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Abstract 

Vibrational sum frequency generation (VSFG) spectroscopy is a nonlinear linear optical 

technique used, in general, to study the resonant infrared frequencies of chemical systems which 

lack centrosymmetry at the molecular level. We specialize in a specific variant of this spectroscopy 

whereby electronic and vibrational resonances are dually probed in a process called doubly 

resonant sum frequency generation spectroscopy, or DR-SFG. Using this approach, we probed C6o 

thin films and demonstrate the occurrence of electron-phonon couplings at the C6o/substrate 

interface and shed light on the impact of these couplings on the optical response of electronically 

excited fullerene. This coupling may influence charge and energy transport in organic electronic 

devices mediated by vibrational motions. Similarly, we use DR-SFG to study poly(3-

hexylthiophene) (P3HT) films and learn that hydrating the polymer impacts the surface vibronic 

response which may affect the development of proposed biosensing probes that are coated with 

this type of material. Additionally, VSFG is employed to probe the Jacobsen Catalyst; a 

Mnm(salen) complex used in oxygen transfer reactions. This study focuses on the Mn-oxo bond 

which occurs in the reactive Mn v(O)(salen) intermediate and opens the door to future VSFG 

studies on surface-bound high-valent transition-metal complexes. We also present work on the 

fullerene/water interface probed in the same range as the aforementioned study and we look at low 

and high temperature effects on the C6o film's spectral features. Finally, as supported catalysis 

becomes an increasingly attractive choice in large-scale, high-throughput industrial synthesis, a 

need to understand the nature of the supports themselves exists. We present preliminary VSFG 

work on sulfonated phenyalkyl-silane monolayers relevant to silica-bound coordination complex

mediated catalysis. 
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Chapter 1 

Introduction and Overview 

1 



1.1 Introduction 

Vibrational sum frequency generation (VSFG) spectroscopy1 is a surface selective technique 

that can be used to understand molecular systems in terms of their chemical and physical nature 

where centrosymmetry is broken. One of the most fundamental media that satisfies this symmetry 

condition is the surface of a material. The term, "surface," may not evoke great excitement but one 

must consider what this means. Many critical chemical processes occur at the surface such as the 

absorption of light on the face of a solar panel, an ion in solution coming into contact with a 

transducer, the interaction of a virus with a cell 's surface enzyme initiating phagocytosis, or a 

pesticide coating the outer layer of a leaf Indeed, surfaces play key roles in the sciences and, very 

often, the behavior of the bulk of a material or system differs immensely from that of the few 

monolayers near its surface. 

While this form of spectroscopy and the theory behind it have existed for quite some time, its 

doubly resonant variant is still relatively new. Doubly-resonant sum frequency DR-SFG 

generation2 is used, in this thesis, to examine the relationship between vibrational and electronic 

modes and how they experience unique influences from their environment. Where VSFG tends to 

be especially advantageous in examining the structure and orientation of molecules at the surface, 

DR-SFG expands the probed range into the visible region of the electromagnetic spectrum. This 

technique has the potential to answer important questions about how specific interfaces affect the 

behavior of a system electronically, as well as vibrationally. 

The first systems examined in this thesis are fullerene3 thin films . The C6o fullerene draws 

significant interest for its unique electronic properties . Its high symmetry gives rise to relatively 

simple vibrational spectra, making it an ideal model for spectroscopic investigation. It is also of 
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high interest in large scale applications because of its electron-accepting ability, structural stability, 

and semiconducting nature. Despite these properties and more than 25 years of research, the 

fullerene and its plethora of derivatives have not seen mainstream adoption in many potential 

technologies. Recent proposed applications include organic photovoltaic (OPV) cells as electron 

acceptors, biosensors as electrocatalysts, and fuel cells as hydrogen storage facilitators. These sp2 

hybridized carbon cages still need to be better understood before their full capabilities can be 

exploited. 

We applied doubly resonant sum frequency generation (DR-SFG) spectroscopy to explore the 

electronic-vibrational (vibronic) coupled modes of the C6o across its low-lying electronic 

transitions. While the electronic and vibrational modes of the fullerene have been studied 

extensively (mostly separately), the information about the nature of these modes of interfacial C6o 

leaves a lot to be explored. We use our spectroscopy to shed some light on these questions by 

exposing the C6o to different surface environments and probe some vibrationally induced 

electronic signatures in the process. 

Another proposed application for the molecule is as a coating for biosensing electrodes. If this 

application is to be taken further, the interface of fullerene films and liquid water, the most 

abundant and important liquid medium on earth, must be established. The SFG community has 

contributed a rich library of research devoted to understanding the liquid water interface, in terms 

of structure and dynamics, since SFG spectroscopy first came to prominence in the 1980's. The 

fullerene film/water interface is, thus far, uncharted territory for SFG spectroscopists and we 

provide very early attempts at understanding this system. 
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Solid films in charge transfer (CT) devices and other similar applications respond differently 

and uniquely to temperature changes. The fullerene, for example, exhibits superconductivity when 

doped with alkali metals and when exposed to extremely cold temperatures. Clearly, temperature 

can have a unique role in determining the chemical and physical behavior of a molecule or 

material. Despite this fact, the influence of temperature on charge transfer interfaces has not been 

studied extensively. We utilize the surface selectivity of SFG spectroscopy to begin exploring the 

role temperature has on charge transfer interfaces, using fullerene films as a model for this type of 

interface. 

The next system examined in this thesis is the conductive polymer, poly(3-hexylthiophene), 

known more commonly by its abbreviation, "P3HT." The polymer owes its unique conductivity 

properties to electron delocalization across its carbon backbone. These properties are especially 

attractive for applications that may require highly flexible electronic devices . The existence of 

these polymers is still relatively new and, as such, excellent opportunity for research exists. 

Like the C6o films , P3HT films have unique electronic characteristics. For example, it can 

experience dramatic changes in color depending on exposure to different temperatures, being 

dissolved in different solvents, substitution of side chains, and being caste onto various substrates 

as thin films . Conductive polymers offer tremendous potential for use in just about any electronic 

device as they can, in theory, offer the same benefits of metals coupled with the ease of tunability 

offered by organic synthesis. Their use is extremely attractive for industrial manufacturing 

especially when taking into consideration the high cost and/or toxicity involved with inorganic 

devices of the same nature. 
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Nevertheless, there are numerous challenges facing these polymers that have prevented them 

from supplanting their inorganic counterparts. Even the best performing organic photovoltaic 

devices in terms of open circuit voltage pale in comparison to silicon based devices. P3HT suffers 

from the same issues regarding low exciton mobility and subsequent fast recombination that have 

plagued many promising OPV materials. For these reasons, it is imperative that the electronic 

structure of P3HT be understood in greater depth. 

Since many potential applications of P3HT involve it being caste as a thin film, we elected to 

study it as such. There is no simpler way to study the excitation profile of the P3HT film ' s surface 

than on a dielectric surface. While the design of the experiment may have been simple, the results 

obtained from our DR-SFG scan were not. Our results suggest that the interfacial vibrational 

uniquely. The striking spectral features are exacerbated when the polymer contacts water. Our data 

provide early insights into the electronic and vibrational behavior of the polymer that is solely 

observable at the surface. 

Finally, our research also takes us into the world ofcoordination chemistry. When coordinated 

to organic ligands, transition metals exhibit strong and selective reactivity that has exploited by 

scientists for generations. Our project delves into the family of Schiff base ligand-transition metal 

catalysts and, specifically, the epoxidizing Jacobsen's catalyst.4 Our goal was to prove that this 

complex and, by extension, others like it can and should be studied by VSFG. We probed a 

catalytically active reaction intermediate and were met with excellent selectivity and sensitivity 

that can be exploited for future investigations. 

Inspired by these results, we lay the ground work for potential research on supported catalyst 

systems. The concept behind a supported catalyst is to immobilize a complex, such as Jacoben's, 
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to a relatively large silica particle via the coordinated ligands or directly to the Mn core. The coated 

particle is then mixed into a solution containing chemical reagents that utilize the catalyst to 

complete a reaction. After the product is formed, the large silica particles , which are now coated 

with inactive catalyst, can be easily removed from solution by filtration. This procedure precludes 

the need for expensive, time-consuming separation techniques to remove the catalyst. The inactive 

nanoparticles can then be reactivated or simply added to the next batch of reagents. We studied 

sulfonated phenylalkylsilane monolayers to gain preliminary understanding of their ability to be 

probed by VSFG. We learned that this spectroscopy is very well suited to separately study the 

surface of functionalized surfaces and the catalytic complexes which promises to make the 

machination of studying them as one system possible. 
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1.2 Sum frequency generation (SFG) spectroscopy brief 

1. Background 

Sum frequency generation is a second order nonlinear optical phenomenon that has the 

capability to extend the tunable infrared range, where molecular vibrational resonances occur, to 

shorter, more readily detectable wavelengths_ 1-
4 Before this is elaborated upon in further, some 

fundamentals must be established. 

Despite the impressive growth of the SFG community over the last 20 years, the technique is 

still unknown to many chemists. A history ofnonlinear optics will not be provided here as that can 

be found elsewhere.3
•
5 The intent of this section is to lay the foundation from which the rest of this 

thesis will operate. 

11. Nonlinearity and higher order optical phenomena 

Sum frequency generation can be easily understood and presented using equations that will be 

familiar to those with an understanding of fundamental spectroscopy. As electromagnetic 

radiation propagates through a medium, the electric field component of the wave exerts a force on 

the valence electrons of the molecules in the medium. The induced electric dipole, µ, in an 

isotropic medium is given by: 

(1) 

where µo is static permanent dipole of the material, a is the polarizability of the molecular 

electrons, and E is the applied optical electric field. Since materials rarely have a static 

polarization, this term is ignored. In condensed phases, the sum of the molecular electric dipoles 
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gives rise to a dipole moment per unit volume called the bulk polarization, P. The polarization 

induced by an oscillating electric field is: 

(2) 

Where Eo is the permittivity of free space and x (l ) is the linear (first order) susceptibility. Light 

produced by the sun, fluorescent lighting, etc. undergoes observable linear optical behavior which 

includes processes like reflection, refraction, and absorption. At lower energy light levels, non

linear optical behavior is undetectable by most instrumentation linear effects dominate . However, 

if the E field increases, higher order terms, which have smaller magnitudes than first order terms, 

give rise to observable nonlinear effects. The expanded formula for an induced electric dipole 

which combines (1) and (2) is given by: 

where ~ and y are the first and second order hyperpolarizabilities, respectively. With this 

understanding of the induced dipole, the polarization for bulk materials (2) then becomes: 

p = Eo(x(l )E + x (2)E2 + x (3)E 3 + ... ) (4) 

= p(l ) + p (2) + p (3) + ___ 

where x(2) is the second order susceptibility and x(3) is the third order susceptibility and so on. 

Equation ( 4) shows that, fundamentally, the polarization of a medium contains both linear and 

nonlinear terms at any given time. x (l ) is simply a much greater term that it dominates over the 

higher order terms. In fact, until the advent of high energy pulsed lasers in tandem with highly 

sensitive detectors , the observation of nonlinear optical effects was not a possibility. In fact, the 

first known detection of a second harmonic pulse was deemed an experimental mistake and the 
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data point was erroneously removed from the publication it was presented in by the article 's 

editors.1 

The electric field, E can be related to frequency by: 

E = E1cos(cot) (5) 

where co is the frequency of a light wave and tis time. E1 suggests the electric field is defined by 

the propagation of a single incident electromagnetic wave. So, the bulk polarization for a material 

where there is a single incident beam of known frequency is : 

p = Eo(x(l ) [E1cos(cot)] + x(2) [Eicos(cot)]2 + x(3) [Eicos(cot)]3 + ... ) (6) 

By trigonometric power relationships, this equation can also be written as : 

The frequency in the second order term is 2co. This suggests that the induced dipole 

oscillates and emits light at twice the frequency of the incident radiation frequency. This is second 

harmonic generation (SHG) and is what was observed by Franken et. al. in the previously 

mentioned article .1 

It is also possible to define E in terms of two separate frequencies of two separate 

electromagnetic waves by: 

(8) 

With two incident waves, the second order polarization then becomes: 

(9) 



which can be arranged in four different ways including: 

(10) 

which shows that the induced polarization oscillates and emits light at the sum frequency of the 

two incident electromagnetic waves if the two waves are overlapped spatially and temporally. 

Other rearrangements of (9) include the SHG for both incident waves, difference frequency 

generation (DFG) where p(2) oc cos(co1 - co2) , and also a frequency independent direct current (DC) 

field. 

Using plain notation, the equation for sum frequency in (10) can also be written as: 

CDs = CDl + CO2 (11) 

where CD s is the SFG frequency, co1 is the frequency of one of the spatially and temporally 

overlapped incident waves, and co2 is the second. 

It is helpful to recognize here that the frequency of these two pulses can, hypothetically, be 

anything one desires within the confines of modem technological possibility. Considering that 

different regions of the electromagnetic spectrum coincide with different energy components of 

the total energy of a system, it's a natural progression to select wavelengths that may yield 

important information. One of the pulses can be tuned to the infrared region to coincide with 

molecular vibration while the second can be tuned to non-electronically resonant visible 

wavelengths (12). In doing so, it is possible to perform a quasi IR and Raman experiment at once 

with the additional caveat that the probed medium must not be centrosymmetric. In essence, a 

6 11surface-specific vibrational spectroscopic measurement can be performed.4
• • 

CDSFG = CDVis + CDIR (12) 
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Figure 1.1. Schematic representation for sum frequency generation at a surface. Transmitted 
and reflected visible and infrared waves removed for clarity. Transmitted and reflected waves 
from higher order processes, other than reflected SFG wave, also omitted. Spatial and temporal 
overlap of Vis and IR waves is critical. 

iii. Energy level diagram and resonant enhancement 

The sum frequency response of a molecule and how vibrational spectra can be obtained 

from it can be explained by looking at a generic energy level diagram. Modem VSFG typically 

involves the use ofbroadband IR sources and a visible pulse that pumps to a virtual level, as shown 

in Figure 1.2. It is also possible to tune the IR and the visible pulses to coincide with a vibrational 

and electronic resonances respectively (Figure 1.3). This technique is referred to as doubly

resonant sum frequency generation spectroscopy (DR-SFG)_7-
9 
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Figure 1.2. Generic energy level diagram showing infrared 
resonance with a molecular vibrational mode and 
subsequent visible up-conversion to a virtual energy level 
(dashed line). So and S1 are ground and excited electronic 
states, respectively. Horizontal black lines are vibrational 
levels and the parabolic lines represent harmonic oscillator 
energy as a function of internuclear distance. 

Figure 1.3. Generic energy level diagram showing 
infrared resonance with a molecular vibrational mode 
and visible resonance with an electronic transition. 
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The benefit of DR-SFG is that the signal intensity is substantially increased. However, 

what's more important is that this variant of SFG can provide insight into surface electronic 

behavior and vibronic coupling that are otherwise unattainable through conventional and typically 

non-surface specific vibrational spectroscopies. DR-SFG will be touched on again in Section 

1.2.vii.: 

In a typical SFG experiment, the IR pulse approaches first followed by the visible. 

Electronic transitions generally have shorter lifetimes than vibrations so the reverse approach is 

usually more difficult. Vibrational spectra are obtained in a similar manner as anti-Stokes Raman. 

The emitted SF light is higher energy than the input visible. By subtracting the visible frequency 

from the SFG frequency in the resulting SF spectrum, an IR range spectrum is obtained. A notable 

difference between these two techniques is that anti-Stokes Raman typically relies on room 

temperature population of the first vibrational excited state while this state is intentionally 

populated in VSFG. 

Resonant enhancement in SFG can also be represented mathematically. Equation (10) 

shows that the second order polarization of the bulk, P(2), is related to the second order 

susceptibility tensor x(2) which is a macroscopic average of surface molecules across a defined 

volume in the laboratory frame (ij,k). The relationship is given by: 

(13) 

where~ is the microscopic polarizability tensor in the molecular frame (i' ,j' ,k') , Ns is the interface 

number density per unit area, and (Rii' ,Rjj ' ,Rkk') is the rotational ensemble average which is defined 

with the matrix elements of the Euler transformation of the three rotational Euler angle. An 
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individual surface molecular susceptibility, ~' can therefore be isolated from x and given as a 

Lorentzian lineshape: 

(14) 

Where ~NR is the frequency-independent non-resonant (NR) response governed by the 

Fresnel equations, ~q is the polarizability of a qth molecular transition, CDq is the resonant frequency 

of the qth normal mode, CDIR is one of incident pulse frequencies tuned in the IR range and r q is the 

damping coefficient of the qth transition (half-width at half-maximum). Effectively, this equation 

states that a molecule's nonlinear susceptibility is related to the sum of the polarizabilities of all q 

resonant modes of the molecule plus a NR response. It can be easily seen that if CDq is equivalent 

to CDIR then the denominator will become very small. The ~ijk term will increase which will 

manifest as a large nonlinear response ( such as SFG signal enhancement). 11 

1v. Selection rules - Surface specificity 

What separates SFG spectroscopy from other vibrational spectroscopies 1s its surface 

specificity. Vibrational signatures from the bulk are not necessarily representative of the 

vibrations of a molecule, molecular system, or material at a surface. The classic example is that 

of liquid water/air interface where the SFG vibrational spectrum reveals a sharp peak near 3700 

cm-1 corresponding to the so-called "free-OH" that is not observable in bulk IR and Raman H20 

spectra. 10 
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The surface specificity comes from the second order non-linear polarizability tensor, x(2
)_ It is 

a third rank tensor (or Triad) with 27 components which has a magnitude and three possible 

combinations of directions. The direction combinations are given in Table 1.1. 

z 

X 

Figure 1 .4: xyz Cartesian 
coordinate system. 

y 

XXX xyx xzx yxx yyx yzx zxx zyx zzx 

xxy xyy xzy yxy yyy yzy zxy zyy zzy 

xxz xyz xzz yxz yyz yzz zxz zyz zzz 

Table 1.1 : x(2
) directional components. 

