrogen gas, and placed into 

the sample cell. There it was kept in dry N2(g), and aligned with the SFGIM 

instrumentation for image collection. All water used was obtained from a Millipore RiOs-

8 and Milli-Q PLUS purification system, filtered through a 0.2 μm Millipak filter.  

5.3.2. SFG Microscope and Data Analysis 

The basic procedures for the SFG microscopy was discussed in full detail in 

Chapters 2 and 3. In this experiment, however, since the metal surfaces are reactive to the 

atmosphere, persistent use of the sample cell filled with inert nitrogen gas was employed 

in order to prevent atmospheric oxidation of the surface.  

Greggy
Typewritten text
120
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The intensity, ISFG, of the SFG spectra was fitted to a Lorentzian function with 

Mathematica software. All experiment performed with the two input beams set to p 

polarization, where the output beam is also p-polarized (p-polarized 1064 nm beam, and 

p-polarized IR beam). p-polarized light refers to the light with polarization parallel to the 

plane of incidence as opposed to s-polarized light, which is light polarized perpendicular 

to the plane of incidence.  

Images were continuously scanned the infrared frequency at every 5 cm
-1

. Each 

image acquisition was 5000 shots per image from 2750-3050 cm
-1

. Local spectra were 

obtained by averaging local regions of the surface with an approximate area of 10 x 10 

μm
2
. Vibrational spectra were acquired by extracting the signal intensity from the images 

and plotting it as a function of the infrared frequency using a fitting program written in 

Mathematica. 

5.4. Results and Discussion 

5.4.1. Rationale for using Cu-Ag Binary Surface 

A recent study involving SFGIM observed the growth of a metal oxide on an 

alkanethiol covered copper substrate.
16, 22

 This demonstrated the capability of SFGIM to 

interpret the monolayer order of the SAMs on a metal substrate susceptible to 

atmospheric oxidation. The analysis was made possible by constructing spatial maps of 

orientation and conformation parameters recovered from spectral fitting of 5 x 5 micron 

ROIs of the sample field-of-view (FOV). From the results of spatial correlations of these 

parameters, it was found that the nonresonant signal changes locally with the formation 
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of the oxide and has a direct effect on the local orientation and conformation of the 

copper surface.  

To evaluate the reliability of the spatial analysis of monolayer order on alloy 

samples, metals surfaces with known domain patterns of heterogeneous compositions 

are initially investigated. By employing this method, the ability of SFGIM in defining 

monolayer orders as a function of composition heterogeneity can be compared between 

a surface with controlled (patterned) heterogeneity and a surface with random (naturally 

occurring) heterogeneity such as alloys. 

Since there is recent established SFGIM information on Cu surfaces of extensively 

heterogeneous character (oxidized Cu surface), brass, which is largely composed of Cu 

(major component) and Zn (minor component), is chosen as the most viable surface that 

is closest in SGIM signal signatures that can be easily studied with SFGIM.  

The first steps in accurately evaluating random heterogeneous features of brass 

starts with the use of a well-defined surface with large surface composition domains. A 

surface that contains a large region of Cu surrounded by Ag was utilized to provide a 

suitable flat sample that contained two specific surface regions of different elemental 

compositions.  
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As seen in Figure 5-1, the SFGIM image at 2875 cm
-1

 is shown to have a Cu 

domain (darker region) and an Ag domain (lighter region) which is characterized by the 

image contrast, as a result in the difference in the baseline SFG nonresonant background 

signal of these surfaces. A similar image contrast is observed from the optical 

microscope image (Figure 5-2). From the results of the spectral-fitted nonresonant phase 

of the Cu-Ag surface, the two regions, that are clearly resolved in the spatial map of the 

relative nonresonant phase (see Figure 5-2), possess distinct spectral lineshapes (see 

SFG spectra in Figure 5-1). The distinct spectral signatures of Ag and Cu resulted in a 

visibly sharp boundary due to the image contrast induced by the difference of the phase 

of the two regions. 

The sharp boundary as result of the predefined heterogeneity of the of the Cu-Ag 

surface is clearly demonstrated, not only through the relative nonresonant phase signal, 

but also through the maps of the fitted intensity ratio of the symmetric and anti-

symmetric stretching modes of the terminal methyl group of ODT. The extracted 

intensity ratios represent the local monolayer orientation through the calculation angle of 

the C3 axis of the terminal methyl group against the surface normal using the delta-

function approximation.  
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Figure 5-2. Optical and SFGIM image (at 2875 cm
-1

) of the Cu-Ag binary surface. 

Spatial maps of the nonresonant phase, conformation intensity ratio, orientation intensity 

ratio, and terminal methyl tilt angle. (Total surface scale: 720 x 720 pixel; ROI scale: 10 

x 10 pixel) 
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In the spatial map of the orientation intensity ratio (Figure 5-2), there is localized 

deviation in the orientation ratio (less upright in terms of methyl orientation) of the 

monolayer domains located close to the binary boundary. Arrows (on spatial of the 

orientation intensity ratio) point to the particular region of the boundary. On the surface 

of the boundary region, the possibility of localized heterogeneity in terms of surface 

composition is possible such that mixing of the electronic properties of the two metals 

resulted to an intermediate nonresonant background signal for the domains on the 

boundary. A previous observation in the atmospheric oxidation of Cu suggests that the 

monolayer orientation is sensitive towards changes in substrate properties due to 

atmospheric oxidation. At the boundary of the Cu-Ag sample, the local surface 

composition could have caused structural effects to the adsorbed monolayer such that it 

induced isolated domains of altered orientations. 