In a centrosymmetric environment, all are directions are equivalent. In other words, x = -

x, y = -y, and z = -z so the following constraint for x(2\k can be applied: 

X(2)..k = X(2) .. kIJ -1-J- (15) 

which says that the tensor is equal in both positive and negative directions. 

Changing the sign of the subscripts is also equivalent to reversing the sign of x(2\k so : 

X(2)..k - X(2) .. kIJ - - -1-J- (16) 
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which is a fundamental tensor rule. In order for (16) to be true with (15) as a constraint, x(2\khas 

to be zero leading to the bulk second order non-linear polarization, P(2), becoming zero since p(2) 

2oc Eo x( ) as in equation (10). The bulk of most media is almost always centrosymmetric but the 

interface between two different isotropic media is non-centrosymmetric. As an example, a planar 

surface with C xi rotation axis is shown in Figure 1.5 . 

: Coo rotation axis 

I 

Figure 1.5 : A planar surface with rotation about a Coo axis. 

At a Coo surface, x = -x and y = -y just as in centrosymmetric media. However, z -:f. -z at 

this surface so the constraint from the centrosymmetric medium (15) no longer applies. Rotation 

about this axis can only be done one axis at a time. In other words, when an inversion is performed, 

it can only be done either from x to -x or y to -y and z stays the same. So, a tensor with components 

xxz can be rotated to produce-xxz then-x-xz. If two component signs are changed, then the tensor 

sign does not change. Ifone component sign changes, then the tensor sign must also change to be 

mathematically feasible. In summary: 

(17) 
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With a rotation about one or two x axes in the xxz component of x(2), there is no overall 

change in sign. Therefore, the xxz component can satisfy (16) with a non-zero value for x(2\k. 

Since the x and y axes are essentially equivalent on a planar surface with a Coo axis of rotation, the 

yyz component can be treated the same way as xxz and, in fact, x(2)xxz = x(2)yyz. 

The same approach can be applied to show that even while at an interface, not all 

components contribute to a non-zero x(2) _ The yxx component gives: 

(18) 

which shows there is an overall change of sign with this rotation and this component can't satisfy 

(16) without x(2) being equal to zero. The full list of contributing components for the Coo surface 

(non-zero possibilities for x(2)) is shown below. 

~ xzx yzx zxx zyx ~ ~ ~ ~ 

xzy yzy zxy zyy r:ey~ ~ ~ 'fl3/ 

Xxz xyz ~ yxz yyz ~ zzz~ ~ 

Table 1.2 : x(2) directional components. Strikethrough indicates zero contribution. Bold indicates 
contribution in achiral environments. Italics indicate contribution in chiral environments (Coov 
surface).16 

Of course, the Coo surface is just one example. Different symmetry relations and their x(2) 

directional components have been evaluated elsewhere.12 Section 1.2.vi deals with how light 

polarization combinations can be selective towards the different x(2) directional components 

outlined in this section. 6 
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v. Selection Rules - Resonant susceptibility 

Equation (14) introduced ~q which explains the polarizability of a molecular transition. 

This term can also be expanded to give: 

1 a a i'j' 8µ k' (19) 
/Jq ,i'j'k' = - 2& OJ 8Q 8Q 

0 q q q 

which shows that a mode-specific polarizability tensor is related to the IR transition dipole, 

aµk •laQq = µk' , and the Raman polarizability tensor aai 'j '/aQq = Ui 'j ' . This means that a molecular 

transition, such as a vibrational mode, in IR-visible SFG spectroscopy must be both IR and Raman 

active. 4,11 ,1s 

A vibrational mode can consist of stretching, asymmetric and symmetric, bending, 

wagging and so on. Possible variations of vibrational modes can be quantified by 3N-6 for non

linear molecules and 3N-5 for linear molecules where N is the number of atoms in the molecule. 

Practical experimental vibrational spectroscopy reveals that the variations are more complicated 

than this simple picture. In IR spectroscopy, chemists can observe vibrations which induce a 

change in the electric-dipole moment of a molecule (Figure 1.6). Analogously, Raman processes 

can be observed when a molecule undergoes a change in polarizability during a vibration (Figure 

1.7). 

E ) E ) 

0-C-O O-C--0 
Figure 1.6: IR active asymmetric stretching vibration of carbon dioxide. 
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o___c___o0-C-O 

Figure 1.7: Raman active symmetric stretching vibration of carbon dioxide. The blue ovals 
indicate a change in the bond polarizability which can be probed by a high energy electric field in 
Raman spectroscopy. 

IR and Raman spectra are traditionally considered complementary pieces to the complete 

vibrational profile for a system. In order for CDq to be observed in an SFG experiment, the 

vibrational mode must experience both a change in electric dipole moment and a change in 

11 13 15polarizability.3
• • • Fortunately, there are many modes in wide variety of interesting and 

important systems that are both IR and Raman active. Figure 1.8 is an SFG spectrum of an 

octadecylsilane (ODS) monolayer (SAM) on a quartz substrate showing methylene and methyl 

stretching bands. Since SFG is a coherent process, ordered transition dipoles constructively 

interfere to give a better signal and oppositely oriented dipoles destructively interfere giving no or 

low signal. This is the case of an alkane chain where the zig-zag orientation of the chain cancels 

out the methylene (CH2) components. 
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Figure 1.8 : SFG spectrum of ODS SAM on quartz. The strong resonance 
near 2875 cm-1 has been attributed to the methyl symmetric stretch. 14 

v1. Polarizations and x(2) component contributions 

In Section 1.2.iv ., x(2) was examined in an effort to prove the surface specificity of SFG and 

other second order nonlinear optical processes. The treatment of this tensor revealed that various 

directional components could be elucidated and observed depending on the interface symmetry 

examined. In fact, efforts to determine non-zero x(2) for various surface symmetries has been 

carried out. 12 Therefore, it stands to reason that an interface with unknown symmetry could be 

experimentally realized if one could selectively observe different x(2) directional components. If 

more information is known by a chemist, such as the binding sites of an ODS monolayer on a 

quartz substrate, then examination of these components could provide valuable information such 

as molecular orientation at the interface. 

By using different polarizations of light, one can examine these components selectively. 

Briefly, the polarizations of interest for this discussion include p, from the German "parallel" 
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meanmg parallel, and s, from the german "senkrecht" meaning perpendicular. Parallel or 

perpendicular refer to the direction of the electric field oscillation with respect to the plane of 

incidence on a surface. The polarizations of sand pare shown pictorially in Figure 1.9.6 

It ' s possible to describe the surface fields in greater detail and light that is emitted and 

transmitted from the oscillating fields. Fresnel equations may be used to describe the extent to 

which a beam is reflected or transmitted from this environment. The angle at which a sum 

frequency signal is emitted can also be determined using the momentum conservation ofall beams 

in question and also the refractive indices of the media involved. These will not be elaborated 

upon in this thesis. 

Plane of incidencea) 

I 

Ex erimental surface 

Figure 1.9: a) p polarization where the arrow labelled E1 is the electric field component of the 
incident light wave and the bold line indicates the light propagation direction. This field is 
perpendicular to the propagation direction of the light wave but parallel to the plane of 
incidence. 
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Plane of incidenceb) 

I 

Ex erimental surface 

Figure 1.9: b) s polarization where the arrow labelled E1 is the electric field component of the 
incident light wave and the bold line indicates the light propagation direction. This field is 
perpendicular to the propagation direction of the light wave and also perpendicular to the 
plane of incidence. 

The surface bound electric field stimulated by p polarized light can be described by the x 

and z axes while s polarized light stimulates a surface bound electric field which is described by 

along only they axis. In Section 1.2.iv. , the nonzero x(2)zxx, x(2)zyy, x(2\ zx, x(2)yzy, x(2\xz, x(2)yyz, and 

x(2)zzz. Because x and y are in centrosymmetric environments and do not differ on a C oo surface 

This leaves only four unique components out of27 possible combinations for the third rank tensor. 

Since there is one reflected wave (CDsFG) and two incident waves (CDvis and CDIR) there are three 

different waves that can be either s or p polarized. This is where the notation ppp, ssp, sps, and so 

on comes from and denotes the polarization of the SFG wave, the visible wave, and the infrared 

wave respectively. They are in order of decreasing energy. The polarization combinations paired 

with the x(2) components they resolve are given in Table 1.3. 6 
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Polarization combinations l 2)ijk components resolved 

xc2) xc2) xc2) xc2)Ppp zzz, zxx, xzx, xxz 

Ssp xc2)yyz 

Sps xc2)yzy 

Pss xc2)zyy 

Table 1.3: Polarization combinations matched with the components of xC2
) they resolve. 

vii. Doubly-resonant SFG 

Most of the attention in this section has been paid to VSFG where the IR beam coincides with 

a molecular vibration and the visible pulse simultaneously pumps to a virtual level. In DR-SFG, 

both the IR and visible waves coincide with vibrational and electronic transitions, respectively_7-
9 

DR-SFG spectra give unique insights into the surface molecular electronic transitions and vibronic 

couplings at the expense of simpler spectra and rudimentary orientation analysis. It is well

established at this point that VSFG spectroscopy is advantageous for elucidating surface vibrations 

that differ from the bulk. It stands to reason that DR-SFG can provide electronic information that 

is unique to surfaces and since the surfaces of transducers, oFETs, OPVs, etc. are the most 

important, physically and chemically, for these systems, this variant of SFG spectroscopy should 

prove to be a unique and powerful probe for these systems. 

To understand the scope ofDR-SFG and the implications ofdouble resonance in the second 

order polarization, terms from the singly resonant case will be brought back and elaborated upon 

in more detail. Figure 1.2 is reintroduced with labels and renamed figure 1.10 and equation (19) 
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is rewritten as equation (20) with CDv changed to CDgog1 to be consistent with the energy diagram and 

denote the vibrational mode energy. 

Figure 1. 10. Generic energy level diagram showing 
infrared resonance with a molecular vibrational mode 
and subsequent visible up-conversion to a virtual 
energy level. 

- - - - - - -til 

,___..,_..,__ .... ffisFG 

(20) 

The Ui 'j ' and µk ' terms can be expanded to give: 

(21) 

(22) 

whereµ is an electric dipole operator, g0 is the ground state, gl is a vibrationally excited state, and 

j is a virtual excited state. With this new notation, x(2\k can be written as : 
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(23) 

The double resonance energy level diagram is given below again is labeled and called 

Figure 1.11. 

Figure 1.11. Generic energy level diagram showing infrared 

resonance with a molecular vibrational mode and visible 

resonance with an electronic transition. 
o:>sFG 

The x(2) tensor from before is still used but the terms for singly resonant SFG are no longer 

sufficient enough to describe x(2) for a doubly resonant second order polarization. At absolute zero 

temperature, the tensor is given by: 8 
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1.3 Experimental 

i. Instrumentation 

Several instruments and analytical methods were used in the work of this thesis. It does not 

make sense to provide details and schematics for all instruments, especially commercial ones, since 

their operation and instrument schematics should be well documented. However, the SFG 

spectroscopy performed in this thesis was done on a home-built SFG spectrometer and care must 

be taken to provide all relevant details of the experimental setup. Figure 1.12 is a side view picture 

of the laser laboratory with components labelled with arrows. Figure 1.13 is a top view schematic 

that provides a cleaner image of all parts. Figure 1.14 is a box and arrows type of schematic which 

includes partitioning the laser system into sections that are consistent with the order of this 

discussion. Key 1.1 is the master key for all symbols and abbreviations used. 

Needed for an IR-visible SFG experiment, as described in the previous theoretical section, are 

two laser pulses; one of which tuned to the infrared and the other to the visible portion of the 

electromagnetic (EM) spectrum. Our instrumental setup makes it possible to generate both waves 

at a high power and stability to allow for flexibility in SFG measurements and can perform other 

spectroscopies. The system can be divided into six main parts which are a) the titanium:sapphire 

(Ti:Sapph) laser oscillator, b) the Ti:Sapph laser amplifier, c) broadband femtosecond (fs) mid-IR 

generation, d) narrowband picosecond (ps) visible generation, e) sum frequency generation at the 

sample, and f) the signal detector. Figure 1.14 shows these components labelled. 
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Figure 1.12: Side view of laser laboratory. Main components labelled with arrows. 

____,._.,. Toco tro 

Top view 

Figure 1.13: Top view schematic of laser laboratory. Main components labelled. 
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Top view 
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I a) Osci llator :l _______________ _ 

Figure 1.14: Top view box and arrows diagram of laser lab. Components partitioned off consistent 

with this discussion 

Key for symbols: 

All solid arrows/ lines indicate light propagation 
=Beam sp litte r (BS) I =Output coupler (OC) 

- =Beam blocker (BB) =Periscope 
= Charge coupled device (CCD) t, = Prism (P} 

I =Cylindrical lens {CL) 
D =Diode 

=Dichroic mirror 
G::j] = Delay stage (OS) 
/ =Dispersive opt ical gra ting (G) 
~ =Half wave plate (A/2) 
- =Faraday rotator (FR) 
[r =Focusing mirror (FM) 
□ = High reflecting (HR) mi rror 
= = l ens (L) 

= Neutra l density fi lte r (NDf) 

□ =Pockels Cell (PC) 
ISi =Polarizer

D =Purge box 
# =Reflecting mirror (M) 
♦ =Sample Stage 
I =Whi te light generation (WLG) plate 

_ =Short pass filter 
=Telescoping mirrors (TM) 

, = Thin film polarizing beam sp li tter (TF P) 
-- = Ti :Sap ph rod 

Key 1.1: Key for all symbols used in this discussion 
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a) Ti:Sapphire Oscillator 

We use a Coherent® Vitara-T laser which consists of two major parts : 1) an optically 

pumped semiconductor laser (OPSL) and 2) an ultrafast modelocked oscillating laser with a 

titanium3+ doped sapphire rod (Ti:Sapph) as the gain medium. 

1) Diode-pumped OPSL 

The laser light generation starts with a computer controlled diode. The diode emits light 

at approximately 808 nm and is directed towards an OPS chip which emits light at a wavelength 

that is dependent upon the thickness of the semiconductor. Since 532 nm light is desired for 

Ti:Sapph pumping, the OPS is engineered to emit at - 1064 nm before it is passed through a 

non-linear crystal, lithium triborate (LBO), and is frequency doubled via second harmonic 

generation. Also within the OPS chip is a HR mirror which allows oscillation between the OC 

and the HR. The light passes through the LBO each oscillation and is intensified. The resulting 

light is continuous wave (CW) centered at - 532 nm with a power typically at - 4.41 W. Figure 

1.15 is a basic schematic for the operation of the OPSL pump laser. 
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OPS chip / 
Figure 1. 15 : Schematic representation of the Verdi-G pump laser. 

2) Ti:Sapph oscillator 

Figure 1.16 is a schematic for a typical Ti:Sapph oscillator and is not necessarily the layout 

of the Vitara-T oscillator. The CW light from the pump laser passes through a half-wave plate 

and a focusing lens before it is introduced to the oscillator cavity. The light enters through a 

one sided mirror and excites the Ti:Sapph rod. The rod absorbs the pump and emits at - 800nm 

which oscillates in the laser cavity and becomes increasingly intensified each time it passes 

through the rod. As the intensity grows, the light begins to self-focus due to an induced 

refractive index gradient caused by the strength of the electric field component of the 

oscillating radiation. This process is called Kerr lensing. Light is focused and amplified at a 

specific location in the rod and amplifies all modes of the laser light where the modes are phase 

matched. These modes are amplified which allows the eventual output to be self "modelocked" 

via the Kerr effect. The modelocked pulses are ultrashort and very intense. The light oscillates 

between the HR and OC where prisms are introduced in the beam path to mitigate beam chirp. 
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More or less prisms can be introduced depending on how much chirp, or lack thereof, is 

wanted. Most of the light that strikes the output coupler reflects back into the laser cavity but 

a small percentage "leaks" through and becomes the output of the laser. Our output pulse is 

generally - 580 mW in intensity, - 30 fs in duration with an 80 MHz repetition rate and 

horizontally polarized with respect to the lab bench. 

>../2 
From 

OPSL 

M4 

Pl 
Figure 1.16: Schematic representation of a basic Ti:Sapphire oscillator. 

b) Ti:Sapphire Amplifier 

We use a Coherent® Legend Elite Duo system to amplify the - 800 nm pulse from the 

oscillator roughly 10-fold. The amplifier has four main components including 3) the Evolution 

Nd:YLF pump laser, 4a) the pulse stretcher, 4b) the amplification cavity, and 4c) the pulse 

compressor. 
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3) Nd:YLF pump laser 

Like the Ti:Sapph oscillator, the Ti:Sapph rod in the amplifier also requires external pumping 

from a high power external laser source that operates near green visible light. The evolution uses 

a Nd:LiYF4 (Nd:YLF) laser as its the pump source which is externally pumped by a AlGaAs laser 

diode array. An intracavity polarizer allows the selection of 1053 nm output which is frequency 

doubled in an LBO crystal to give ~527 nm light. The output power is ~22.5 Wand is Q-switched 

to produce pulses occurring at ~ 1 kHz rep. rate. The light produced from this laser will be referred 

to again in part 4b ), the amplification stage. 

4) a) Pulse Stretching 

>
b..O 
lro... 
Q) 
C 

LJ.J 

(\ 

_s_t_re-tc_h_inlllll!)•~ ~~plifi ca ti) 

4a) / , 4b) 

Compression 
) 

4c) 

Time in amplifier 
Figure 1.17: Illustration of parts 4 a-c). 

Direct amplification of the oscillator pulse in part a) would result in destructive self-

focusing in the Ti:Sapph rod. Beam intensities for an amplifier like ours are limited to about 

10 GW/cm2
. A way to mitigate this is to make the pulse longer in the time domain which 

reduces its peak power as shown in figure 1.17. Pulse stretchers typically utilize optical 

gratings to disperse, or chirp, polychromatic light by frequency before being introduced to the 

amplifying medium. This process is called chirped pulse amplification (CPA) and pulse 
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chirping can be used to lengthen or compress a pulse. Gratings that are designed to force lower 

frequency waves in a short pulse to travel a shorter path than the high frequency components 

"positively chirp" and stretch a pulse. The redder components exit through the output earlier 

the bluer frequencies. Figure 1.18 shows a general scheme for stretching an ultrashort pulse. 

Ultrafast pulse Ml M2 
input -----::i...--------".:illQil> 

Gl Ll L2 G2 
Chirped pu lse 

output 

Figure 1. 18: Generic representation of a pulse stretcher. Gratings, lenses, and mirrors are 
engineered to force the higher frequency light to travel a longer distance in the stretcher than 
the lower frequencies resulting in a positively chirped pulse. 

4) b) Amplification 

Once the pulse has been chirped, it can pass through to the amplifying medium without 

significant optical damage and inconsequential generation of unwanted non-linear effects. 

This description and corresponding diagram in Figure 1.19 are not representative of the 

Coherent® Legend Elite Duo amplifier; however, they will suffice for a general discussion of 

CPA. The seeder first strikes a thin film polarizer (TFP 1) in the amplification medium. The 

TFP reflects the horizontally polarized seeder from the oscillator. The FR rotates the light to 

a fixed polarization and the wave-plate flips the polarization again so that it's horizontal and 

reflects offof TFP2. The FR also has a Faraday isolator which prevents horizontally polarized 

light from propagating back through to the oscillator. TFP2 reflects light to a Pockels cell 
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which controls polarization by a voltage induced electric field. The pulse is now oriented to 

transmit through TFP2 so that the seeder can now oscillate from M to FM2 where it passes 

through the gain medium. The Ti:sapph rod is simultaneously excited by the Nd:YLF laser 

and amplification of the seeder can take place. After the pulse oscillates through the gain 

medium enough times, a voltage change signals the PC to switch the polarization to its initial 

orientation and it reflects off of TFP2 . The wave-plate rotates the pulse so that it may pass 

through the Faraday isolator and the FR rotates the light further in the same direction that it 

did the first time the pulse passed through it. This pulse now has opposite orientation with 

respect to the input and transmits through TFP 1 becoming the output of the amplifier. 

Outp ut 

M 

Ndl :YLF 

FM2 FM l 
Figure 1.19: Schematic representation of generic Ti:Sapphire amplifier. 
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4) c) Pu)se cornpressjon 

Femtosecond pulses are one of the most important aspects of an SFG experiment largely 

because they supply the intensity needed for the nonlinear effects to be observed in a time frame 

that is not destructive to the sample. It is, therefore, important to recompress the stretched 

pulses from part 2) to regenerate the femtosecond time scales typically afforded by Ti:Sapph 

lasers. A similar setup as the stretcher is employed except the gratings, lenses, and mirrors are 

arranged differently to force the low frequency light to travel a longer path through the 

compressor than the higher frequency light. This allows the bluer light to "catch up" with the 

redder light and the pulse is negatively chirped and recompressed in the process. A generic 

pulse compressor is shown in figure 1.20. Finally, the output reaches the exit aperture of the 

amplifier and produces the pulse shown in figure 1.21. After fitting to a Gaussian, the 

recovered center wavelength is ~798.51 ± 0.05 nm with an average power of 5.83 W (figure 

4.10) and horizontally polarized. This pulse is split by a 50/50 beamsplitter and half goes to 

the TOP AS-prime while the other half passes through a 60/40 beam splitter. 60% goes to our 

current transient absorption spectroscopy setup and 40% goes to the TOP AS-400-WL. 

Ch irped pu lse Ml M2 
input 

Ll L2 
Ultrafast pu lse 
output 

Figure 1.20: Generic representation of a pulse compressor. Gratings, lenses, and mirrors 
are engineered to force the lower frequency light to travel a longer distance in the 
stretcher than the higher frequencies resulting in a negatively chirped pulse. 
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Figure 1.21: Output pulse of the Ti:Sapph amplifer. Red circles indicate raw counts while the 
black solid line is a Gaussian fit curve. 

c) Broadband femtosecond IR pulse generation 

The Light Conversion TOP AS-prime is used to generate tunable signal and idler beams and is 

capable of tunability from 189 nm to 20 µm. Together with the NDFG, a Light Conversions 

software can be used to easily select mid-IR wavelengths used in the SFG experiments. This OPA 

is a two-stage amplifier of white-light continuum and can be divided into several parts including 

the pump delivery, beamsplitting optics, white-light continuum (WLC) generator, first 

amplification stage, and a second amplification stage. 

38 

https://Waveleng.th


5) 800 nm pumped optical parametric amplifier (TOPASprime) 

N From Ti:Sapph 
amplifier 

Top view 
Figure 1.22: The TOPASprime schematic representation. Mirror labels and some lenses omitted 
for clarity. 

First, the input pulse from the Ti:Sapph amplifier (red) enters TOPASprime and passes 

through the first beamsplitter (BS 1) so that 80-98% of the input is reflected to a series of 

mirrors while the rest is transmitted. This smaller portion is passed through BS2 with 5% 

transmitted and directed to a sapphire plate for WLC generation (WLG) while the other 95% 

reflects offBS2 and is sent to separate mirrors. The white light seeder transmits through DMl 

while the 800nm pump reflects off DMl and both are directed towards a nonlinear crystal 

(NCI) where they intersect non-collinearly allowing optical parametric amplification. 

Wavelength tuning can be achieved at this step by delaying the white-light with respect to the 

pump pulse and rotating the crystal which alters the phase matching of the waves in the crystal. 

Three beams exit the crystal; the signal, the idler, and the residual pump. Both the idler and 

the residual pump are blocked by beam blocker 1 (BBl). Only the signal beam (yellow) can 

pass and propagates through to the second amplification stage. Because this pulse was 

generated non-collinearly, it must be collimated to account for divergence after passing 
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through NCI. A pair of telescoping lenses (not shown for clarity) collimates the pulse and 

allows it to propagate to DM2 where it coincides with the 80-98% of the original input and 

passes collinearly through NLC2. Wavelength tuning can take place here as well by rotating 

NLC2. Optical parametric amplification occurs again and the signal beam is intensified 10 to 

100-fold and the idler beam is regenerated. The signal, idler, and residual pump beams (red

orange) strike DM3 where the residual is separated from the signal and idler (orange). The 

signal and idler can the exit through an aperture where they can be used for non-collinear 

difference frequency generation (NDFG) to produce broadband fs mid-IR pulses. Figure 1.22 

is a schematic of the TOP ASprime and some telescoping lenses and mirror labels have been 

omitted for clarity. 

6) Non-Collinear difference frequency generator (NDGF) 

From 
TOPASprime 

Top view 
Figure 1.23: The non-collinear difference frequency generator schematic representation. 
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The signal and idler beams (orange), which are horizontally and vertically polarized 

respectively, enter the NDFG (figure 1.23) and pass through DMl where they are separated. 

The signal is reflected to a pair ofmirrors on a translation delay stage (DS). The delay of the 

idler incidence at the NLC's with respect to the signal is critical for wavelength tuning as it 

affects wave phase matching. The signal beam transmits through DM2 and also passes to the 

NLC's where it non-collinearly overlaps with the idler. The degree of non-collinearity can be 

adjusted based upon the angles of the signal and idler with respect to one another as they 

impend upon one of the NLC' s. These angles also have a substantial impact on output 

wavelength. Finally, selection of the NLC provides an increase to the range of the tunable 

region. A AgGaS2 crystal of I type phase matching (DFl) can be used for a tuning range of 

2600 to 9000 nm while a GaSe crystal of I type phase matching (DF2) can be used for a 4000 

to 15000 nm range. All pulses exit the exit aperture but the non-collinearity allows the user to 

simply block the unwanted waves with a physical block. 

d) Narrowband picosecond visible pulse generation 

We use a Light Conversions second harmonic bandwidth compressor (SHBC) coupled to a 

TOP AS-400-WL for our tunable ps visible pulses. The SHBC is responsible for narrowing the 

bandwidth of the pulse produced by the Ti:Sapph amplifier while stretching it temporally. The 

SHBC also frequency doubles this pulse and produces white light continuum (WLC) for the 

TOP AS-400-WL. The TOP AS-400-WL utilizes the WLC as a seeder and the 400 nm narrowband 

ps pulse as a pump for optical parametric amplification. 
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7) Second hannonic bandwidth compressor (SHBC) 

5S2 

Top view 
a) SHBC 

Side view 
--====--==---====To OPA-

From Ti:Sapph 
400-WL 

am pl i~ ~ l-1._ ~p_~ ~ ~ I----II 

Top view 

Figure 1.24: Schematic representation of the SHBC. a) Top view of the frequency 
doubling step including the process leading up to chirped pulse elimination. b) Side 
view of the pulse chirping components. c) Top view of the SHBC highlighting WLC 
generation steps. 

A narrowband picosecond visible pulse is required in our SFG experiments as the visible 

wavelength is used in the normalization of the SFG spectra and is also responsible for the 

spectral resolution. The OP A described in the next section accepts a 400 nm ps pulse and 

allows wavelength tuning ranging from 240 nm to 10 µm. The - 800 nm pulse from the 

Ti :Sapph amplifier is too broad and on femtosecond timescale to be simply frequency doubled 

right out of the output and passed into this OP A. Therefore, a SHBC (Figure 1.24) is used to 

produce the narrowband ps timescale pulse before it enters the OPA at 400 nm as shown by 

Figure 1.24a). Amplifier output is first polarized from horizontal to vertical by 11./2 and split 

50/50 by BS 1. Both split beams are still 800 nm but different colors are shown for clarity. 
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The reflected orange beam will be referred to as the "1st arm" and the transmitted red beam 

will be referred to as the "2nd arm." The 1st arm strikes BS2 where a fraction is transmitted 

(used for WLC) and the bulk proceeds to M3 where it is reflected downwards with respect to 

the bottom of the SHBC towards a grating (Figure 1.24b). Pulse stretching occurs at this step 

and the beams strike a cylindrical lens CL1. The distance of this lens from G is responsible 

for the dispersion of the pulse. For the first arm, this distance is less than the focal length of 

the lens which results in a positive chirp. At approximately the same time, the 2nd arm follows 

an analogous path from M 1 to M2 ' to M3 ' before is strikes the grating. Unlike the first arm, 

the cylindrical lens for the 2nd arm, CLl ', is place at a distance greater than the focal length 

which results in a negative chirp. The pulses from both arms strike their respective M4 mirrors 

and pass through the CL 1 's, the grating, and the M3 ' s once more. This step causes both pulses 

to be chirped at exactly the opposite sign but at the same magnitude. The 1st arm strikes MS 

and then M6 and M7 which are on a translation delay stage. MS directs the pulse to two 

telescoping mirrors, TM 1 and TM2 before entering the NLC. The second arm follows an 

analogous path after M3 ', striking MS ' and MS ' before being directed to TMl and TM2 and 

the NLC. Within the NLC, the two oppositely chirped pulses overlap non-collinearly. The 

pulses are both chirped about a center wavelength (- 800 nm from Ti:Sapph amplifier) which 

has zero chirp and said to be at a zero time delay. The result is that the center wavelengths 

overlap spatially and temporally in the NLC while the positive and negative chirped modes 

cannot since they are inherently not phase matched. Second harmonic generation (SHG) 

occurs and produces a - 400 nm pulse with a - 20 cm-1 bandwidth. The conversion efficiency 

is approximately 35-40% and the residuals, the collinear SHG light, and any other generated 

light is blocked at the output. 
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The SHBC also generates WLC. Figure 1.24a) is the same as Figure 1.24c) but the WLC 

generation (WLG) path is not included. Also, the labelling for the 400 nm pulse generation 

has been omitted for clarity and only the WLG relevant components are labelled. WLC is 

again necessary for optical parametric amplification in the OPA-400-WL. The light passes 

from BS2 to Ml 1 after which it encounters a pair of focusing telescoping lenses (not shown). 

The now sharper pulse strikes a series of mirrors before encountering M22 where the light is 

directed through a lens (not shown) and focused at the WLG plate. An aperture (not shown) 

regulates the WLC power before it strikes a spherical reflecting mirror (SMl). Another 

aperture (not shown) placed after SMl allows only the most central and homogenous of WLC 

to pass through where it is directed to SM2. Together, SMl and SM2 form telescoping mirrors 

and direct focused, homogeneous WLC at a white light mirror (WLM) which directs the white 

light, spanning ~470-1000 nm out of the system and into the OPA. 
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8) 400 nm pumped optical parametric amplifier (OPA-400-WL 

..,.____.,___From OPA-
400-WL 

To 
experiment 

Top view 

M11 

Side view 
experiment 

Figure 1.25: Schematic representation of the OPA-400-WL. A a) top view 
and b) side view. 

The TOP AS-400-WL (Figure 1.25) is an optical parametric amplifier capable ofgenerating 

tunable light from 480 to 2400 nm. It requires a 400 nm pump and a WLC seeder. The pump 

is split three ways by BS 1 and BS2. All three split pump beams are the same wavelength but 

are colored differently for clarity. The first pump beam is black and is directed to the NLC by 

Ml and DMl (the dichroic mirrors in this system are all ultraviolet (UV) reflecting at certain 

angles and always visible transmitting). The pump overlaps with the WLC that has already 

passed through DSl and WLM. The purpose of the first amplification is to generate the initial 

signal and idler beams at the NLC. Wavelength tuning can occur here by adjusting DS 1 and 

rotating NLC. The initial signal and idler beams exit the NLC and pass underneath DS2, 

transmit through DM2 and strike G. G vertically disperses only the signal beam and reflects 

it back through DM2, under DS2, and into NLC. The second pump pulse has already been 

directed to NLC by M3 , M4, and DM2 so that it can overlap with the dispersed signal beam. 
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Because the signal is spatially dispersed, the second pump only amplifies a few wavenumbers 

wide of the signal which narrows the band further and allows even higher experimental spectral 

resolution. The signal is amplified and a new idler is generated and both pass through DMl 

towards M7. M7 is angled to reflect the signal and idler upwards and over the NLC and into 

DS2. DS2 separates the signal and idler temporally and they continue to propagate through 

Ml 1 to M8. Now, the third pump pulse has travelled from BSl , through a series of mirrors, 

and arrives at Mll at the time the signal pulse arrives M8. They reflect and propagate 

collinearly at an angle caused by Ml 1 and M8 over DM2 but underneath DS2 and into NLC. 

Only the signal is amplified since it is phase matched with the third pump and, finally, a 

greatly-amplified signal and new idler are generated, pass under DMl and WLM, and into 

M 12 which blocks the residual pump but allows the signal and idler to exit. The idler is 

reflected and dumped by a pair of dichroic mirrors so only the signal leaves the aperture. If 

the idler pulse is being used for IR-NIR SFG experiments, then this dichroic mirror aperture is 

removed and a short pass filter is used to filter the signal so that only the idler goes to the 

experiment. 
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e) Sum frequency generation at the sample stage 
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Figure 1.26: Picture of the sample stage with drawings oflaser pulses striking the sample surface. 
Reflected IR, visible and other nonlinear effects omitted for clarity. 
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Figure 1.27: Box and arrow schematic of sample stage and detector 

9) Sample stage and SFG 

The visible and IR pulses follow different paths as they approach the sample (Figure 1.26) 

and the box and arrows diagram of the sample stage/detector are shown in Figure 1.27. After 

the visible pulse exits the OPA, it passes through a variable neutral density filter (NDF) which 

allows a range of visible powers (usually in Watts) to be chosen from before it is exposed to 

the sample. It then passes through a periscope which has the side effect of altering the 

polarization from vertical to horizontal. It is then directed towards a variable delay stage (DS). 

This stage can be moved mechanically up and down (top view) which directly influences the 

time that the pulses reach the sample. The pulses then pass through a polarizer which filters 
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residual vertically polarized light. An adjustable half-wave comes afterwards and allows s or 

p polarization with respect to the sample. 0° rotation gives p polarization while 45° rotation 

gives s polarization. A lens is used to focus the visible light at the sample stage to a beam 

diameter of about 400-500 µm. The IR light coming from the NDFG takes a longer path to the 

sample outside of the pulse shapers because the visible light takes much longer to pass through 

the visible pulse shapers. Light coming from the NDFG is horizontally polarized and it passes 

through two periscopes on the way to the sample. This pulse is then directed to the sample 

through a BaF2 lens placed closer to the sample stage. This allows the beam diameter to be 

about 150-200 µm. The visible beam diameter is larger than the IR for two primary reasons; 

(1) the larger diameter allows for smaller peak fluence and a lower possibility of sample 

degradation and (2) it allows the entire IR bandwidth to be upconverted. SFG is a coherent 

process so a very high percentage of the light generated can be captured and the angle of 

reflected SFG light can be theoretically determined with respect to the surface normal. The 

reflected SFG, visible, IR, and nonlinearly generated light passes through an aperture which 

blocks, most importantly, the reflected visible light and is collimated by a lens. A short pass 

filter (SP) is introduced to the beam path to block residual incident visible light that may still 

be propagating with or near the SFG. Another half-wave plate is introduced to allow a 

polarizer to flip both the s and p components of the SFG. A polarizer then selects the wave 

that is vertically polarized with respect the laser bench. The reason being, gratings within 

spectrometers work more efficiently when diffracting p polarized light. Finally, a lens focuses 

the light into a spectrograph. 
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f) Detector 

A Princeton Instruments Acton series SpectraPro® 2500 spectrograph is used to disperse the 

generated SF light by wavelength. Attached to the spectrograph is a Princeton Instruments 

Pylon®: 100 CCD camera for signal detection. A brief description of the specifications and 

operation of both devices is provided in the following sections. 