Clearly, the presence of these two regions resulted to a bimodal distribution for 

both nonresonant phase and monolayer orientation (see histograms in Figure 5-3). 

However, this is not the case for the monolayer conformation of the surface. As observed 

from the spatial map (Figure 5-2) and histogram (Figure 5-3) of the methylene intensity 

ratios which serves as a representation of gauche defect concentration of the surface, 

there is no marked distinction in monolayer conformation between the Ag and Cu 

domains. In this sample the difference in composition of the two domains did not have a 

direct effect on the amount of local gauche defects on the surface. Hence, the two 

parameters spatially correlated for the Cu-Ag surface are: nonresonant phase and terminal 

methyl intensity ratio. 
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Figure 5-3. Histograms for the spatial distribution of relative nonresonant phase (in 

radians), conformation ratio, orientation ratio, and methyl tilt angle (in deg) for Cu-Ag 

binary surface. 

5.4.2. Rationale for using Cu-Zn Checkerboard Samples 

Since it was already understood that to accurately describe the monolayer order on a 

randomly heterogeneous (in terms of composition) surface of brass, the system being 

studied should closely resemble the brass surface in composition (its chemical 

components – Cu and Zn) with well-defined domains (spatially patterned) such that a 

reliable correlation of the spectral parameters between patterned Cu-Zn and actual brass 
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samples can be carried out. Hence, a patterned surface comprised of deposited-Cu islands 

on polished Zn was devised as a model binary surface to contain separate Cu and Zn 

components. Unlike the Cu-Ag surface, the patterned Cu-Zn surface is more spatially 

heterogeneous in terms of surface composition. As seen in the schematic diagram in 

Figure 5-4, copper islands (100-nm thick) of different length scales (from 50 microns to 

25 microns) were deposited on the polished zinc. The length scales of the surface 

domains aids in the evaluation of the SFGIM spatial analysis in accurately describing the 

sample surface at different length scales. However, it must be emphasized that there are 

critical differences in the length scales of composition domains between patterned binary 

surfaces and real alloy surfaces. This is further explained in the spatial analysis of the 

brass surface.  

 

Figure 5-4. Schematic Diagram of the Cu-Zn checkerboard patterned sample. 
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Figure 5-5. SFGIM image of Cu-Zn checkerboard patterned surface at 2875 cm
-1

. 

Average SFGIM spectra of Zn, Cu-Zn, and Cu-grain domains. 
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Figure 5-6. Optical and SFGIM image (at 2875 cm
-1

) of the Cu-Zn checkerboard 

patterned surface. Spatial maps of the nonresonant phase, conformation intensity ratio, 

and orientation intensity ratio. (Total surface scale: 720 x 720 pixel; ROI scale: 10 x 10 

pixel). 
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Figure 5-7. Histograms for the spatial distribution of relative nonresonant phase (in 

radians), conformation ratio, and orientation ratio for Cu-Zn checkerboard patterned 

surface. 

 

Figure 5-8. SFGIM orientation curve (delta-function approximation) for Cu (red) and Zn 

(blue) surfaces. 
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In Figure 5-6, the SFGIM image at 2875 cm
-1

 is presented wherein the 

checkerboard pattern layout is clearly visible as an effect of the nonresonant signal 

intensity differences between the Cu and Zn domains. Zn generally has a higher 

nonresonant background signal compared to Cu in the C-H vibrational frequency range. 

This nonresonant background effect is not observed in the optical microscope image. 

Although the nonresonant signal magnitudes (background intensity) are different 

from the Cu and Zn domains, the spatial map of the fitted relative nonresonant phase 

(Figure 5-6) did not show a close resemblance to the checkerboard patterns as seen from 

the optical and SFGIM images. Based from the corresponding SFG spectra for the Cu 

and Zn domains, the spectral lineshapes are not as distinct as compared to the Cu-Ag 

surface. However, the SFG intensities in the C-H vibrational frequency range are, indeed, 

higher for the Zn domains when compared Cu domains and Cu-Zn boundary.  

Based from the histogram of the nonresonant phase in Figure 5-7, there is a 

considerable overlap in the phase distributions (compare this to the sharp bimodal 

distributions of Cu-Ag nonresonant phase). The nonresonant response from the ROIs 

right side of the checkerboard pattern had values close to 1.0 radian while the left side 

had values closer to 2.0 radian. This is one major difference of the Cu-Zn with the Cu-Ag 

surface wherein there is a better local spatial correlation between the nonresonant phase 

and the methyl intensity ratios. For the Cu-Zn surface, the distributions for the monolayer 

orientation are statistically wider compared to the bimodal orientation distribution of Cu-

Ag surface. Since the phase was used before as a guide in determining the surface 

composition, the lack of spatial correlation of the phase to the orientation ratio led to 
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inability to segregate the domains into separate Cu and Zn domains for proper conversion 

of the orientation ratio to tilt angles using the corresponding orientation curves (see 

Figure 5-8). Hence, in the future the magnitude of the nonresonant signal can be a 

possible alternative to replace the nonresonant phase.  

 

Figure 5-9. SFGIM image of the brass surface at 2875 cm
-1

. Average SFGIM spectra of 

selected ROIs (10 x 10 pixel). 
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Figure 5-10. SFGIM image (at 2875 cm
-1

) of the brass surface. Spatial maps of the 

nonresonant phase, conformation intensity ratio, orientation intensity ratio, and terminal 

methyl tilt angle. (Total surface scale: 720 x 720 pixel; ROI scale: 10 x 10 pixel) 
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Figure 5-11. Histograms for the spatial distribution of relative nonresonant phase (in 

radians), conformation ratio, orientation ratio, and methyl tilt angle (in deg) for the brass 

surface. 
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ranging from 1.0 to 3 radians which suggests the brass surface to be heterogeneous in 

composition (similar to the case of oxidized Cu surface).  