10) Spectrograph 

a) Polych romatic 

light in 

G 

CCD 

y 
b) 

XI 1340 I 
Figure 1.28: Schematics and drawings of a) a polychromatic short pulse stretched by a 
diffraction grating in a spectrometer and b) a stretched broadband pulse striking a CCD array. 
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The SpectraPro® 2500 has a 500 mm focal length, a f/6.5 aperture ratio, a scanning range 

of 0-1400 nm, and 0.09 nm CCD resolution for a 20 x 20 µm CCD array (Figure 1.28b). The 

wavelength coverage across 26.8 mm of the CCD is 41 nm. The gratings within the 

spectrometer can be rotated to any desired center wavelength within the scanning range (Figure 

1.28a). This center wavelength is selected by determining the region of interest for 

spectroscopic analysis such as, for example, the 3082 cm-1 band ofpolystyrene. This IR value 

substituted for CDIR in equation (12) from section 1.2 shown again below: 

CDSFG = CDvis + CDIR (12) 

The visible pulse is tunable so a wavelength is selected based on the experiment being 

performed. If 660 nm is the visible pulse chosen then the equation becomes CDsFG = 1/[(1 /660 

nm)*107 + 3080 cm-1]*107 = 548.5 nm which would be the center wavelength (A.cwt) selected 

for this scenario. This will be discussed briefly again in the data processing/interpretation 

section. The spectrometer operation is not unlike the pulse stretcher in the Ti:Sapph 

amplifier; although the goals are different. 

In this representation, the SFG signal enters through an aperture and strikes Ml where it 

is reflected to a dispersive grating. The separated polychromatic light is then directed out of 

the apparatus by another mirror so that it may be displayed and read by the CCD. The signal 

is spread one-dimensionally which will be talked about in the next part. 
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11) Charge coupled device 
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Figure 1.29: Basic operation of a model 3x3 pixel array. 

Since the vibrational signatures of the sample molecules are upconverted by the visible 

light in our SFG experiments, a visible range CCD camera is used. This offers the advantage 

of higher sensitivity, lower signal to noise ratio, and relatively low cost compared with 

analogous IR range detectors. The Pylon: 100 detector used is 1340 x 100 pixels. The pixels 

are 20 x 20 µm and display high sensitivity from - 120 nm to - 1100 nm with 95% peak quantum 

efficiency. The detector is connected to a liquid N2 cryogenic cooling system that is externally 

controlled to maintain -120°C which limits dark current to on the order of 1 electron per pixel 

per hour. The CCD is also back-illuminated to improve sensitivity. In most cases, 1340 pixels 

along the x-axis are exposed to incoming light but the y-axis sees only a sliver of the light 

resulting from the one-dimensional stretching of the pulse in question in the spectrometer. 

Figure 1.28b) is a drawing of a broad band of light (blue) impending on a CCD array. Since 

the x-axis corresponds to wavelength, the entire spectral resolution of the CCD is utilized while 

the y-axis is "binned" to compile the entire signal recorded in the pixels along the same 

wavelength. 
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Briefly, a pixel in a CCD array has three electrodes. Electrons under the central electrode 

accumulate in a "potential well" when exposed to EM radiation. The number of electrons 

accumulated is the direct result of the intensity of light the pixel is exposed to in addition to 

the duration in which it's exposed. Over-accumulation leads to a process called blooming 

where electrons from one or more pixels will diffuse to adjacent pixels. Signal readout occurs 

when the electrodes in each pixel in the CCD array are systematically switched to positive 

potentials which changes the spatial location of the potential wells and "shuttles" the 

accumulated electrons towards an output register where the signals are amplified and read out 

by a computer. Figure 1.29 represents this electron accumulation and readout of a 3x3 pixel 

array. 

11. Data processing and spectral interpretation 

In section 1.2, it was established that the signal response in an SFG experiment is a 

combination of resonant and non-resonant susceptibilities from a surface, or surfaces. Dielectric 

surfaces with no vibrational resonances in a region being probed will give very little SF generation. 

Metallic substrates with strong IR and Raman active adsorbates, on the other hand, will provide 

very strong signals. Towards the end of section 1.2, an equation like (22) was obtained which 

relates the SFG signal intensity to the effective non-linear susceptibility to the resonant and non

resonant terms of a given medium: 
2

A I irpq 

I ex lx(2)12 = IA lei'PNR + ~ I 
(22)q e 

SFG eff NR ~ ( ) · 
q O)q -OJIR -l1q 

where ANR and <pNR and Aq and cpq are the amplitude and phase of the non-resonant and qth 

vibrational mode resonant responses respectively. Our SFG spectra are fit to a collection of 

Lorenztian lineshapes of the form of equation 22. 
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Collecting and processing SFG spectra becomes difficult because the signals obtained are 

dependent upon the overlap integral between the electric fields of the incident laser pulses, the 

linear and non-linear Fresnel factors , and the detector ' s efficiency. These factors can change day 

to day and even on the same day which could lead to inconsistent and untrustworthy measurements. 

Fortunately, the x(2)NR amplitude and phase are generally fitted to single values that are invariant 

with frequency. The non-resonant term also considers the previously mentioned experimental 

factors and, thus, acts as an internal reference for the experiment. For this reason, non-resonant 

signals are recorded on gold before every experiment in every region the experimenter is working 

in on that day. An example of a non-resonant SFG response on gold is given in Figure 1.30. 
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Figure 1.30: Raw counts ofNR background on gold after a 5 second acquisition. 25 mW visible 
power using 660 nm vis, 3300 nm IR centered at 553 nm. This spectra is exactly what is readout 
by the CCD/computer. The NR background captures the width and power distribution of the 
incident IR pulse. 
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Often, visible light scattering is present in the regions where measurements are being taken. 

They usually manifest as sharp peaks scattered across the spectrum. A background can be obtained 

by blocking the IR beam path and recording a scan for the same amount of time as the SFG scan 

of the sample or gold background. Later, the background, which is a kind of blank, is subtracted 

from the sample signal. 

The TOP AS-400-WL is generally very accurate and consistent with its accompanymg 

software; however, it is still important to normalize the pump visible beam as it is used to obtain 

the spectra' s vibrational frequency positions. A polystyrene film is placed in front of the 

propagating IR and the NR response is recorded again. This time, however, absorption bands will 

manifest on the NR signal if the spectra are being recorded in an IR absorbing region for 

polystyrene. The region above is the methyl stretching region and the polystyrene absorption is 

shown in Figure 1.31 . 
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Figure 1.31: Attenuated NR response of gold by polystyrene film. The orange arrow indicates the 
peak in this region with the lowest value of uncertainty according to NIST. This peak is used to 
determine the value of covis. 
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Once the visible wavelength is determined, more accurate assignments for peak positions can 

be determined. The gold data is also plotted in the IR wavenumber region using this wavelength. 

As mentioned earlier, all sample spectra are normalized to gold which simply means that the 

SFG response of a sample is divided by the gold response. Since the NR response ofgold provides 

a profile for the IR band used in the experiment, this process of normalization yields proper peak 

intensity distributions which are more accurate to reality as in Figure 1.32. 
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Figure 1.32: Unnormalized SFG data can be deceiving. If a peak is at a frequency where the IR 
power profile is larger, than the peak will appear stronger compared to others than it actually is. 
This is the case with the above ODS SAM SFG spectrum where normalization yields the peak 
ratios that are typically reported in the literature. 

For the most part, the IR pulses used do not have large enough bandwidth to span the entire 

1340-pixel length of the CCD which means it's is not being fully utilized. It 's possible to acquire 

spectral information across a wider region by recording gold NR background in several scans with 

the incident IR pulse centered at different wavelengths each scan. In Figure 1.33 three separate 

gold spectra are "stitched" by averaging the counts and plotting all on the same x-axis. The visible 

wavelength is kept constant while the IR is set to 2700, 2950, and 3250 nm in the scans while the 

center wavelength on the spectrometer was kept constant. Sample data can be stitched in the same 

fashion and normalized to gold in the same way as before. 
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Figure 1.33 : a) shows three separate acquired gold NR responses using three separate IR 
bands and b) shows these peaks stitched together and divided by the acquisition time. 
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Chapter 2 

Probing Buried Interfaces and Interlayer 

Couplings in Fullerene Thin Films 
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2.1 DR-SFG comparative study of fullerene films 

1. Background/ Acknowledgements 

The fullerene thin film was the first system that I worked on as a member of the Velarde 

research group. The idea of working with a molecule as fascinating and complex as the fullerene 

was extremely exciting from the beginning. I would also like to express thanks to Dr. David Eason 

with UB Engineering's Davis Hall cleanroom for help in making the C6o films. 

11. Introduction 

C6o fullerene 1 is a highly symmetric cage molecule of icosahedral (h) symmetry.2 Its 

unique and elegant molecular structure along with its large network of coupled electronic and 

nuclear degrees of freedom make it ideal for spectroscopic interrogation. Fullerene also serves as 

a model for the study of pi-electron systems and their interactions in solids and low-dimensional 

materials.3 Prepared as solid thin films, C6o offers unique opportunities in biosensors, 

electrocatalysis, and organic photovoltaics (OPVs) due to its remarkable electron exchange 

capabilities, high stability, and robust interfacial interactions. 4 

Several emergent properties associated with fullerene ultrathin films are not yet fully 

understood. For instance, they exhibit an anomalously intense second order non-linear optical 

response for a centrosymmetric molecule_s-io A prominent second order nonlinear optical process 

is vibrational sum frequency generation (VSFG). VSFG is a vibrationally enhanced surface 

selective spectroscopic technique where an infrared (IR) and a visible (Vis) photon are spatially 

and temporally overlapped at an interface and coherent emission is generated at the sum of the two 

frequencies. As an even-order non-linear optical effect, VSFG is particularly sensitive to 

environments lacking inversion symmetry. 11
-

13 Previous reports have nonetheless shown 
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significant VSFG activity for pristine C6o (a centrosymmetric molecule) when deposited on a 

metallic Ag(l 11) surface9
, 
14 and on dielectric substrates, such as silica (SiO2) and calcium fluoride 

(CaF2). 10 The significant VSFG response is currently understood in terms of symmetry lowering 

due to surface interactions, interfacial charge transfer and/or electric field gradients. 10,14 Similarly, 

films of fullerene derivatives have shown to generate VSFG contributions attributed to the 

fullerene moiety. In these cases, the covalently attached functional group has been implicated in 

the symmetry reduction. 15,16 The nature of the substrate surface plays a critical role in the 

performance of the C6o thin-film devices. For instance, photoinduced conductivity depends on the 

nature of charge carriers and energetic level alignment created at the C6o/substrate interface.17 In 

OPV devices, the interfacial interaction of electrons with vibrational modes (surface phonons) is 

critical for the heat management and dissipation of the electronic energy into vibrations.18 

The fullerene' s Ih symmetry conveniently yields a low number of observable vibrational 

bands.17 Sohrabpour et al. recently reported two bands in the VSFG spectrum of neat C6o thin 

films on dielectric surfaces. 10 These peaks have a direct correspondence with two characteristic 

fullerene normal modes, namely the T1u(4) and the Ag(2) vibrations. The T1u(4) vibration (also 

called F1u) is the fourth of the four IR active modes of fullerene and is typically reported near 1429 

cm-1 _20
,
21 The Ag(2) contribution corresponds to the second of two totally symmetric Ag modes and 

is commonly known as the "pentagonal pinch." The Ag mode is Raman active and experimentally 

120 22observed near 1469 cm- . , IR and Raman active modes are mutually exclusive in C6o.20 

Selection rules demand that VSFG active modes must be both infrared (IR) and Raman active. 11 ,23 

In spite of this strict condition, both the T1u(4) and Ag(2) modes (or simply Tiu and Ag from here 

on) have been observed simultaneously in the VSFG spectra and show a clear polarization 

dependence in agreement with nearly orthogonal transition dipole moments. 10,15 Further analysis 
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by the Massari group illustrated via DFT calculations how an electric field gradient allows these 

modes to become both IR and Raman active. 10 

The spectra obtained for dielectric substrates were analogous to the results ofWei et al. for 

the [ 6,6]-phenyl-C61-butyric acid methyl ester (PCBM) derivative on CaF2, 15 but differed from the 

spectra reported for monolayers of C6o and K-doped C6o on Ag(l 11) where a single band was 

observed and assigned as the Ag mode.9
•
14·24-26 Interfacial dynamic charge transfer (IDCT) was 

postulated as the source of IR and VSFG activities of the pentagonal pinch at the crystalline silver 

surface.26 Interestingly, when the wavelength of the Vis upconverting pulse was scanned towards 

higher energies, it was observed that this band became electronically enhanced as the sum 

frequency photon energy approached the molecular electronic band gap. This was interpreted as 

an indication that the high energy phonon associated with the Ag pentagonal pinch is strongly 

coupled to the optically excited electronic transition involving the C6o frontier molecular 

orbitals.24·25 Electron-phonon and vibrational electronic couplings at interfaces can be uniquely 

explored using doubly resonant SFG (DR-SFG) spectroscopy, a variant of VSFG where the SFG 

signal is further enhanced for vibrational modes which are coupled to an excited electronic state 

accessible in the upconversion stage.27-32 

To explore photophysical processes and phononmediated energy transfer pathways that 

emerge at interfaces formed between layered materials, VSFG is recognized as one of the few 

techniques with the capability to characterize buried interfaces in situ.33-36 Other techniques 

present limitations regarding surface specificity and selection rules that restrict what vibrational 

modes are active. Furthermore, DR-SFG provides unique additional ways to identify vibronic 

coupling. This two-tuneable color approach in DR-SFG solves ambiguities in the assignment and 
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characterization of electronic and vibrational couplings as changes in the SFG intensities can be 

monitored as one independently tune the IR or the Vis excitation. 

In this work, we present a comparative study of fullerene thin films on both conducting 

(polycrystalline gold) and insulating (CaF2 and silica glass) substrates using doubly-resonant sum 

frequency generation (DR-SFG) spectroscopy. We obtained a clearly different coupling of the Ag 

and Tiu mode intensities (for all substrates) to the electronic excitation as the Vis pulse wavelength 

spanned the 500-950 nm range. Furthermore, the Tiu mode shows unique electron-phonon 

couplings at the interlayer between gold and C6o, remarkably absent in the C6o/dielectric interface. 

We propose an explanation for these results in terms of C6o energy levels and possible electronic

vibrational couplings while recognizing that optical interference from two SFG active interfaces 

may have an influence on the thin-film spectra. These findings not only help our understanding of 

DR-SFG spectroscopy for the study of interlayer electron-phonon couplings in thin films , but they 

may have implications in the field of SFG imaging microscopy and in the use of fullerene as an 

imaging contrast agent. 

iii. Experimental 

For all samples, sublimed C6o was used as received (Sigma-Aldrich, 99.9% pure). As our 

substrates, we used a CaF2 window, a polycrystalline gold coated slide (100 nm thick, EMF Corp.), 

and a silica glass slide. The slides were cleaned by washing with acetone and copious amounts of 

18.2 MO cm-i nanopure water, followed by an ultraviolet-ozone (UVO) cleaning procedure inside 

the deposition cleanroom. Application of the UVO treatment in the preparation of substrate

supported thin films results is known to produce a hydrocarbon-free,37 hydrophilic surface with 

high density of surface hydroxyl groups on the two dielectric substrates38
•
39 that can facilitate the 
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film formation. 40 We thermally deposited fullerene onto the clean substrates at room temperature 

and ~lxl0-6 Torr (BOC Edwards Auto 500) until a film of about 10 nm thickness was obtained 

according to a quartz crystal microbalance (QCM). Figure. 2.1 (left) shows the UVNis absorption 

spectrum (Agilent Cary 8454) for a dilute solution of CGo in toluene. The spectrum agrees with 

previous results and shows no signatures of C 10 contamination.41 The absorption spectrum for our 

fullerene thin film on glass is also shown in Fig. 2.1 (right) and it is fully consistent with the result 

of Kratschmer.3 Differences between the two spectra in Fig. 2.1 have been attributed to 

intermolecular interactions between neighboring molecules. An upper bound value of 14 nm is 

estimated for the thickness of the CGo film using this absorption profile and published absorption 

coefficients.42 

The DR-SFG spectra were acquired with a home-built broadband43 SFG setup described 

elsewhere44
•
45 and in Chapter 1.3 of this thesis. Our femtosecond IR pulse incident at a 701 angle 

is centered at 7.5 mm for the entire experiment with an energy of 3 mJ per pulse and a bandwidth 

of ~400 cm-1
. The wavelength of the upconverting narrowband (~7 cm-1

) Vis pulse was stepwise 

tuned to 11 laser lines (950, 710, 690, 670, 650, 633 , 610, 590, 560, 532, and 500 nm) and held at 

10 mJ per pulse at each color by a neutral density filter. The Vis beam incidence angle is 451 and 

it is softly focused to a spot size of ~500 mm to avoid sample degradation. For each Vis line, the 

acquired spectra were background subtracted and normalized by acquisition time and by the non

resonant SFG signal ofa clean gold film at the corresponding Vis wavelength. The calibrated value 

for each Vis line was determined by the 1601.30 cm-1 absorbance of a polystyrene film introduced 

briefly in the path of the IR beam. At each Vis wavelength, a fresh spot was exposed to the 

incoming pulses. The films exhibited remarkable uniformity across all substrates. 
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A broad electronic SFG response of the C60 film was present regardless of substrate, this 

likely due to the Vis and/or the SFG photon energies being above the fullerene band gap (- 2 eV).46 

This broad signal coherently interfered with the vibrational response, significantly complicating 

the spectral lineshape. Due to the very short (femtoseconds) lifetime of this background, a time

delay between the IR and visible pulses was applied to up-convert mainly the slower vibrational 

contribution.47 A carefully chosen time delay was used at each wavelength to suppress the broad 

background and decouple the vibrationally resonant and non-resonant signals without significantly 

distorting the lineshapes48
•
49 (see supporting information). It has been observed that above band 

gap Raman polarizability of the substrate can couple to the surface molecular vibrations. 50 

Interference between the vibrational response and the color-dependent vibrationally non-resonant 

51 response of the metallic substrate gives rise to interesting dispersive lineshapes.28
• -

53 The study 

of these complex effects without the introduction of a time-delay are out of the scope of this study 

and may be well worth investigating. 