However, it has to be noted that the brass surface has certain characteristics which 

make it largely different from the patterned samples of Cu-Ag and Cu-Zn. First, it is a 

true alloy wherein the predominant chemical component is Cu. The Cu-Zn checkerboard 

sample contains domains that mostly contain either Cu or Zn only. In contrast, domains 

on a brass sample are expected to give spectral information that is dominated by the 

nonresonant signal from Cu. Despite that the nonresonant signal of the brass surface is 

predominantly Cu in character; the presence of Zn has a considerable effect on the 

resulting monolayer order on brass.  

Another characteristic of an alloy surface that differentiates it from patterned 

binary samples is the variability in surface composition and surface area of each grain 

domain. The dezincification process is a major factor that affects the local concentration 

of Zn on the brass surface.
2, 4, 34

 Brass is known to have variable surface concentration of 

Zn as result of the dezincification wherein zinc undergoes selective leaching from brass 

surface in the presence of oxygen and moisture from the atmosphere. Also, the grain sizes 

of the surface domains on brass vary in different length scales. 

The patterned surfaces are well-defined in these two descriptions: (1) composition 

and (2) length scale. In the case of alloys, the composition is always in an intermediate 

state such that domains are not purely comprised of one element but a mixture of 

elements (Cu and Zn). Hence, electronic surface effects of alloys are different from those 

of pure metals such that this would affect the SFG nonresonant response of the substrate. 
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The length scales of the grain domains of the brass sample are normally polydisperse (not 

uniform). Hence, in order to classify the intermediate states, an estimation of length scale 

can be employed using the spatial distribution of nonresonant information recovered from 

the patterned samples.  

Another particular characteristic of the Cu-Zn patterned samples is the 

electrochemical reactivity of the surface. Zn undergoes oxidation preferentially as it is 

known to have a lower standard electrode potential.
35

 This galvanic effect will result to 

an electrochemically dynamic surface wherein the preferential oxidation of Zn will have 

direct influence on the monolayer ordering. In contrast, the brass surface is more 

homogeneous in terms of composition such that the electrochemical properties of the 

surface are a result of mixing of the surface electronic properties of the Cu and Zn 

components. The electrochemical activity is a possible cause for the molecular disorder 

on the surface of patterned Cu-Zn. 

By analyzing the nonresonant phase information of the brass sample, the surface 

composition of the brass grains can be estimated by matching their local nonresonant 

phase to the signature phase information for either Zn or Cu. One qualitative procedure 

that can be employed is simply mapping the nonresonant signal magnitude across the 

surface since Zn registers a higher intensity compared to Cu.  

Interestingly, from Figure 5-9, the spectral lineshapes recovered from the different 

ROIs from the brass surface resembles the spectral signatures of Cu and Cu2O (see 

chapter for Cu undergoing oxidation, Chapter 4). Based from the fitted relative 

nonresonant phase values of Cu with ODT undergoing atmospheric oxidation, the phase 
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values range from 1.5 (reduced) to 2.25 (oxidized) radians. In Figure 5-11, the 

distribution for the nonresonant phase stretches from 1.5 to 2.5. This clearly suggests that 

the surface is a heterogeneous mixture of Cu and Cu2O. 

Local correlations are evident for spatial maps of orientation and nonresonant 

phase. The spatial map for the gauche defect showed no local correlation to either the 

nonresonant phase map or to the monolayer orientation map, which was expected since 

this was also the case for the Cu, Cu-Ag and Cu-Zn checkerboard samples.  

5.4.4. Diffraction Effects of the Checkerboard Patterns 

Interestingly, there are certain features in the Cu-Zn patterned sample that brings 

to attention a limitation of the SFGIM that is inherent to far-field nonlinear spectroscopic 

microscope setups. By observing the SFGIM image (at 2875 cm
-1

 in Figure 5-2), 

interference waves as an effect of the checkerboard pattern acting as a surface diffraction 

grating are clearly visible on left side of the Cu-Zn sample (see Figure 5-4). Aside from 

the fact that Cu islands are elevated (not flat) at 100 nm with respect to the Zn substrate, 

the checkerboard design is widely used for diffraction gratings such that it is 

understandable that surface diffraction can occur on these samples. Hence, since the 

squares on the left are much smaller and closely-knit (as compared to the larger squares 

on the right), the unwanted diffraction patterns appear more strongly on the left-side of 

the sample. The surface diffraction affects the accuracy of the spatial analysis such that it 

distorts the SFG signal from the surface resulting to a mismatch of local information. For 

example, the ROIs of the Cu domains may contain SFG signals mixed with that of the Zn 

domains due to interference reinforcements (constructive and/or destructive). The 
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evaluation of the monolayer order of these affected areas are compromised such that (as 

seen from Figure 5-2) the orientation and gauche defect maps of these regions do not 

project local characteristics of the checkerboard pattern as it would have on the ROIs on 

the right side of the sample). This was not the case for the Cu-Ag sample since the 

domain boundaries are flat (polished surface) and the domains have larger length scales. 

5.5. Conclusion 

SFG imaging microscopy has been used to characterize a monolayer of ODT on 

brass and has demonstrated that the monolayer order on this reactive metal surface is 

generally distinct in distribution for both conformation and orientation as compared to 

patterned surfaces of Cu-Ag and Cu-Zn.  