1v. Discussion 

The strongest absorption bands offullerene are in the UV range (see Figure 2.1). However, 

weaker features between 500 and 700 nm are clearly observed and attributed to Frenkel and charge 

46 54 56 transfer (CT) excitons. 7
• • - These are optically forbidden transitions, some believed to be 

59vibronically induced. 57
-
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Figure 2.1: UVNis absorption spectra for a solution of C6o in toluene in a 1 cm cuvette (left) 
and for a thin film ofC6o deposited on a glass slide (right). Attention is drawn to the absorption 
bands in the visible range. 

In VSFG, a doubly-resonant enhancement can be obtained when an excited vibrational 

mode is coupled to an excited electronic state accessible in the subsequent upconversion step.27 

This allows for the direct determination of the coupling between various electronic and vibrational 

transitions and provides a unique opportunity for studying vibronic effects at interfaces. 

Interlayer electron-phonon interactions at the buried interface between the support and the 

C6o film remain largely unexplored. Despite the large amount of research done on C6o, the 
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electronic structure, electron-phonon interactions and the role of the solid-state band structure on 

the film optical properties remain controversial in this low energy range. Therefore, in the DR

SFG experiments shown here, the Vis wavelength is scanned such that the resulting SFG photon 

energy falls in the spectral range of the low-lying electronic levels of fullerene. 

All SFG spectra were obtained in the ssp polarization combination ( s and p denote the 

electric field polarization ofthe waves and the ordering corresponds to the SFG, Vis, and IR beams, 

respectively). First, we provide the VSFG spectra obtained with the SFG and Vis frequencies 

electronically off-resonance as a reference since these are expected to be nearly free of electronic 

effects. To achieve this, a near-IR wavelength of950 nm was used as the Vis (upconverting) pulse. 

The VSFG spectra obtained at this Vis wavelength are shown in Figure 2.2. For the films on silica 

glass and CaF2, our results are remarkably similar to the results obtained by the Massari group on 

SiO2 and CaF2 where 800 nm was used as the Vis wavelength_ io As reported by them, we observe 

two resolved VSFG bands near 1430 and 1470 cm-i corresponding to the Tiu and the Ag modes, 

respectively, with the Ag band more intense on the CaF2 surface. The C6o/Au spectrum, however, 

is dominated by the Tiu band. This is in sharp contrast with the spectra on the dielectric substrates 

and also different from the spectra reported for C6o/Ag(l 11) at any Vis wavelength. These studies 

on silver, however, were done under vacuum and for a single monolayer under ppp 

polarization.24·25·60 
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Figure 2.2 : VSFG spectra (ssp polarization) obtained with the Vis pulse tuned to 950 nm in 
order to remain off-resonance with the electronic absorption of fullerene. Acquisition times 
of 120, 300, and 300 seconds were used for the C6o films on gold, glass and calcium fluoride, 
respectively. Spectra were normalized by acquisition time and by the vibrationally non
resonant SFG signal of a clean gold film. 

We now examine how the spectral shape and relative intensities for these two modes vary 

as the Vis frequency is tuned. Representative spectra obtained with select Vis wavelengths are 

shown in Figure 2.3 for better clarity of the spectral features. The absolute SFG intensities for all 

collected spectra (normalized by the SFG signal of a clean gold film at the respective Vis 

wavelength) are shown in Figure 2.4a-c. 

C6o films can undergo a photoinduced transformation under intense laser powers with 

photon energies above the bandgap. 61 For the Vis power used in the DR-SFG experiments, the 

Lineshapes were stable over the acquisition time and the spectra reported here were identical to 

the ones using a Vis power of just 125 nJ per pulse on a fresh spot (see supporting information). 
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A reproducible outcome was observed regardless of whether the scan intervals proceeded from 

lowest to highest energy or in the reverse order. 
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Figure 2.3: DR-SFG spectra as a function of the upconverting Vis wavelength. For the 
dielectric substrates, the scans lasted between 30 to 300 seconds depending on the Vis 
excitation wavelength. For the gold substrate, 10 second scans were used at all wavelengths. 
The asterisks denote a new spectral feature apparent only in the 600-710 nm Vis range and 
tentatively attributed to a visible plus IR sequence probing the Tiu mode in the excited 
electronic state (see text for details). 

From Figures 2.3 and 2.4, it is easily seen that the results obtained for the silica glass and 

the CaF2 substrates are notably similar to each other. It is interesting to compare these results to 

the electronically off-resonance lineshapes in Figure 2.2, where a clear difference is observed 

between the two spectra, particularly for the Ag mode. The data seem to indicate that the spectral 

shape in this higher energy region is influenced more by the coupling to the C6o electronic states 

than by the interactions with the charges at the dielectric surface. In the low energy range, both the 

Tiu and the Ag modes are observed with nearly equal intensities on the two films with dielectric 
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substrates. Compared to the spectra in Figure 2.2, the T 1u mode seems to have gained a moderate 

intensity enhancement. As the Vis photon energy increases, the intensity of the Ag mode becomes 

substantially enhanced and progressively becomes the dominant contribution as the T 1 u mode fades 

out from the measured spectra. This is clearly seen in the sum frequency excitation profiles (SFEP) 

shown in Figure 2.4d and e for the Ag and T 1u modes, respectively. The SFEP for the two dielectric 

surfaces studied in this work decidedly show a single peak for each mode as a function of the SFG 

energy. For the Ag vibrational mode, the enhancement peaks at - 2.6 ± 0.1 eV and for the Tiu mode 

at - 2.1 ± 0.1 eV assuming a Lorentzian lineshape. The wavelength dependent Fresnel coefficients 

are not expected to change this outcome significantly. 25 Optical interference from SFG signals 

originating from the C6o/air and C6o/substrate interfaces is discussed later in this section. First, we 

focus on understanding the origin of these two distinctive bands in terms of the C6o electronic 

structure. 

The peak observed in the Ag sum frequency excitation profile at - 2.6 eV (Figure 2.4d) is 

in agreements with the results of Kakudji et al. that linked this resonant enhancement to the 

coupling of the totally symmetric Ag phonon vibration to the electric dipole allowed 1T1u state 

(LUMO+ 1 )25 and resonance Raman for C6o films . 62·63 This is illustrated as pathway 1 in Figure 

2.5. 

The electronic structure of C6o has been the subject of extensive studies. In the forthcoming 

discussion, we focus on the frontier orbitals in the context laid out by molecular spectroscopy. In 

the one-electron description, the highest occupied molecular orbital (HOMO) is five-fold 

degenerate ofhu symmetry giving rise to a 1Ag molecular electronic state. Next in energy are the 

parity split tiu (LUMO) and tig (LUMO+ 1) orbitals, each threefold degenerate. The LUMO further 

splits into a multiplet with four components of 1T1g, 1T2g, 1Gg, and 1Hg symmetry and the LUMO+1 

69 



gives rise to a 1T1u state.54-56 Optical absorption from the 1Ag ground state is allowed for the 1T1u 

excited electronic state with a transition energy of ~2.6-2.8 eV but forbidden for the lower 

multiplet.19·25·64 The observed absorption spectra, however, show a weak structure in the 700 to 

500 nm range, corresponding to symmetry forbidden transitions to these states that may acquire 

oscillator strength through vibronic coupling. There is some evidence that the LUMO multiplet 

provides several exciton levels that have strong Frenkel character.6·54-56 Vibrational effects are 

believed to be the reason that parity-forbidden excitons are observed via the Herzberg-Teller 

mechanism. A transition at 2.03 e V has been reported as arising from the 1Ag to 1T lg states induced 

17 57 5965 by the Tiu phonon vibration at 1430 cm- _,s, - , -67 The peak observed in the SFEP ~2.1 eV for 

the Tiu mode (Figure 2.4e) is a direct confirmation of this vibronic coupling (see pathway 2 in 

Figure 2.5). The energy of the 1T1g exciton has been determined to be ~1.82 eV via second 

harmonic generation (SHG).7-8,65 

A weak vibrational peak is observed at 1448 cm-1 only in the Vis range of 710-610 nm 

(indicated with an asterisk in Figure 2.3). A peak at this frequency has been observed by IR 

spectroscopy.68 One likely possibility is that this contribution is due to an electronic transition to 

the 1T1g exciton followed by a vibrational transition in the electronic excited. This Vis + IR 

sequential process, while carefully considered, was not observed by Raschke et al. on the DR-SFG 

of Rhodamine 6G allegedly due to the fast relaxation times of the excited electronic state27 but 

reported by Wu et al. 69 The Frenkel exciton presumably involved in this transition has much longer 

relaxation times potentially allowing the Vis plus IR doubly-resonant sequence to occur.64 Further 

studies are need to confirm and explain these findings. Other possibilities include transitions 

arising due to non-Condon effects, 70 a combination band, or another phase of solid C6o. 
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Figure 2.4: Excitation profiles of the DR-SFG offullerene on CaF2 (a), glass (b) and gold (c) 
substrates. At each color, the spectra is normalized to the nonresonant SFG of a clean gold 
film (to account for optical loses and laser power) and calibrated by using the 1601.30 cm·i 
line of a polystyrene film. The sum frequency excitation profiles (SFEP) in ( d) and ( e) are 
obtained by integration over the corresponding spectral peak. The solid curves in ( d) and ( e) 
are Lorentzian fits. 

With some noticeable differences (discussed below), the DR-SFG spectral trends for the 

C6ol Au interface share some similarities with the ones for the films on the dielectric surfaces, 

namely the Tiu experiences an enhancement in the low SFG energy range peaking - 2.1 eV and the 

Ag mode intensity is responsive at higher SFG photon energies peaking at - 2.6 eV. However, two 

major differences are evident. First, it can be seen in Figure 2.4c, that the doubly-resonant 

condition results in a considerably higher intensity enhancement compared to the one experienced 

on the dielectric interfaces. Second, while the Tiu SFEP (Figure 2.4e), shows a peak at - 2 eV 

matching the response of the dielectric surfaces, an additional strong peak appears at an SFG 
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energy of~2.4 ± 0.1 eV which is completely absent in the dielectric substrates. This appears to be 

the most pronounced change, and therefore attributed to couplings at the buried C6o-metal 

interface. Recent work by Massari and co-workers demonstrated that bulk ( quadrupole-allowed) 

contributions are expected to be rather small for films of this thickness, however, even within the 

dipole approximation, both the air/C6o (outer) and the C6o/substrate (inner) interfaces are SFG

active and their optical signals coherently interfere with each other. 10·71 Since the air/C6o interface 

contribution is expected to be the same for all three substrates, the origin of the Tiu peak 

enhancement in the 2.4 eV range is expected to originate exclusively from the buried C6o/gold 

interlayer. We will discuss the effect of this two-surface interference later in this section. 

I 
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E,______,____ _ 

@ A vib.
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Au film ,~ 60:{lD1nrri} C60 molecule 

Figure 2.5: Energy profile showing Fermi level of gold, valence and conduction band gap of 
a 10 nm thick fullerene film, and molecular C6o electronic levels. For the film, sub-band 
charge transfer states are indicated by thick black lines. For the molecule, optically forbidden 
Frenkel exciton states 1Hg to 1Tlg are shown in orange. The dotted lines correspond to the Ag 
and T 1u vibrational modes. Arrows 1-4 indicate propose optical absorption pathways for the 
Vis and IR pulses. 
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The nature of this 2 .4 e V peak, observed in the SFEP of the Tiu mode of fullerene on the 

gold substrate, presents a new challenge in our understanding of electron-phonon couplings. Here 

we provide some possible mechanisms for this process: (i) excitons of i Hg symmetry in the LUMO 

can be reached by an electric quadrupole transition from the i Ag ground state and are postulated 

to be in the 2.12-2.38 eV energy range65 (pathway 3 in Figure 2.5). It is possible that the image 

exciton of a transition parallel to the metallic surface creates a quadrupole field strong enough to 

allow coupling to this state. Indeed, the transition dipole of the Tiu mode is believed to lie close to 

the surface plane_ io,is (ii) At energies near the Frenkel excitons (intramolecular), there are well 

defined charge-transfer (CT) exciton states (intermolecular) is solid C6o films. 55·65·72 Coupling to 

this CT states may be enhanced due to interactions with surface plasmons of the gold thin film 

(pathway 4 in Figure 2.5). The gold surface plasmon resonance for a thin film lies in the range of 

2.3 eV (539 nm). While it is not entirely clear why this would be selective for the Tiu vibrational 

mode, a transition dipole closer to the surface is expected to be most affected by the gold surface 

plasmons. (iii) A transition to mid-gap states near the C6o/Au Fermi level. Clearly, more work is 

required on the elucidation of the mechanism that may give rise to the enhancement of the Tiu 

mode at the C6o/gold interlayer at these photon energies. To elucidate the nature ofthese couplings, 

examination of the polarization dependence of the SFG signal can be helpful. Figure 5.6 shows a 

comparative view of the DR-SFG response for C6o/glass and C6o/gold at 650 nm (SFG photon 

energy - 2.09 eV for the Tiu mode) and 532 nm (SFG photon energy - 2.51 eV for the Tiu mode). 

Typically, the ssp polarization combination probes the out-of-plane tensor element of the second 

order susceptibility x(2
) while the sps polarization combination is most sensitive to mode activities 

in the plane of the film (such as the Tiu mode). In double-resonance, the SFG intensity for a 

28 3i,32particular polarization combination can be expressed as • 
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with: 

where Aelectr,nq and A vib,q are the oscillator strengths relevant to the nth electronic absorption of the 

adsorbate and the oscillator strength of the qth SFG active mode of the adsorbate, respectively, 

and Aelectr,nq is approximated as a Lorentzian centered at W nq on with amplitude Bnq, representing 

the magnitude of the electronic coupling between the qth vibration and the nth electronic state at 

the corresponding polarization. The results in Figure 5.6 at 650 nm up-conversion confirm 

previous observations by Massari and co-corkers that demonstrate that the vibrational transition 

moment of the IR-active Tiu mode lies parallel to the surface plane. 10 However, the results at 532 

nm up-conversion show that while this Tiu mode is significantly enhanced under ssp polarization, 

this enhancement was not corresponded in the sps polarization combination. We tentatively 

interpret this as an indication that the enhancement at high Vis energies of this vibrational mode 

in the ssp polarization combination is due to a different electronic state, compared to the one 

responsible for electronic enhancement at lower energy Vis wavelengths. 

Optical interference between the inner and outer interfaces can also give rise to oscillations 

in the SFG amplitude as a function of sample thickness as postulated by Tong et al. 73 and O'Brien 

and Massari for vibrational features71 
,
74 and recently observed by the Roberts group in electronic 

SFG bands in the visible region. 75 The degree of interference modulation is highly dependent on 

the thickness of the film, polarization of the electric fields, and the refractive index of the 

substrate.71
'
74

'
76 
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Figure 5.6: SFG spectra of fullerene film, 10 nm thick (a-d) and 2 nm thick (e-h) using ssp 
and sps polarization on silica glass, indicated by the red line, and gold, indicated by the gold 
yellow line. Other than an overall enhancement in SFG intensity, the spectra at two different 
film thickness follows similar trends. At 532 nm (right), the spectrum for the gold substrate 
using sps polarization shows no distinguishable enhancement. This suggests that the mode 
observed near 1429 cml in the ssp spectrum at 532 nm differs in electronic coupling from 
that in the ssp and sps spectra at 650 nm. 

To properly examine electron-vibrational couplings in thin films via DR-SFG, effects of 

optical interference between active layers must be considered. To evaluate whether our DR-SFG 
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spectra include contributions from both the C6o/air and C6o/substrate (Figure 5.7 -inset), we follow 

the theoretical approach ofO'Brien and Massari based on the transfer matrix formalism. 71·74·76 The 

signal predicted by the interference model for ssp polarized spectra can be described as : 

,. E11t.p 

Where Tyyz,v is the transfer matrix for an s-polarized Vis and p-polarized IR beams at an 

active interface v in the laboratory frame xyz . To model only the interference effects as a function 

of thickness and up-converting Vis wavelength, we assumed equal values of Xyyz,air and Xyyz,buried 

only related by a phase shift.71·73-76 We have avoided using a line shape to impose the electronic 

resonance profiles on the model in order to examine the effect of interference alone in DR-SFG. 

Our basic model predicts that optical interference effects can play a significant role in DR-SFG 

analysis of thin films and should be considered (see Figure 5.7). Nonetheless, in this particular 

case, films from - 1 to 20 nm thick should have a less pronounced modulation as the Vis 

wavelength is scanned. The major effect of interference in this thickness range being an increase 

in the overall intensity as the thickness is increased (Figure 5.7). Notice that this is not a bulk 

contribution, but merely constructive optical interference from two interfaces. The gold substrate 

displays a more significant optical interference signal enhancement in the ssp polarization when 

compared to the silica substrate. The complex optical constants of C6o, Si02, and a thin gold film 

were used at all corresponding frequencies per reported values_io,17-79 
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Figure 5.7: Interference model for a two-active interfaces as a function of film thickness and 
visible wavelength. The IR for this model was centered at 1450 cm·1

. The black rectangular 
areas indicates the experimental region of the experimental conditions of this study. 

We have indeed obtained reproducible trends for two randomly selected film thicknesses, 

2 and 10 nm, as shown in Figure 5.6. The overall intensity of the two major vibrational peaks for 

the 2 nm film is lower compared to the signal from the 10 nm film, a likely consequence of 

interference between inner and outer interfacial contributions. As demonstrated in Figure 5.7 the 

overall intensity is expected to increase with sample thickness up to a few tens of nanometers and 

be larger for the gold substrate. Interference effects are influenced by the refractive properties of 
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the underlying substrate beneath the film. In our experimental studies, we noted signal 

enhancement of the 10 nm films compared to the 2 nm films. Nonetheless, within the sample 

thicknesses studied here, the relative appearance of the vibronic features is not expected to be 

modulated by this two-active interface interference. However, we expect this to be significantly 

more pronounced for thicker films. 

The Tiu mode was suppressed in films on dielectric substrates at high upconverting 

energies regardless of film thickness. Suppression of the T1u mode seems to be not correlated to 

interference effects. However, the interference model provided in Figure 5.7 adequately predicts 

some of the trends that were observed during our experiment. Namely, the enhancement in overall 

SFG signal intensities from 2 to 10 nm and from dielectric to gold substrate. Interference, however, 

must not be used this alone to describe the modular trends we observed but in combination with 

vibrational electronic couplings captured in the x(2) term in DR-SFG. Given what is known about 

C6o energy levels and the results of Janner et al. , Kuhnke et al. , and Eder et al. ,7•
8·53 the modal 

selectivity should be attributed to electronic properties that are inherent to the C6o film. 

The vibrational band enhancement in DR-SFG of fullerene thin films seems to be strongly 

dependent on the nature of the solid support. This suggests that VSFG can detect a contrast effect 

arising solely from the nature of the substrate. By these means, it is possible to achieve a contrast 

separation arising from the metallic or dielectric origins of the substrate. Furthermore, studies have 

shown that the frequency and position of these vibrational modes are highly sensitive to 

perturbations in the electronic system, experiencing chemical shifts that depend on the oxidation 

state and the chemical environment.21 ·68·80·81 Experimental methods that have the capacity to obtain 

spectral and spatial information are highly coveted. 
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Figure 5.8: DR-SFG peak intensity as a function of the displacement along the length of the 
slide for each vibrational mode. The slide was moved by 1 mm along this axis until the 
coinciding beams approached the glass/gold midway point (labelled as the zero point). The 
slide was moved by only 0.01 mm at a time in each direction and the signal was acquired for 
10 s. at each point and background subtracted. 

Sum frequency generation imaging microscopy (SFG-IM)82
-

84 can be used in combination 

with the doubly-resonant modality. This may have direct applications in electronics and 

electrochemical devices where thin films on spatially patterned insulating and conducting surfaces 

are commonly used. We demonstrate this capacity as follows: A 60 nm Au film (with a 10 nm Ti 
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adhesion layer) was deposited on half of a glass microscope slide with half of the slide masked 

(see Figure 5.8). The slide was then removed and coated with C6o and 2 nm fullerene film thickness 

was obtained. DR-SFG spectra of this slide were then recorded by manually rastering the slide in 

one dimension. Two separate experiments using visible excitations wavelengths of 690 nm and 

532 nm were performed following this procedure. Figure 5.8 shows that the best contrast was 

achieved by monitoring the Tiu vibrational mode at 532 nm. A contrast better than 6:1 was 

achieved at 690 nm for both modes. This experiment is only meant to illustrate that imaging on 

films of patterned gold on a dielectric substrate is possible by SFG-IM. 

v. Conclusions 

In summary, we have demonstrated a clear selectivity towards enhancement of the Tiu and 

Ag vibrational modes of fullerene thin films that depend both on excitation wavelength and the 

nature of the substrate. This provides new insights into vibronic coupling and low-lying excitons 

in C6o and we suggest that this selectivity can be used in chemical imaging. 

v1. Supporting Information 

Delay Dependence: Early in our investigation, we saw evidence of a non-resonant (NR) 

background signal from the C6o films which were manifested in the DR-SFG spectra. Since the 

fullerene is known to exhibit semiconductor behavior and because we tuned our visible energy 

above the molecular electronic band gap in our doubly-resonant experiments, the nonlinear (NR) 

response (possibly resulting from surface free-electrons) was unsurprising. The NR background 

was observed on all three substrates which confirmed that it was obtained from the fullerene film 

and not from the substrates. While the NR component in nonlinear spectroscopy can yield 

interesting information, we were more focused on elucidating the resonant nonlinear responses 
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from the fullerene films. The resonant responses from laser pulses are generally longer-lived 

compared to that of non-resonant responses. We simply increased the time-delay of the incident 

visible pulses with respect to the IR pulses. We could reduce the signal intensity of the NR 

background while not significantly altering the appearance of the resonant vibrational modes. 

Figure 5.9 shows NR background suppression as a function of incident Vis pulse time-delay for 

C6o on gold at 532 nm Vis. The background was shorter lived using the green to blue lasers so the 

time-delay used was approximately 600 fs at these wavelengths. A rather longer delay was needed 

for the yellow to red lasers because the NR background appeared to persist longer. The various 

lifetimes ofthese resonances present an interesting aspect to be studied in more detail in the future. 
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Figure 5.9: DR-SFG for a C6o/Au film as a function of the delay between the Vis and IR pulses. 

Power Dependence: The accompanying figure shows the visible pulse power influence on the 

spectral line-shapes for the C6o fullerene at 650 nm Vis. The orange lines were acquired using a 

low power visible pulse (- 125 nJ/pulse) and the purple lines were acquired using a relatively high 

power visible pulse (- 60 µJ/pulse) after irradiating the same spot on the film for approximately 
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twenty minutes. This experiment accomplished two primary objectives. We first established that 

the low power spectra obtained matched the spectra obtained during our main experiments and 

discussion identically. Second, we established that exposing the fullerene films to relatively high 

powers altered the SFG spectra obtained. The Ag mode was red-shifted and the band at 1440 cm-1 

saw an increase in intensity. This experiment was repeated using a 532 nm Vis pulse and similar 

results were obtained. 
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Figure 5.10: Power dependence of fullerene film on gold substrate at 650 nm Vis excitation. 
Orange shows ~125 µJ power. Purple shows ~60.0 mJ power after 20 min. irradiation. 
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2.2 Liquid water/fullerene interface 

i. Introduction 

The liquid water surface was first observed by sum frequency generation spectroscopy in 

the early 1990 ' s. 1 Since then, an enormous contingent of the SFG community has been devoted 

understanding the water surface experimentally. Yuen Ron Shen provided the groundbreaking 

SFG spectra of water at various interfaces. 1 Heather Allen at Ohio State has studied the affect 

various solutes in water for modelling atmospheric aerosols.2 Alex Benderskii at UCLA has 

studied the water bending modes, rather than the stretching mode, of interfacial water .3 Eric 

Borguet has explored the vibrational relaxation of interfacial water using time resolved SFG (tr

SFG).4 Hong-Fei Wang has studied the surface of alcohol water mixtures and there surface 

structure and energetics in addition to the water/ organic solvent interface. 5•
6 This area ofchemistry 

remains one of the hottest also most heavily debated areas in surface and vibrational chemistry. 

Perhaps the most relevant research to this section is the work of Mary Jane Shultz at Tufts 

and Steven Baldelli at the University of Houston. Shultz has contributed significantly to 

understanding the role of ions and pH and how they affect the H20 surface.7
•
8 Steven Baldelli, 

who earned his PhD working for Shultz, has set up working electrochemical cells and used SFG 

to probe metal and water surfaces of the cells in situ.9 Despite the popularity of interfacial water 

in the SFG community and of fullerene films in general, no research has yet been performed on 

the fullerene/water interface. Given the potential use of solid fullerene thin films as electrode 

coatings and aqueous sensors, the ordering of H20 at this interface could prove to be valuable 

information. 10
•
11 Additionally, establishment of water and a novel surface such as the relatively 

new fullerene films would likely result in a high impact entry to the scientific literature. 
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11. Experimental 

Fullerene films were prepared by thermal evaporation of sublimed fullerene as described 

in "Section 2.1.iii." and were deposited onto CaF2 windows. These windows were chosen for their 

optical transparency in the frequency ranges used in the experiment. The fullerene film coated 

windows were fixed to the cell in the figure below. 

Liquid in 

Fullerene coated calcium 
fluoride window 

Figure 2.11.: Flow cell used in 
Fullerene/H2O interface experiments. 

Distilled water from the faucet was used for the fullerene/H2O experiments. 99.9% pure 

D2O from Cambridge Isotope Laboratories Inc. was used for the fullerene/D2O experiments. 

For the data acquisitions, both 660 nm and 532 nm were used with powers ranging from 

15 to 30 µJ/pulse with bandwidths of roughly 7 cm-1
. Our femtosecond IR pulse is centered at 2.7, 

2.95 , and 3.25 µm for the experiment with energies of3 µJ/pulse and bandwiths of - 400 cm-1
. The 

wavelength of the upconverting narrowband (- 7 cm-1
). Individual spectra were recorded at the 

different IR wavelengths and "stitched" together. 
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iii. Discussion 

SFG experiments on the water interface tend to take place in the OH stretching region, 

although the OH bending region has garnered some interest more recently. The stretching region 

of the water interface is typically characterized by a broad peak near 3200 cm-1 attributed to fully 

coordinated water (H-bonding occurring at all H's and electron lone pairs) and another broad peak 

near 3450 cm-1 attributed to partially coordinated water. 1•
12 At a hydrophobic interface, a sharp 

arises near 3700 cm-1 corresponding to the free OH stretching mode which protrudes outwards 

from the surface. 1 It was our expectation that the fullerene film would be hydrophobic given its 

lack of dipole moment and lack of solubility in water. The SFG spectrum in the OH stretching 

region should contain all of the aforementioned signatures with, ideally, interesting variances in 

peak intensity which would initiate further spectroscopic investigation. 

Despite our interest, the water response from the fullerene/water interface remains elusive 

because of the relatively intense non-resonant (NR) response of C6o. In the DR-SFG experiment 

of the fullerene films , the NR background could be suppressed without affecting the lineshapes of 

the vibrational resonances detrimentally. We could exploit the short lifetime of the NR response 

and the relatively long lifetime of the vibrations to achieve NR-free SFG signals. The water 

vibrations, as evidenced by their broad spectral lines, are much shorter-lived than most vibrational 

modes especially compared to the pentagonal pinch and Tiu modes of the fullerene. A time-delay 

of the visible with respect to the IR pulse would likely suppress the NR response in the signal but 

would also likely suppress the OH stretching response as the vibration would relax before the 

visible upconverting pulse struck the sample. Backus et. al. wrote about the liquid/metal and 

liquid/metal-oxide interfaces and encountered similar issues with the NR background. 13 By 

varying the incident angles of the IR and visible pulses they concluded that they were, indeed, 
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observing NR background responses that were consistent with nonlinear Fresnel factor reflections. 

Figure 2.12 from the previous section and shows the NR background convolution of spectral 

lineshapes and the suppression of the background by delaying the incident visible pulse in time. 

We observed the NR background in the pentagonal pinch and Tiu mode spectral ranges 

which is demonstrated in figure 2 .12. We also observed broad features resembling the NR 

background during the H20/C60 with 660 nm visible experiments as shown in figure 2.13. While 

this data could potentially be exciting, it is, now, impossible to rule out presence of the NR C6o 

response in this spectrum. The three spectra shown are wildly inconsistent which could be a result 

of using inconsistent time-delay values, interference from the fullerene film, and interference of 

the NR and H20 signal responses. 
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Figure 2.12. : Background suppression as a function of time-delay of the visible with 
respect to the IR pulse. The left peak is the Tiu vibration while the right peak is the 
Ag mode for fullerene C6o. 
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Figure 2.13 : 3 separate experiments on the C60/H2O interface in the same spectral region using 
the same values for IR and visible. No experimental consistency is observed. 

It was observed during the DR-SFG of fullerene films experiment that the NR background 

of the fullerene films had a shorter lifetime when using green visible wavelengths compared to 

when red visible wavelengths were used. This is likely due to exciting different electronic 
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transitions that may have shorter lifetimes in the green absorbing region. Even though the OH 

stretching modes have a very shorter lifetime, we hypothesized that a transition could still be 

observed when using a very short time-delay that would can suppress the fullerene NR 

background. Figure 2.14 shows the C6o/water interface using a 532 nm visible pump. The 

spectrum we obtained is not consistent with any known spectra for a water surface. It may not be 

correct to expect the water surface at a fullerene film to be the same as other water interfaces. 

However, we cannot confidently assign any bands to the OH stretching modes. 

20 

"' 150 - C60/VVater at 632 nm 1,11si ble 
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2800 3000 3200 34-00 3600 3800 
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Figure 2.14: H2O/Fullerene interface using a 532 nm 
visible excitation pulse. 

Another observation that remained consistent with in results and the results from Backus 

et. al. was that the NR background intensity appeared to decrease at the lower wave numbers. This 

has also been seen for the NR background response of gold substrates and is due to the frequency 

dependent Fresnel coefficients that describe nonlinear effects at surfaces. For this reason, we 

attempted to record the SFG response in the OD stretching region of D2O which ranges 

approximately from 2200 to 2800 cm-1
. Figure 2.15 shows the results of three separate 

experiments using 660 nm as the visible wavelength. These results were the most reproducible 

1from day to day. Additionally, the two broad peaks seen at - 2350 cm-1 and - 2725 cm- are very 

close to the fully conjugated OD stretch and the free OD stretching vibrations respectively that 
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have already been established. 14 However, when the CaF2 coated C6o window was removed from 

the D20, dried, and the cell was filled with H20, the spectral lines in figure 6.5 remained indicating 

that the OD vibrations were not causing them. 

2 5 

- &1)<'111Mol 1 

2200 2)00 2!00 ~ 1700 z,;oo 

20 

.. 
0 

1 
M s 

<io 
I 0 

2200 2300 2JOO 1700 

30 

"' 2 5 - E.q,..,..,.nc3
~ 
-;; 
a. 2 0 

<io 

5 

2200 2)00 2100 1700 Z.00 

Figure 2.15: 3 separate experiments on the C60/D20 
interface in the same spectral region using the same 
values for IR and visible. 

Finally, both the visible and/or SFG wavelengths discussed thus far have been above the 

fullerene band gap energy which is likely contributing to the relatively large NR response. If the 

visible and SFG photons were tuned below the energy for the fullerene band gap, it stands to reason 

that the NR response would either diminish or be nonexistent. A NIR-IR SFG experiment was 
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performed using a 960 nm "visible" pulse as the pump. Once again, a broad signal was obtained 

but was extremely weak for a C60/H2O interface. The water was removed from the cell and the 

signal persisted. Figure 2.16 shows this spectrum. 
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Figure 2.16: C60/H20 interface using 960 nm visible pump. Spectral 
lines likely due to NR response of fullerene. 

When the NIR-IR SFG experiment was performed, 30 mW of "visible" power and 

acquisitions of 600 seconds were used which are normally more than enough to acquire H2O 

surface spectra. There is a possibility that the CaF2 window surface is somewhat exposed to the 

water and/or influencing the water/window interface. Khatib et. al. reported water spectra at the 

H2O/fluorite interface and recorded very weak spectral lines for the H2O at neutral pH. 16 It is 

possible that raising or lowering the pH could enhance the water signal but it would be undesirable 

if the CaF2 is influencing the water interface. Perhaps C6o evaporated on different substrate would 

provide an answer to this question. 

It isn't possible to record a spectrum of the C6o only, add water and record again, and then 

subtract the C6o only spectra from the C6o/water. The NR background influences the lineshapes of 
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the SFG response and a simple subtraction would not be appropriate. However, within the last ten 

18 year, developments in SFG spectroscopy have included heterodyne-detected SFG.16
- In HD

SFG, the signal response is amplified by interference with a reference beam produced by a local 

oscillator (LO) which can improve signal intensity. It also has the benefit of providing phase and 

amplitude of the signal thereby allowing accurate subtraction of the NR component of the SFG 

response.18 This technique could very likely be applied to the fullerene/water interface, as well as 

other semiconductor/water, metal/water, and metal-oxide/water interfaces. 

1v. Conclusions 

The OH stretching modes of water at the water/fullerene interface were not elucidated by 

conventional homodyne SFG spectroscopy. The NR response for the CGooverwhelmed the water 

signal and delay techniques and NR background subtraction techniques could not be applied. A 

broad response was present regardless of excitation wavelength, time-delay, and whether the H2O 

or D2O were present in the sample or not. Heterodyne detected SFG could allow accurate 

background subtraction and the enhancement of the water signal response. This technique may be 

the key to observing water at the water/fullerene interface and having the ability to expand to other 

semiconductor/ conducting materials . 

If the pristine CGolwater interface can be established, this opens the door to a variety of 

case-specific experiments that can be performed. Endohedral fullerenes and other fullerene 

derivatives can be introduced to various concentrations and types ofwater salts can be and the DR

SFG spectra of the fullerene and/or the VSFG spectra of the liquid interfaces can be monitored 

and understood. 
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2.3 Temperature dependence of a model electrocatalytic thin film 

1. Introduction 

C6o fullerene was demonstrated to become conductive when doped with alkali metals more 

than twenty years ago. 1 Later, the same researchers demonstrated superconductivity of K-doped 

C6o at 18 K.2 Since then, numerous research groups have devoted time to experimenting with 

various fullerene derivatives and studying their activity as conductors and superconductors. 3
-
6 

They are also an intriguing electron acceptor7 in charge transfer devices like organic field effect 

9 11transistors (oFETs)8
• and organic photovoltaics (OPVs). 10

• Temperature and fullerene 

modification have a well-known influence on the electronic behavior. They also has an influence 

on the vibrational modes including peak sharpening, splitting, frequency shifting, and signal 

15enhancement in Raman scattering and IR absorption studies 12
- and also on the crystalline 

15 16structure of solid C6o. -

Solid state C6o crystallizes into a cubic structure with nearest neighbor distances of 10.02 

Angstrom and a density of 1.72 g/cm3
. The fullerenes arrange on a face-centered cubic (fee) lattice 

and rotate freely about three degrees of rotational freedom at room temperature. Below 255 K, a 

phase transition occurs which has been observed experimentally. 15 The fullerenes become more 

tightly packed and possibly arrange so that electron rich double bonds on the cage likely pack 

adjacent to electron poor pentagonal. Another possible orientation involves the electron rich 

double bond packing adjacent to an electron poor hexagonal face. Either of these packing 

arrangements could be used to explain the increase in intensity and the activation of some 

IR/Raman inactive modes in their respective experiments since the degree of electric dipole 

moment and electric field polarization would be greater for the molecules. Another phase 

transition has been reported at 165 K but has less information regarding it. It is possible that the 

100 



surface selective SFG spectroscopy could be used to provide new information for these phase 

changes at the surfaces where fullerene molecules are less restricted than the bulk. This 

information could be useful for potential applications. 