The Cu-Ag surface demonstrated a binormal spatial distribution for nonresonant 

phase, orientation and conformation while, on the other hand, the Cu-Zn checkerboard 

pattern showed significant amounts in conformational disorder and overlapping 

distributions for orientation and nonresonant phase. The brass surface exhibited a very 

narrow distribution in nonresonant phase (dominated by Cu) and monolayer orientation 

In the analysis of Cu-Zn checkerboard patterns, it was emphasized that the 

resolution limit plays an important factor in the accuracy of spatial analysis on alloy 

systems. To apply the analysis to the variable length scales of grain domains of brass, the 

local nonresonant background information can be used to identify and isolate domains of 

different compositions (Cu-rich or Zn-rich). 
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Patterned metals such as the checkerboard Cu-Zn sample have surface 

characteristics that differentiate these materials from brass surfaces. These include 

differences in the length scales of the domains, local compositions of each domain, and 

local electrochemical activity of the surface. All of these surface descriptions of patterned 

surface are possible explanations to the heterogeneous monolayer ordering of these 

surfaces when compared to that of brass alloy.  
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Chapter 6: Conclusive Remarks 

The work presented in this dissertation has mostly been focused on analysis of 

spatial distribution of molecular order of ODT of reactive metals surfaces of Cu and 

brass. In what follows the main results are summarized together with an outlook on 

possible further studies.  

 

The spatial distribution analysis of SFGIM was further improved to analyze not 

only controlled environments, but also to probe real samples since one of the motivations 

of this project is to be able to determine whether the sample is homogeneous or 

heterogeneous. It has always been assumed that a surface is homogenous based on the 

averaging of the acquired signal. But this was not always true, due to development of 

other microscopic techniques that has atomic resolution of the surface and determined 

that the surface was inhomogeneous. Therefore, by only considering the average signal, 

many local features of the surface are overlooked and thus, leading to an inaccurate 

understanding of the system. The ability to visualize the surface enhances our 

understanding of surface chemistry of reactive metal surface.
1-8

  

 

This first study focused on evaluating the sensitivity of the SFGIM technique to 

measure the experimental orientation distribution of Au-ODT using the δ-function 

distribution approximation at different length scales. Factors such as instrumental 

configuration and surface properties have direct effects on the calculated methyl tilt angle 

and distribution width.  By changing the length scale of the ROIs of the SFGIM image, 

the relationship of the resolution limit and signal sensitivity of the instrumentation in 
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revealing hidden domains of monolayer defects across the surface was demonstrated. By 

using smaller ROI scales, buried information in averaged SFG signal as collected in 

conventional instrumentation can now be exploited as spatial maps to measure surface 

heterogeneity. 

 

The statistical analysis made it possible to compare orientation distributions on 

Au and Cu. Using a composite sample, it was shown that monolayer orientation 

distribution on Cu are statistically broader than on Au which indicates that SFGIM can 

distinguish and segregate monolayer populations based on substrate properties. 

 

The spontaneous atmospheric oxidation of Cu from was monitored as a change in 

the nonresonant phase response of SFG spectral lineshapes. Hence, surface reactions such 

as surface oxidation can be monitored as an effect of the local electronic properties of the 

metal using SFG spectroscopy. The spatial distributional analysis of Cu-ODT shows that 

there is an overall decrease in the mean tilt angle and an increase in the amount of alkyl 

gauche defects as a result of the oxidation of the metal surface. An overall increase in 

monolayer disorder as result of the surface oxidation was observed. Spatial correlations 

between the orientation order and the relative nonresonant phase were monitored 

suggesting that the formation of the oxide induces orientation disorder in the localized 

regions of the surface. On the other hand, the changes in the conformational order were 

spatially uncorrelated with respect to the local oxide formation. It was demonstrated that 

the local structural behavior of molecules may or may not match local changes in 

physical properties.  Hence, shifts in the overall distribution (mean values and widths) of 
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monolayer order (orientation and conformation) do not always translate to spatial 

correlation with the local electronic properties of the surface.  

 

It was demonstrated that SFGIM can be used to examine atmospheric corrosion 

processes when ODT on copper is exposed to atmosphere, to in situ monitor oxide 

growth with a significantly higher sensitivity to monolayer order (both orientation and 

conformation) than any other commonly used techniques in surface science. 

 

SFG imaging microscopy has been used to characterize a monolayer order of 

ODT on brass wherein its spatial distribution for both conformation and orientation were 

compared to patterned surfaces of Cu-Ag and Cu-Zn. The Cu-Ag surface demonstrated a 

well-separated spatial distribution for nonresonant phase, orientation and conformation 

representing monolayer order specific to the Cu and Ag components of the surface. 

Localized deviations in the orientation ratio at the Cu-Ag boundary were observed that 

could be related to a mixing of surface electronic properties of Cu and Ag.  In contrast, 

the Cu-Zn checkerboard pattern showed significant amounts in conformational disorder 

and broad distributions for orientation and nonresonant phase. The monolayer disorder 

could have been a result of the surface instability brought about by the galvanic effects on 

the surface.  The brass surface exhibited a very narrow distribution in nonresonant phase 

(dominated by Cu) and monolayer orientation as result of the homogeneity of the surface 

composition. 
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Studying much more complex metal systems such as metal oxides and alloys are 

deemed possible within the scope of statistical analysis of SFGIM. The SFG technique 

was made to evolve from method that relies on averaged signal into a surface 

microscopic technique that defines the real spatial heterogeneity of the surface. Major 

improvements in spatial correlation of surface properties such as monolayer orientation, 

conformation, and phase information were achieved. The ability to visualize the 

relationship of the surface properties in two-dimensional space is an ultimate advantage 

of SFGIM that leads to a promising direction towards studying dynamic processes (such 

as corrosion and catalysis) on reactive surfaces.  