Temperature controlled charge transfer devices could exploit under-utilized properties of 

established electrocatalytic species, like fullerenes, that are otherwise not exhibited at ambient 

temperatures. Since the devices rely heavily upon the activity at heterojunctions and charge 

transfer surfaces, SFG makes sense as a probe to explore this behavior. We present a temperature 

controlled experiment C6o performed using sum frequency generation spectroscopy. Doubly

resonant SFG spectra of fullerene films on gold substrates were performed with 560 and 650 nm 

used as visible pumps. These spectra were compared with previous DR-SFG spectra using the 

same visible wavelengths at ambient temperatures. 

11. Experimental 

C6o fullerene (Sigma-Aldrich, sublimed 99.9%) was evaporated onto a gold coated 

microscope slide by the same procedure as in 2.1.ii. DR-SFG spectra were gathered using ssp 

polarization and visible wavelengths of650 and 560 nm visible ( ~7 cm-1 band width at 20 µJ/pulse) 

and 7.5 µm IR pulses (~400 cm-1 bandwidth and 3 µJ/pulse). Temperatures used were 143, 158, 

198, 273 , 323, 373, and 473 K for 650 nm. For the 560 nm experiment, 117, 223 , 273 , 273 , 297, 

373, and 423 K were used. The reason for the inconsistent temperature values arises from the 

method of cooling. Liquid nitrogen was continuously poured into coolant ports in the temperature 

cell used in the experiment (shown in Figure 2.17). Data acquisitions were roughly 20 seconds 

long and typically the temperature increased roughly 3 degrees during the acquisition. The 

temperatures listed above are the median temperatures that a given acquisition was recorded at. 
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Lastly, SFG experiments have the benefit of being performed under atmospheric 

conditions. While this has the benefit of provided more realistic experimental parameters that 

would occur naturally on earth, it does carry the disadvantage of certain environmental factors 

interfering with results. Simply put, our purge box was not able to evacuate water vapor effectively 

enough to dismiss its role in the experiment. Several acquisitions at low temperature could be 

taken before a detrimental amount of water and ice condensed on the surface of the fullerene 

film/ gold slide. At moderate water and ice accumulation, the C6o spectral lines were still 

observable. However, the peak intensities were artificially suppressed which eliminated any 

possible analysis of temperature dependence on peak intensity below 273 K. Temperatures above 

freezing, however, were able to be maintained and any fluctuation that may have occurred was too 

small to be detected by the temperature controller attached to the cell. 

The SFG spectra were fit by Lorentzian lineshapes per equation (1) in Igor Pro software. 

Fitting parameters and uncertainty values were pulled from the fits and used in statistical analysis 

of the data presented. 
2 

IA I irpq 

I ex I1/2)12 = IA le;'PNR + ~ eq 
SFG A eff NR ~ ( ) (1) 

q OJq - OJIR - l 
.1q 

where ANR and cpNR and Aq and cpq are the amplitude and phase of the non-resonant and qth 

vibrational mode resonant responses respectively. IsFG is the intensity of the SFG signal, x(2)eff is 

the effective nonlinear susceptibility ofthe medium, rq is a damping constant for the qth vibrational 

mode, and CDIR and CDq are the incident IR beam frequency and the qth vibrational mode, 

respectively. The frequency value and associated uncertainty for CDq can be obtained from the 

fitting parameters and are used for statistical analysis of the data in this study 
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temperature 
controller 

Thermocouple 

Figure 2.17: Barrick Scientific Temp Control Liquid Cell. Relevant parts labelled with arrows. 
Picture shows cell not mounted to sample stage. Gold coated C60 slide also not present. 

iii. Discussion 

The visible wavelengths in this interrogation were chosen because they each display unique 

spectral signatures in their respective SFG spectra. Figure 2.18 shows the data acquired when 

using 650 nm excitation pulses. The various temperatures used in the study are listed on the graph 

and are connected to their respective peaks by color. Table 2.1 shows the frequency and 

corresponding uncertainty of the Tiu vibrational modes observed at each temperature. 
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Figure 2.18: All temperatures used in the 650 nm visible experiment are 
plotted. As mentioned in the experimental section, the peak heights were 
normalized to the same maximum relative to the T 1 u vibration. 

Temperature {K) 143 198 273 323 373 473 

Tiu frequency (cm 1
) 

.. 1433.5 1431.1 1429.9 1428.2 1425.5 

Uncertainty (cm 1
) 0.1 0.4 0.1 0.1 0.1 0.1 

Table 2.1: SFG frequency positions of the Tlu mode of fullerene and their 
associated uncertainties and temperatures using 650 nm as the visible pump 
pulse. 

A z-test comparing adjacent data points was performed to show that a step wise redshift 

occurred as the system was heated from 143 to 473 K. The null hypothesis of the test was that the 

points were not statistically different. Table 2.2 shows this analysis where adjacent data points 

were compared and p-values were obtained and recorded within the table where the adjacent 

temperatures intersect. Note that duplicates were not included, the frequencies observed at 198 K 

and 273 K were also compared because of their apparent similarity, and a confidence level of95% 

is used in this analysis . 
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' 
Temperature {K) 143 198 273 323 373 473 

' 

' 

143 0.01 0.1 

198 0.001 

273 0.01 

323 lx10-4 

373 2x10-9 

473 

Table 2.2 : P-values for adjacent data points of the Tlu frequencies at 650 nm 
visible written where the compared points intersect within the table. A 
confidence level of 95% is used. 

Table 2.2 shows that all adjacent data points have p-values smaller than 0.05 which means 

that the null hypothesis can be rejected. Indeed, statistical differences of the Tiu vibration 

frequency at 650 nm visible pump are significantly different between every adjacent temperature 

used in the experiment. It can be concluded that there is a definite red shift of the vibration as the 

temperature of the system is changed from 143 to 473 Kin a stepwise manner at more than 99% 

confidence. This result is consistent with what has been previously observed.12 The frequencies 

recorded 273 and 143 K were also compared and the p-value was found to be above 0.05 which 

means that the null hypothesis is confirmed and there appears to be no significant difference 

between these two points. It is too preliminary to come to a definitive conclusion as to why the 

redshift trend seems to be broken at 143 K. However, there is a possibility that it is the result of 

the known phase shift at 165 K. 15 
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The same experiment was repeated using a 560 nm pump pulse and similar data analyses 

were performed. Due to the limitations of the cooling procedure, only the high temperature values 

are consistent with the 650 nm data. Figure 2.19 indicates the SFG spectrum using 560 nm as the 

pump pulse. As in Figure 2.18 , the temperatures are listed and are color coded with the spectra. 
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Figure 2.19: All temperatures used in the 560 nm visible experiment are 
plotted. As mentioned in the experimental section, the peak heights were 
normalized to the same maximum relative to the Tlu vibration. 

Table 2.3 : SFG frequency positions of the Tlu mode of 
fullerene and their associated uncertainties and temperatures 
using 560 nm as the visible pump pulse. 
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-r 

' 
Temperature (K) 

117.00 

117 223 

0.1 

273 

9x10-11 

373 423 
J 

223.00 0.05 

273.00 lx10-7 lx10-5 

373.00 0.4 

423.00 

Table 2.4: P-values for adjacent data points of the Tlu frequencies at 560 nm 
visible written where the compared points intersect within the table. A 
confidence level of 95% is used. 

A similar trend to as the 650 nm data is observed here and, while there are some 

inconsistencies, there is undoubtedly an overall red shift from low to high temperature. The 

relatively high uncertainty at 223 K may have been the result of ice accumulation on the fullerene 

film which led to poorer signal to noise, as evidenced by the orange line-shape in figure 7.3. 

Another observation is that the pentagonal pinch mode appears to increase in relative intensity in 

comparison with the T1u mode. It should be noted that the ratios of the two peaks are different 

here than what was reported in section 2.1 for 560 nm excitation. The sample used in the 560 nm 

temperature dependent experiment was the same as the sample used in the 650 nm experiment. 

Heating the substrate affected the film in such a way that the Ag mode decreased. For future 

temperature experiments on fullerene films , new samples should be used after they're exposed to 

high temperatures. 

1v. Conclusion 

SFG is potentially sensitive to a phase transition occurring within the fullerene films 

between 143 and 198 K. This is evidenced by the apparent change in red-shifting trend that was 

observed as the fullerene was heated. Future experiments will consist of more data points within 

this region and more consistency in temperature from one visible wavelength to another. 
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There is some suspicion that the mode we 've been referring to as T1u on the gold substrate 

at sub-590 nm pump wavelengths isn't the Tiu but is the result of a biexciton. This temperature 

study could be used help support this idea if it's seen that the mode doesn't behave the same way 

when cooled at 560 and 650 nm. Performing the temperature experiments using the C6o/dielectric 

substrates at these wavelengths could also shed some light on this as well. 

In the distant future, temperature controlled experiments can be expanded to model real 

devices. SFG could be used to probe electrochemistry in situ. This project doesn' t have to be 

limited to fullerene films but can be expanded to other electrocatalytic systems. 
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Chapter 3 

Electronic-Vibrational SFG of P3HT 

polymer films 
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3.1 DR-SFG of P3HT at the water and air interfaces 

i. Introduction 

Conjugated polymers have been proposed for use in orgamc photovoltaic devices1 

transistors,2 and light emitting diodes. 3 One of the challenges frustrating their large-scale adoption 

is their relatively low electron mobility. Regioregular (rr)-poly(3-hexylthiophene) (P3HT), shown 

in Figure 3.1 , has been one of the more popular systems to study in this field due to its facile 

solution processability and range ofabsorption in the visible wavelengths. 4•
5 More importantly this 

particular polymer enjoys relatively high electron mobility compared to other organic counterparts 

1at - 10-1 cm2v-1s- _
4.7 Despite these impressive numbers among other organic photovoltaics 

(OPVs), for example, the charge mobility is major roadblock as it pales in comparison to even the 

8earliest of PV designs using amorphous silicon at - 10 cm2v-1s-1 to name one. 

** 

Figure 3 .1: Drawing of a P3HT monomer. The polymer is termed regioregular when the same 
isomer is repeated throughout the polymer chain and regiorandom if different isomers are mixed. 

P3HT thin films embedded in field-effect transistor structures provide great potential for 

electronic devices using these polymers. The two-dimensional charge transport9 offered by these 
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devices provides a unique entry point for our spectroscopy. Indeed, the SFG community has been 

hard at work in characterizing rr-P3HT thin films. 10
-
17 The success of these devices is highly 

dependent upon a deep understanding of their interfacial structural and electronic profiles, 

especially considering that charge transport is nearly exclusive to the first few monolayers at the 

interface of the polymer and dielectric substrate. 18 SFG is uniquely suited to provide insight on 

this region. 

Anglin and O'Brien et. al. confirmed that the VSFG spectra of rr-P3HT experiences 

significant changes as the film undergoes accumulation of charge carriers in organic field-effect 

transistor ( oFET) designs. 12 However, they note that the resonant features in the spectra are not 

perturbed significantly, i.e. the thiophene backbone and alkyl chains are not noticeably affected. 

Dhar et. al. explore the effects of thermal annealing, a common practice in processing of oFET 

devices that enhances device efficiency, 19 on P3HT and observe molecular orientation altering at 

the polymer/dielectric and metal-oxide interfaces. Anglin and Lane et al. continued this research 

where they probed a constructed P3HT oFET in situ during the thermal annealing process. Their 

findings suggested that the molecular order of the interface most directly impacts the electronic 

behavior of the device. 11 Like the thermal annealing, solution processing can have a profound 

impact on the performance of oFET and OPV devices. Xiao et. al. found that the introduction of 

poor solvent into P3HT solutions before spin casting resulted in higher ordering and islands of 

polymer aggregates on spun-caste thin films. 15 Maia and Miranda studied P3HT on aluminum 

surfaces and concluded that the polymer's orientation yields n orbitals of the thiophene ring 

oriented orthogonally to the metal surface, resulting in weak electronic coupling and subsequently 

added difficulty for charge transfer. 14 
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While it's clear that SFG can be a useful tool to provide direct insight into the structural 

behavior of P3HT thin films at the surface and that orientation has a direct impact on the device 

performance, the bridge directly linking SFG to observable electronic changes is still under 

construction. Miyamae and Shimoi probed neat P3HT at three excitation wavelengths in a DR

SFG study and confirm multiple morphologies, ordered and disordered, of P3HT at the surface of 

their films .16 They also probed a blend film using P3HT and a common organic electron acceptor, 

phenyl-CG1-butyric acid methyl ester (PCBM), and believe they observed a charge transfer state. 

They have opened the door for more comprehensive studies to be performed on this system using 

DR-SFG. 

The scope of the work in this report is not only to gain insight regarding the structural 

properties of rr-P3HT at a dielectric interface, but also to learn about the electronic structure. We 

use doubly resonant sum frequency generation (DR-SFG) spectroscopy to accomplish this task. 

We use a rr-P3HT/CaF2 system as the model for our study. The excitation wavelengths chosen for 

the experiment were selected to coincide with the known HOMO-LUMO band gap range for thin 

film P3HT to better understand potential vibrational coupling to this critical electronic transition. 

We then use this preliminary understanding to explore the spectral effects of exposing P3HT to 

water. Recently, uses for conductive conjugated polymers have expanded to biology in the form 

of biosensors20·21 and photo-active interfaces which can interact with living cells .22·23 As such, a 

better understanding of the P3HT/water interface is needed for the development of these 

applications. 

ii. Experimental 

The regioregular poly(3hexylthiophene-2,5-diyl) (rr-P3HT) with average MW of 50,000 

to 100,000 was purchased from Sigma-Aldrich and used as received. A 10 mg/mL solution of the 
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polymer was prepared in dichloromethane in a glovebox under N2 atmosphere. The CaF2-- window 

was vigorously washed and sonicated in 18.2 MO cm-1 nanopure water, acetone, and again in 

nanopure water for ten minutes each. The window was then placed in an ultraviolet-ozone (UVO) 

cleaner for a halfhour. The window was then placed onto a spin coater. Four drops ofthe 1 0mg/mL 

rr-P3HT solution were applied to the window before revolving at 1500 rpm for one minute. The 

freshly film-coated CaF2 window was then used immediately in the experiments described herein. 

Our femtosecond IR pulse incident at a 70° angle is centered at 7.8 mm for both the DR

SFG scan and the rrP3HT/water interface experiments with an energy of 3 mJ per pulse and a 

bandwidth of - 400 cm-1
. For the DR-SFG scan, the wavelength of the upconverting narrowband 

(- 7 cm-1
) Vis pulse was stepwise tuned from 650 to 550 nm in 10 nm increments and held at 1 mJ 

per pulse at each color by a neutral density filter to avoid photodegradation. The Vis beam 

incidence angle is 45° and it is softly focused to a spot size of - 500 mm to avoid sample 

degradation. For each Vis line, the acquired spectra were background subtracted and normalized 

by acquisition time and by the non-resonant SFG signal of a clean gold film at the corresponding 

Vis wavelength. The calibrated value for each Vis line was determined by the 1601.30 cm-1 

absorbance of a polystyrene film introduced briefly in the path of the IR beam. The laser was kept 

on the same spot on the film for the entirety of the scan to ensure that any observed changes were 

due to excitation color and not poor uniformity of the film. As an added protection against possible 

photodegradation-induced spectral changes, we chose a different spot on the film and scan starting 

from 550 to 650 nm in 10 nm increments. Results were duplicated regardless of starting 

wavelength. 

For the rr-P3HT/water interface experiments, the exact film preparation procedure was 

followed. The window was placed onto a cell which allowed us to have the film in contact with 
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water for the entirety of the experiment. Four colors were chosen for this experiment (700, 630, 

540, and 480 nm). Otherwise, all instrument parameters were kept the same from the scan 

experiment. The film was first probed at the rr-P3HT/air interface at all four colors starting at 700 

nm and going down in wavelength. Water was then added to the cell and the excitation wavelength 

was tuned starting at 480 nm and working up towards 700 nm. The experiment was repeated with 

a new film starting at 480 nm for the rr-P3HT/air followed by a 700 nm start for the rr-P3HT/water. 

For both films, the same spot was kept for the entirety of the experiments and excellent 

reproducibility was observed. 

iii. Discussion 

P3HT's ultraviolet-visible absorption spectrum is well known and a key element to 

understanding its unique electronic behavior. The excitation profile is known to change 

dramatically based on the environment and preparation of the polymer. For the rr-P3HT thin-film, 

the HOMO-LUMO gap is expected to be near 580 nm.24 There is also a strong vibronic transition 

slightly to the blue of the bandgap that is attributed to a n to n* transition. 6 This wavelength range, 

therefore, is an important marker in this DR-SFG experiment. 

The broadband infrared pulse was tuned to center on the C=C symmetric stretch of the 

thiophene ring. This band has been subject to immense research in SFG10
-
17 and in the analogous 

technique, resonance Raman.25
•
26 At ~1450cm-1, this vibration's popularity in SFG research is 

owed to its strong intensity in both Raman and IR spectroscopy. In SFG, Raman and IR 

susceptibilities are prerequisites. To date, the only other DR-SFG scan performed on this system 

was done by Miyamae who performed a three-color comparative study of rr-P3HT among other 

films and blend films on fused quartz substrates. 16 Given its excellent compatibility with SFG 
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experiments and important implications of P3HT surface behavior, it's clear that more research is 

needed. 