 

References 

1. Cimatu, K.; Baldelli, S. J. Phys. Chem. B 2006, 110, 1807-1813. 

2. Cimatu, K.; Baldelli, S. J. Phys. Chem. C 2007, 111, 7137-7143. 

3. Cimatu, K.; Baldelli, S. J. Am. Chem. Soc. 2008, 130, 8030-8037. 

4. Cimatu, K.; Moore, H. J.; Barriet, D.; Chinwangso, P.; Lee, T. R.; Baldelli, S. J. 

Phys. Chem. C 2008, 112, 14529-14537. 

5. Cimatu, K.; Moore, H. J.; Lee, T. R.; Baldelli, S. J. Phys. Chem. C 2007, 111, 

11751-11755. 

6. Hedberg, J.; Leygraf, C.; Cimatu, K.; Baldelli, S. J. Phys. Chem. C 2007, 111, 

17587-17596. 

7. Hosseinpour, S.; Hedberg, J.; Baldelli, S.; Leygraf, C.; Johnson, M. J. Phys. 

Chem. C 2011, 115, 23871-23879. 

8. Santos, G.; Baldelli, S. J. Phys. Chem. C 2012, 116, 25874-25887. 



147 
 

 

 

 

 

 

 

 

Appendix A 

 

 

 

 

 

 

 

 

 

 

 

 

 



148 
 

Supporting Information 

Scale Dependence of the Orientation and Conformation Distribution Analysis of a 

Molecular Monolayer Using Sum Frequency Generation Imaging Microscopy 

As a consistency check, the methyl tilt-angle distributions (in Figure 3-2) for small ROI 

scales are used to predict distributions maps for large ROI data sets as seen in Figure S1. 

The maps for each data set were calculated from methyl peak intensity ratios fitted from 

10 x 10 ROI scale dataset (averaged over larger length scales). In Figure A1 f-h, the 

projected orientation distributions correspond to angles (~39
o
) consistent to calculated 

gaussian mean for large ROI scales as seen in Figure 3-2. Although the distribution 

parameters of the large ROI dataset can be calculated from the small ROI results, the 

calculated parameters are averaged over larger areas on the sample resulting to θ and σ 

values close to the averaged (non-imaging) SFG results. By using smaller ROI scales, 

hidden populations of defects that are not SFG-favored are revealed in the spatial maps. 

However, this consistency check demonstrates the accuracy of the distribution analysis to 

project orientation distributions of SFG data averaged over larger length scales.  
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Figure A-1. (A) Spatial map and (E) histogram of methyl tilt angles calculated from fitted 

SFGIM data (10 x 10 pixel ROIs). Corresponding spatial map and histograms of methyl 

tilt angles projected from fitted SFGIM data averaged for larger ROI data sets: (B & F) 

20 x 20, (C & G) 40 x 40, and (D & H) 60 x 60 pixel ROI. 
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Effect of Probe Beam Wavelength to the Nonresonant Sum Frequency Signal of 

Alkanethiol-covered Copper studied by Sum Frequency Generation Spectroscopy 

and Spectroscopic Ellipsometry 

 

Introduction 

Films of oxide are naturally formed on the surface of Cu metal under atmospheric 

conditions. The electronic properties of such films play a crucial role in adhesion of 

coatings and for its reactivity in corrosive environments, thus need to be understood for 

corrosion inhibition.
1, 2

 Because the thickness of these oxide films is in the range of a few 

nanometers and the films grow continuously with time, the understanding of the changes 

in structure as well as the growth kinetics of the formed oxides is of importance for 

assessing overall performance of the corrosion inhibitors on Cu. 

 

The interaction of the metal with the surrounding atmosphere occurs in a complex 

interfacial system. Basically, four phases can be involved in the reaction: gas, liquid (in 

form of an absorbed water layer) and two solid phases: metal and metal oxide. The 

reaction kinetics varies dramatically with reaction conditions, such as relative humidity, 

contaminations and temperature.
1, 3, 4

 The initial steps of oxide formation include: (1) 

chemisorption of oxygen and water molecules, (2) oxygen dissociation and lateral growth 

of oxide islands and (3) growth (in thickness) of the oxide film.  

 

At the initial onset of the study, the focus has been on investigating how changes 

in the nonresonant SFG signal can be used to in situ monitor the initial oxidation of 
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copper. It is known that the line shape observed in a SFG spectrum from a monolayer 

adsorbed on a metal surface is dependent upon the relative phase difference between the 

resonant and nonresonant contributions of the SFG signal. Thus, because the spectral 

features significantly are affected by alterations in the nonresonant background, it can be 

used to describe the oxidation process in real time.  

 

However, due to the influence of the metal electronic properties on the sum-

frequency generation spectra as a function of the probe (pump) beam wavelength, the 

process of comparing the reliability of using conventional SFG and SFGIM in monitoring 

the initial oxidation of Cu is made difficult. The sensitivity of the spectral shape to the 

SFG probe beam depends on several characteristics of the surface molecules: monolayer 

order distribution, surface concentration and average orientation on the surface. Also, 

variations in the spectral lineshape is strongly affected by the nonlinear optical 

configuration of the SFG technique that includes the angle geometry (as defined by the 

conservation of momentum) and the frequency range of both IR and probe beam used in 

the SFG emission. 

 

Spectroscopic ellipsometry (SE) has been used to determine optical constants of 

bulk copper oxide as well as its crystalline films, and different models have been used to 

model the obtained spectra. In a previous work, the analysis of SE measurements of 

freshly prepared native oxide films on metallic Cu under ambient conditions were 

investigated.
5
 The growth kinetics of the oxide films was monitored in a controlled 

atmosphere and humidity. Further, the time dependence has been studied of the 
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absorption spectrum of the oxide layer, which reflects the electronic structure of the oxide 

film. 

 

Background: Sum Frequency Generation 

Because SFG is a χ
(2)

 process, a signal is only generated in a medium that lacks 

inversion symmetry, such as the surface. Therefore, a plot of IR wavelength vs sum 

frequency intensity is interpreted as the vibrational spectrum of the molecules on the 

surface. Due to phase matching conditions, SFG output is directional, which allows for 

the efficient collection of signal photons.
6, 7

 The phase-matching condition is also 

responsible for the lateral resolution of surface features, which is important for the 

imaging method. The orientation of the molecules at the surface can be determined by 

varying the polarization of the light fields that probe the sample. Since the sum frequency 

signal is coherent, the phase of the signal can be used to determine the sign of the 

susceptibility, which indicates whether the functional group is directed up or down at the 

surface.
8, 9

 

 

SFG Interference Model for Cu2O oxide Film on Copper 

For a single interface between 2 media, the SFG intensity is proportional to the 

intensities of the incident visible and IR beams and to the square of the second-order 

nonlinear susceptibilities (χijk
(2)

) of the interface, 

       |∑                               
   

     |
 

         (1) 

where (i,j,k = x, y, or z) are the coordinates in the interface-fixed reference 

frame; ISFG, Ivis, and IIR are the power densities of the SFG, visible, and IR beams, 
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respectively; χijk
(2)

 is the second-order susceptibility of the interface and comprises a third 

rank tensor containing 27 elements.  

 

 

Figure B-1.  A schematic diagram for the interference model of a thin-film of oxide on a 

Cu substrate. 

 

Lii, Ljj, and Lkk (i,j,k = x,y,z) in equation 1 are the Fresnel coefficients or local field factors 

(L factors) relating input macroscopic electric fields to the macroscopic fields at the 

interface.  

 

In the scheme shown in Figure B-1, where a thin film of oxide is introduced 

between two media (air and bulk metal), two interfaces appear (the upper interface I 

between air and the oxide film, and the buried interface II between oxide and metal) and 

both of them will contribute to the SFG signals. Furthermore, when the thickness of the 

film is comparable to the wavelength of the pumped or emitted beams, the thickness 
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induced interference effect will also occur.
10-12

 In order to include these effects, the 

expressions for the SFG signals can be rewritten as 

       |
∑    

          
          

          
     

      

∑    
           

           
           

      
     

|

 

        (2) 

where superscripts I and II denote the two interfaces in Figure B-1. L factors for incident 

and output electric fields at the upper interface I can be obtained by introducing multiple 

reflection and transmission terms. The L factors in equation 2 are functions of parameters 

such as film thickness, refractive indices, and incident beam angles and can be calculated 

with the optical geometry of the SFG instrumentation. On the other hand, the 

susceptibility parameters only depend on the structures of the species at the interface. The 

relationships of the optical properties (specifically the refractive indices) to the SFG 

spectral behavior are governed by this interference model. 

 

Spectroscopic Ellipsometry 

The general objective of spectroscopic ellipsometry is to measure the ellipsometric ratio, 

   
  

  
                 (3) 

where   √  , Ψ is the amplitude component, Δ is the phase difference, rp denotes the 

amplitude reflection coefficient in p-polarisation and rs the amplitude reflection 

coefficient in s-polarization.
13

 Here, all layers on the surface are of thickness <10 nm, 

which means it is in a region where the first order perturbation theory around the step 

profile is valid. For non-absorbing layers, this implies a coupling between information 

about refractive index change and thickness change in the perturbation parameter.
14

 The 

presence of non-absorbing layers on a metallic substrate shifts the Δ to lower values 
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compared to the substrate, and Ψ shifts to a lesser extent. Absorption reduces the 

magnitude of the respective amplitude reflection coefficient. Therefore, on a metallic 

substrate as investigated here, in good approximation only rp is affected by the absorption 

from the thin film. As   
  

  
          , absorption will decrease tan(Ψ), hence Ψ, 

compared to the case without absorption. 

 

Experimental Section 

Sample Preparation and Exposure. Polycrystalline coupons (Goodfellow, 99.99%) of 

copper were used as sample material. The samples were rectangular with an area of 2cm
2
 

and thickness of 1mm. The samples were polished down to 0.25 µm using diamond 

compound, sonicated with ethanol for 5 min between each step. The standard reagent of 

alkanethiol was used as received to prepare the SAMs on the metals. (ODT, 

CH3(CH2)17SH, 98%; anhydrous, 99% minimum; Ethanol, absolute-200 Proof, Aaper). 

Before the copper coupon was dipped for two hours in ODT-ethanol solution for SAMs 

deposition, the coupon was first chemically etched to remove native oxide using 

amidosulfonic acid (ASA, 99.5%, EMD) solution for 30 seconds and then rinsed with 

ethanol. After the SAMs deposition, the metal sample is then washed with ethanol and 

dried with nitrogen gas stream before it was inserted into the sample cell. 

 

The sample cell is high vacuum glass fitting equipped with CaF2 window that 

permits transmission of the input (1064 nm and IR) beams. A thinner quartz window was 

installed on the side of output beam of the SFG (~815 nm) due to space constraints on the 

detection side of the SFG microscope. The freshly polished sample is placed inside and 
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the cell is evacuated down to pressures of 1 x 10
-5

 torr to avoid surface artifacts. The cell 

is then backfilled with inert gas before the SFGIM measurement. Oxidation of the copper 

sample was performed by opening the sample cell to the atmosphere followed by the 

image acquisition. 

 

 SFG Imaging Microscopy. A picosecond pulsed Nd:YAG laser (EKSPLA) with a 

20 Hz repetition rate was used for the following experiments. The Nd:YAG laser pumps 

the optical parametric generator/amplifier (OPG/OPA) to generate the IR beam, which is 

tunable from 2000 to 4000 cm
-1

. The incoming beams (1064 nm and IR) were used to 

probe the surface. The polarization combination of the two incoming beams was pp 

where p-polarized light corresponds to light polarized parallel to the plane of incidence. 

The SFG microscope was set with a reflection configuration collecting the intermediate 

image from the grating by use of a 10x objective for magnification and tube lens for 

collimation. A Roper CCD camera with 1024 x 1024 pixel array was used for detection. 

By continuously scanning at fixed rates within the IR range of 2750-3050 cm
-1

, one 

image is produced every 5 cm
-1

. This IR frequency range captures the C-H vibrational 

frequencies for methyl and methylene groups in alkyl chains of ODT. The images were 

stacked using ImageJ and extraction through the stack generates the SFG spectrum. By 

picking out regions-of-interest (ROIs) from the image, spatial distribution of SFG spectra 

is demonstrated. With a field of view of 1 mm
2
, the lateral resolution is 2 microns. 
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Results and Discussion 

Nonresonant Response of SAMs-Metal Systems 

There are few studies that demonstrated the behavior of the spectral lineshape of 

SAMs-metal samples as a function of the nonresonant SFG signal as an effect of the 

surface electronic properties of the substrate of the interfacial system.
15-17

 In order to 

understand the mechanisms that control the electron energetic levels of organic/metal 

interfaces, the determination of the energy barriers between the Fermi level of the metal 

and the HOMO and LUMO levels of organic materials across the interfaces is essential 

for surface and interface studies of organic thin films. For understanding the occupied 

states, ultraviolet photoelectron spectroscopy (UPS) is one of the powerful techniques for 

studying the valence electronic structure of material. The electron injection barrier at the 

metal/organic interface is significantly altered by the interfacial dipole layer, by which 

the vacuum level at the organic layer is shifted relative to that at the metal layer. The 

dipole layer has been studied for organic/metal interfaces by using photoelectron 

spectroscopic technique. Ishii et al. proposed various origins of the dipole layer at the 

organic/metal interface: (1) charge transfer, (2) mirror force, (3) pushback effect due to 

the surface rearrangement, (4) chemical interaction, (5) interface state, and (6) permanent 

dipole of the adsorbate.
18

 

 

As presented in previous studies in SFG measurements of metal surfaces, factors 

that affect the nonresonant response include the experimental geometric configuration of 

the SFG setup,
19, 20

 the pump beam wavelength,
17, 21

 and the metal electronic structure.
7, 22

 

Difficulty of SFG analysis on metals had led to studies that try to minimization of the 
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nonresonant background using experimental (broadband temporal delay) and theoretical 

(MEMs analysis) methods.
23-28

 However, large amount of spectral information is lost 

through these methods that prevent accurate SFG analysis that generate a reliable 

description of the molecular order. Hence, the orientation and conformation analysis 

using SFG spectral data are carried out using fitting analysis that include change in 

nonresonant behavior as an effect of metal properties and pump beam wavelength. 

 

The change in the electronic properties of the Cu surface being oxidized to Cu(I) 

have a direct effect on the nonlinear response of NR component of the χeff
(2)

. Similar 

studies that investigated the effect of the electronic properties of metal to NR response 

suggest that noble metals (Cu, Ag, Au)  has higher polarization dependence compared to 

some transitions metals particularly Fe, Co and Ni.
29, 30

 Studies that investigate change in 

electronic structure as gauged by the absorption spectrum at photon energies near the 

bandgap of the metal substrate are used to monitor formation of the native oxide layers 

on metals surfaces such as copper and zinc.
5, 31

 Dreesen et al. monitored the nonresonant 

signal of three different metal substrates (Au, Ag and Pt) using a two-colour SFG setup in 

a counter-propagating configuration. Comparing the SFG spectra of dodecanethiol on 

these metals, the study showed that nonresonant phase of Au drastically evolves across 

the visible wavelength range (450-650 nm). By using a different pump probe wavelength 

of 1064 nm for the SFGIM measurements instead of the conventional 532 nm for 

averaged SFG setups used by Hosseinpour et al.,
15

 the nonlinear response of SFGIM for 

the oxide growth as a function of nonresonant phase is observed as intrinsically different 

due to effects of electronic structure of Cu oxidation.  
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Effect of Pump Beam Wavelength: Exposure of Cu/ODT 

The effects on molecular structure of the oxide formation can be detected closely 

by using the SFGIM technique to generate maps of orientational and conformational 

parameters gathered from fitted spectra of the monolayer extracted from SFGIM 

hyperspectral stacks. By actual comparison between the change in CH3 tilt angle and 

amount of CH2 alkyl chain defects of prior and after images of the surface, the expected 

growth of the copper oxide film can be assessed effectively in the two-dimensional space 

of the substrate surface. 

 

The advantage of using SFGIM to reveal hidden domains of monolayer defects 

has been demonstrated previously using different length scales in surface dimensions.
32

 

The systematic bias of conventional averaged SFG techniques towards monolayers with 

signal-favored orientation distributions is avoided in SFGIM which allows the localized 

detection of defect sites. As an instant method for identification of the anodic sites on 

surface, the areas that register a change in nonresonant phase can be isolated to have 

undergone atmospheric oxidation.  

 

Figure B-2 shows the SFG spectral response of ODT with the oxidation of the Cu 

substrate. Based on averaged spectral SFG results using a 532 nm pump beam, the 

nonresonant phase shift is demonstrated by the spectral lineshape prior and after air 

exposure. The formation of thin oxide film beneath the ODT SAMs had been observed in 

previous studies using SFG spectroscopy complemented with techniques such as 
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reflection–absorption infrared spectroscopy (RAIRS), cathodic reduction and X-ray 

photoelectron spectroscopy (XPS).
33, 34

  

 

 

Figure B-2. Spectral comparison of SFG lineshapes of the oxidation of Cu using 

pump beam wavelengths (532 and 1064 nm)  
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Hosseinpour et al. previously investigated the effect of oxide formation to the 

nonresonant SFG phase of the Cu/ODT spectra.
15

 The sensitivity of SFG to detect change 

in substrate composition was efficiently employed to a metal surface that is susceptible to 

atmospheric corrosion. In addition to the advantage of using SFG, the change in 

monolayer order in terms of orientation was also observed based on the methyl stretch 

amplitudes recovered from fitted spectra.  

 

However, by using a different pump probe wavelength of 1064 nm instead of the 

conventional 532 nm, the nonlinear response to the oxide growth as a function of 

nonresonant phase is less obvious. It is observed in the SFG spectra of Cu/ODT that for 

each pump beam source (532 and 1064 nm), the nonresonant background has a signature 

phase response corresponding to the set of molecular vibrational modes present. The 

difference in geometric configuration (co-propagating) between the averaged SFG and 

SFGIM setups are minimal such that it would have considerable effects to the 

nonresonant response.  

 

The change in the nonresonant phase due to surface oxidation is larger for the 532 

nm spectra compared to that of 1064 nm. The change in the electronic property of Cu 

being oxidized to Cu(I) have a direct relationship to the nonlinear response of NR 

component of the χeff
(2)

.Dreesen et al. monitored the nonresonant signal of three different 

metal substrates (Au, Ag and Pt) using a two-colour SFG setup in a counter-propagating 

configuration. Comparing the SFG spectra of dodecanethiol on these metals, the study 

showed that the nonresonant phase of Au drastically evolves across the visible 
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wavelength range (450-650 nm). Similar studies that investigated the effect of the 

electronic properties of metal to NR response suggest that noble metals (Cu, Ag, Au) has 

higher polarization dependence compared to some transitions metals particularly Fe, Co 

and Ni.
29, 30

 These studies further emphasize that the metal SFG contribution is directly 

correlated to the metal density of states and its band structures. Understanding the 

difference in the electronic structure between elemental Cu and Cu2O will also explain 

the pump wavelength dependence of the SFG lineshapes. Studies that investigate change 

in electronic structure as gauged by the absorption spectrum at photon energies near the 

bandgap of the metal substrate are used to monitor formation of the native oxide layers 

on metals surfaces such as copper and zinc.
5, 31

 

 

Spectroscopic Ellipsometry 

Aside from the oxide thickness measurements, SE is capable of estimating growth 

kinetic mechanisms of the oxide films in different atmospheric conditions based on 

absorption spectra largely influenced by the differences between metal electronic 

structures of the pure element to its oxide. 

In analyzing SE measurements from thin films on surfaces, it is therefore useful to 

consider light absorption of the film is negligible at photon energies below the band gap 

energy of the metal surface. As the absorption is governed by the band structure of the 

surface, a fast response in terms of the Δ and Ψ are expected with change in the electronic 

structure during the initial stage of oxide formation. 
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Conclusions 

Self-assembled monolayers of ODT absorbed on copper surfaces can act as 

inhibiting organic coatings, protecting the copper from atmospheric corrosion. However, 

the penetration of oxygen through ODT is still possible but to a much lower extent, and 

thus a copper oxide layer with the thickness of a few nanometers can form at the copper 

interface. Formation of this oxide layer changes the phase between the resonant and 

nonresonant SFG contributions, as well as the amplitude of the nonresonant portion of the 

sum frequency signal. As a result, the SFG line shape will change. This alteration in 

spectral shape can be detected only if the ODT is deposited on an oxide-free copper 

surface, and correlates with the formation of a thin copper oxide film on the copper 

surface, which will induce changes in the electronic properties of the substrate and 

consequently influence the nonresonant SFG signal and thus the spectrum of ODT on 

copper.  

By comparing the spectral features of alkanethiol on metals with well-known 

experimentally established SFG phase information
21

 (i.e. gold, silver) to copper that is 

commonly used as an alloy component, this study demonstrates the ability of SFGIM to 

map out the spatial chemical definition for complex metal substrates that could, later on, 

be used to locate corrosion-prone domains in more industrial metallic substrates with 2 or 

more elemental components (alloy substrates such as dezincified intergranular sites on 

brass surfaces). This demonstrate advantages of using SFG to examine atmospheric 

corrosion processes when ODT on copper, to in situ monitor oxide growth qualitatively 

with a significantly higher sensitivity than other commonly used techniques in corrosion 

science. 
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SFGIM Experiments on polished Cu samples 
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SFGIM Experiments on Cu and Ag binary alloy samples 
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SFGIM Experiments on brass alloy samples
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Other SFGIM Experiments (microcontact printing and graphene-deposited copper)

 

ODT STAMP ODT BackFill 

ODT  Bidentate  
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