- 650 l'ISlble PPP - 650 YISlble ssp 

'° 
,-

0 

A) -
-
-
-

640 visible PPP 
630 visible PPP 
620 v,s,ble PPP 
610visible PPP 
600v,sible PPP 

IS 
,-

0 

B) 
-
-
-
-

640 VISible ssp 
630 v,sible ssp 
620 VISlble ssp 
610visible ssp 
600V1<1ble ssp 

- 590 visible PPP - 590 l'is,ble ssp 

;,10 
io 

-
-

580v,sible PPP 
570Vlsible PPP 
560 visible PPP ;_ f0 

-
-
-

580 visible ssp 
570v,s,ble ssp 
560 l'isible ssp 

- 550 YISlble PPP 
t 
" 

- 550 Visible ssp 

~ ; 

~ 
0 

'100 mo 1400 1-HiO 1500 1Ma 1100 mo 1400 1-Hi() 1500 

Figure 3.2: DR-SFG scan ofrr-P3HT polymer on CaF2 using A) ppp polarization ofthe IR, visible, 
and SFG pulses and B) ssp polarization. Colors of the lines are meant to correspond to the energy 
of the excitation wavelength with black representing the lowest energy wavelength used (650 nm) 
and purple representing the highest visible wavelength used (550 nm). 

In Figure 3 .2 A) and B), the most easily recognized trend is the SFG peak intensity maxima 

tend to occur when the visible wavelengths are between 640 and 600 nm. This corresponds to 

visible wavelengths between 586 and 552 nm which agree very well with literature values for the 

HOMO-LUMO gap and n ton* transitions of rr-P3HT thin films. Linear peak maxima trends are 

not expected in SFG spectroscopy of thin films given the presence of optical interference that 

varies upon changing the visible and SFG wavelengths.27-29 Furthermore, trends are not expected 

to be identical between different polarizations for the same reason. What can tell from the data, 

however, is that ppp spectra all appear to have the peak maxima at the same IR frequency (1451 

1cm- ). In the ssp spectra, on the other hand, the center IR frequency starts at - 1458 cm-1 when the 

visible is at 650 nm and gradually shifts to - 1447 cm-1 as the visible is tuned to 550 nm. An eleven

wavenumber red shift is substantial especially when compared to the rigidity of the band in the 

ppp spectra even as the raw peak intensities are affected by excitation wavelength changes. 
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Figure 3.3: P3HT/Water spectra using excitation wavelengths of A) 700 nm, B) 630 nm, C) 540 
nm, and D) 480 nm. The darkened lines correspond to ssp polarization and the faded lines are ppp. 

Inspired by the results of the DR-SFG scan, we elected to move to a different P3HT system 

inspired by the work of Bellani et. al. who studied the P3HT/water interface. 10 This was, primarily, 

a molecular orientation study where it was determined that the polymer favors an edge-on 

orientation at the surface when exposed to water. The alkyl side chains tended to orient 

perpendicular to the water which creates separation between the backbone and electrolytic 

environment. While this suggests a possible reason for the polymer's tremendous stability in 

solution it also presents a possible limitation for charge transfer between polymer and solution 

which would be a hindrance for electrochemical applications. We aimed to obtain some 

rudimentary spectral signatures in a two-color DR-SFG study which compared the polymer/water 
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interface at ssp and ppp polarizations to learn more about how the water impacts the electronic 

structure at the P3HT surface. 

Interestingly, our results yield striking spectral changes when the polymer is exposed to 

water, especially at the redder excitation wavelengths. As is shown in Figure 3.3 , the wavelengths 

on either side of the HOMO-LUMO bandgap/ n ton* transition show the overall SFG intensity is 

lower than at the P3HT/air interface. However, the spectra recorded at 700 and 630 nm excitation 

reveal an apparent deconvolution of the spectral lines. The ssp spectrum does not reveal any peak 

above the signal-to-noise ratio which is in sharp contrast to what is normally observed for this 

system at most excitation wavelengths. 10
-
17 The decreased SFG intensity could be a result of a 

change in orientation at the surface, 13 a shift of the HOMO-LUMO bandgap and/or n to n* , or a 

decoupling of this band gap to the vibrations in this frequency range. In support of the possibility 

of a potential blue shift in the HOMO-LUMO band gap/ n to n* transition, the SFG intensities of 

the 540 and 480 nm spectra are higher than in the 700 and 630 nm spectra. This is only a possibility 

under an assumption that the bandgap is still coupled to the same vibrations. The usual broadness 

of the C=C stretch at 1450 cm-1 is no longer observed and additional bands can be resolved. The 

peak at approximately 1460 cm-1 is very interesting as it becomes the dominant feature when 630 

nm visible and the ppp polarization setting are used. This mode has been attributed to be either the 

symmetric stretching of the ring30 or due to Raman dispersion. 25 We believe to have identified a 

condition that intensifies this peak which will allow it to be selectively probed in future studies. 

The results of this study also highlight the apparent danger in viewing the 1450 cm-1 as a 

singular band in both linear and nonlinear spectroscopic studies as is sometimes the case. Clearly, 

there are a collection of bands in this region that can be intricately and independently intensified 

under a variety of conditions including, but not limited to, chemical environment, polarization 
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setting, and excitation wavelength. Red and blue shifting of the C=C symmetric band has been a 

31 33frequent topic of study for P3HT thin films25· -

1v. Conclusions 

We observe frequency shifting of the C=C symmetric mode as a function of excitation 

wavelength on the ssp polarization setting but not with ppp in or DR-SFG scan of the P3HT/CaF2 

interface. However, we also observe that the dominant spectral feature changes from the 1450 cm-

1 mode to a mode at - 1460 cm-1 when the ssp setting is used, the excitation wavelength is changed 

from 540 nm to 630 nm, and the P3HT/CaF2 system is exposed to water. This change in dominant 

feature is not observed under the ppp polarization under the same conditions. It is interesting to 

note, then, that this trend is comparable to the trend observed during the DR-SFG scan in that the 

IR frequencies of the observed bands appear to shift using the ssp setting and not using ppp. 

Additionally, we appear to have identified a condition that intensifies the somewhat controversial 

band at 1460 cm-1
.
14 Future work would be to mimic these conditions and perform a variety of 

tests to obtain the correct assignment of this mode for future studies. 
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Chapter 4 

Surface-Confined Manganese(salen) complex 
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4.1 Jacobsen's catalyst probed by VSFG 

1. Background/ Acknowledgements 

In the summer of 2014, I had the opportunity to work in Dr. Norbert Krause's lab in 

Dortmund, Germany synthesizing N-heterocyclic carbine ligands. There, I learned that I both 

loved organic chemistry and that there was next to no chance I would be able to last in a synthetic 

organic lab for the duration of my graduate career. Still, my interest in the bulky, highly 

sophisticated coordination complexes hadn't waned and I was thrilled to merge my interests in this 

branch ofchemistry with nonlinear spectroscopy. I would like to thank Dr. Alan Friedman for help 

obtaining the mass spectra that ended up being a critical component in this work. I would also like 

to that Daniel Miller of the Dr. Eva Zurek lab for contributing computational results and 

strengthening the position of this chapter. The paragraph in the experimental section and 

corresponding references and figures pertaining to the models presented herein are his work. 

11. Introduction 

The development of catalytically active surfaces by immobilization of coordination metal 

complexes is of high interest, particularly in the fields of heterogeneous catalysis, 1 molecular 

sensing, and energy conversion ( oxygen evolving complex). A crucial problem is determining 

properties of the adsorbed active intermediate species to understand how the solid support affects 

the complex stability and catalytic properties. High-valent metal complexes with terminal oxido 

and oxo moieties are central to a wide range of catalytic transformations by enabling the 

intermediate 0-0 and C-0 bond-forming step implicated in photosynthetic water oxidation and 

epoxidation reactions. 
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Metal-oxo bonds are characteristic of many oxygen transfer catalysts inspired by the 

cytochrome P450 class of enzymes which carries out important metabolic processes involving 

oxygen transfer.2 These enzymes, which have garnered special interest in recent years, have 

inspired a range ofbiomimetic synthetic transition metal complexes that catalyze oxygen transfer, 

halogenation via C-H bond activation,3 hydrolysis, and polymer synthesis.4 The direct 

characterization and isolation of high-valent metal-oxo species has only been accomplished in 

limited cases, for instance by the use of protective corrolazine ligands. The work reported in this 

chapter is motivated by the concept ofconfinement and stabilization ofa high-valent Mn v (0) salen 

complex by interaction with a metallic surface, an approach with or relevance to non-covalent two

dimensional self-assembled catalytic materials. 

Manganese complexes, have attracted significant attention because of their purported role 

in artificial photosynthesis and numerous oxidative catalytic reactions. The Schiff-base salen 

ligand platform readily forms the chiral Mnm(salen) complex, or Jacobsen's catalyst, well-known 

for the highly enantioselective Kochi-J acobsen-Katsuki epoxidation of unfunctionalized olefins 

to optically active epoxides. Although the mechanism of oxygen transfer is still debated, most 

studies agree that the epoxidation proceeds through a highly active intermediate that possesses the 

Mn v-oxo moiety. The Mn v(O) species, assumed as the enantioselective oxidant, was first detected 
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with electrospray ionization (ESI) mass-spectrometry but has eluded its spectroscopic 

characterization in isolation. Its electronic structure, as well as possible epoxidation mechanisms, 

has been the focus of various theoretical investigations. In a key study, Gulino et al. used x-ray 

photoelectron spectroscopy (XPS) to obtain experimental evidence for the "in-situ" formation of 

an O=Mn v(salen) complex right after sodium hypochlorite (NaOCl) immersion of a covalently 

bound Mnm(salen) monolayer grafted on a silica substrate. 6 We report herein a remarkably stable 

oxomanganese(V) (permanganyl) salen complex adsorbed on a polycrystalline gold (Au) surface 

and characterized by surface-selective nonlinear vibrational spectroscopy. 

iii. Experimental 

(S ,S) Jacobsen's catalyst (1) (from Figure 4.1), was purchased from Sigma-Aldrich. 

Preparation for the surface-confined (S,S) Jacobsen catalyst film simply involved dissolving the 

powder catalyst into dichloromethane (CH2Ch) followed by drop-casting onto a clean gold 

substrate (EMF), before being rinsed and dried under ultrapure nitrogen flow. The protocol for 

oxidizing the catalyst to the oxo species (2) was as described by Jacobsen et al. 7 In brief, 0.55 M 

NaClO was used as the oxidant diluted in a 0.05 M Na2HPQ4 buffer and brought to basic conditions 

(pH 10-12) using NaOH the organic CH2Ch solution with the catalysts was then added to the 

aqueous buffer solution containing NaOCl and stirred rapidly for one minute. The organic and 

aqueous phases could separate and a portion of the organic phase containing the oxidized catalyst 

was extracted using a pipette and drop-casted onto a gold substrate, rinsed and dried. 

Attenuated total reflectance - Fourier transform infrared (ATR-IR) spectroscopy was used 

to gather information on the vibrational structure of the two species of catalyst. The catalyst was 

prepared as previously described and placed directly on the A TR crystal and the dichloromethane 
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allowed to evaporate. This instrument uses single bounce (45 degrees) ATR with ZnSe crystal, 

silicon carbide "Globar" source, a Michelson Interferometer, and a mercury cadmium telluride 

single point cooled detector (77 K) with 4 cm-1 resolution. The spectra were an average of 250 

scans with atmospheric correction to remove carbon dioxide and water spectral bands and concave 

rubber band baseline correction (10 iterations, 64 base points) . 

Results from high-resolution matrix-assisted laser desorption ionization (MALDI) mass 

spectrometry (MS) confirm the characterization of 1, and establish 2 as an Mn(salen) complex 

with a terminal oxo ligand. We conducted the MALDI-MS studies using a Bruker Daltonics 

SolariX 12 Tesla Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped 

with electrospray ionization (ESI) and an Nd:Y AG laser. The pure (S,S) Jacobsen's catalyst 1 has 

a molecular weight of 635.20 g/mol. Fig. 4.2 (top), shows the isotopic cluster corresponding to the 

ionic complex formed by losing the axial chloride (Ci-) which yields a dominant m/z = 599.34 

peak for the Mnm(salen) positively charged complex. After oxidation, we see dominant features 

for species whose mass is greater than those of the above-mentioned isotopic species by 16 mass 

units. This accounts for the extra oxygen atom and is indicative of the oxo species. The isotopic 

distribution of the molecular ion of2 (after loss ofCi-) is in excellent agreement with the calculated 

isotopic pattern (see supporting information). 
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Fig. 4.2: MALDI-TOF ofsolution-caste unoxidized Jacobsen catalyst (top) and oxidized Jacobsen 
catalyst obtained from the organic phase of the bleach buffer (bottom). 

The spectroscopic study of the surface-immobilized species was carried out usmg 

Vibrational Sum Frequency Generation (VSFG) spectroscopy, a technique uniquely suited to 

studying monolayer and submonolayer catalytic complexes on surfaces. s-14 This surface-selective 

nonlinear optical method is therefore used here to directly probe the Mnm( salen) and Mn v ( salen) 

species adsorbed onto a solid gold surface. In this spectroscopy, a visible and an infrared laser 

pulses overlap spatially and temporally at the surface to generate a photon at the sum-frequency. 15
-

18 Vibrational enhancement is achieved when the IR photon is resonant with an IR and Raman 

active surface vibration. If the resultant SFG frequency is resonant with an electronic transition, a 

doubly-resonant enhancement will be experienced for vibrational modes coupled to the electronic 

excitation_ 19
-
21 Metal-oxo stretching vibrations are subject to spectral range and signal-to-noise 

(SNR) limitations in VSFG spectroscopy at low frequency vibrations ( < 1100 cm-1
) with a tabletop 
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laser set. Like resonance Raman spectroscopy, doubly-resonant SFG (DR-SFG), is employed here 

to selectively enhance the vibrational response via pre-resonance enhancement of the sum 

frequency signal by an electronic transition of the manganese complex. 

Density functional theory (DFT) calculations were performed using both V ASP22 and 

ADF23
-
25 for the periodic and molecular calculations, respectively. With both software packages, 

the revPBE26 (revised Perdew-Burke-Emzerhof) GGA functional was used in conjunction with the 

Grimme3 dispersion correction,27 coined revPBE-D3. A plane wave basis set with an energy cutoff 

of 500 eV was used for all periodic calculations while a TZP28 (triple zeta with polarization 

functions) basis set was used within the molecular calculations. The projector augmented wave 

(PAW) method29
•
30 for treating the core electrons was used as implemented for V ASP, while the 

core electrons were frozen within the ADF calculations. In both sets of calculations, the Mn 

(4s/3d), Cl (3s/3p), 0 (2s/2p), N (2s/2p), C (2s/2p), and H (ls) electrons were treated explicitly. 

The group 4 transition metals used to replace the Mn atom in IR and Raman calculations (Sc, Ti, 

Co, Zn) had the ( 4s/3d) electrons treated explicitly. It was necessary to use a substitute group 4 

transition metal for the Mn atom in the Raman calculations as the RESPONSE code implemented 

in ADF does not operate with spin polarized calculations.31 Therefore, a group 4 transition metal 

replaced the Mn atom, when necessary, so that spin restricted single point IR and Raman 

calculation could be performed. The k-space consisted of a lxlxl Monkhorst-Pack32 scheme for 

all calculations performed on the Jacobsen's catalyst and its derivatives while adsorbed to the 

Au(ll 1) surface. All atoms were allowed to relax fully within the surface-adsorbate systems, 

except for the bottom layer of the three layer Au(ll 1) surface which was kept fixed using the 

optimized lattice constant of 4 .14 A. Spin unrestricted calculations were performed on all of the 

systems except for the cationic oxo model, where the singlet state was preferred. The geometry 
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optimizations were performed with a dipole correction applied to the z-axis, except within the 

cationic systems. The charge density difference (CDD) plots and the Bader charges were obtained 

by using the LCHARG and LAECHG tags as implemented in VASP. The hybrid density functional 

33 34 B3LYP in conjunction with the Grimme3 dispersion correction (B3LYP-D3)26
• • was checked 

against revPBE-D3 to ensure that the spin states calculated with revPBE-D3 were reliable. 

1v. Discussion 

The oxidized and unoxidized complexes were first placed on an ATR-FTIR instrument to 

obtain a quick identification of functional groups that were of interest to us. Naturally, the spectra 

for both species display strong absorption in the C-H stretching region (Figure 4.3 B & E) which 

is expected given the large number of C-H bonds. While it is not in the scope of this study, VSFG 

has proven to provide robust and unique information in this region. Given the importance and 

range of tunability of steric effects in large coordination complex catalytic reactions, nonlinear 

experiments in this region may prove useful in the future to organic chemists looking to gain an 

edge in catalyst design or to explain previously unknown reaction mechanisms. We tum our 

attention to the Figure 4.3 C and F where we expect the metal-oxo stretch to be. After the catalyst 

is oxidized, we notice three new bands between, roughly, 850 and 1000 cm-1 which are marked 

with orange arrows. Given the apparent activity in this range, we elected to begin our VSFG 

experiments here. 
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A) 

C) 

Figure 4.3: IR spectra of A), B), & C) the unoxidized Jacobsen catalyst and D), E), & F) the 
oxidized Jacobsen catalyst showing the full spectrum, the methyl stretching region, and a key 
portion of the fingerprint region, respectively. The orange arrows in F) point to bands that arise 
only in the spectrum of the oxidized catalyst. 

A representative VSFG spectrum of the oxidized and unoxidized Mn(salen) complexes is 

shown in Figure 4.4. While the vibrational spectral signatures are nearly identical at frequencies 

above 1200 cm-1, remarkably clear differences in the low frequency region, where the Mnv-oxo 

stretching bands are expected to occur, are observed between the two species In brief, the 3100 to 

12800 cm-1 region corresponds to the CH stretches, the bands near 1600 cm- are dominated by the 
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salen ligand C-C stretching vibrations, and the low frequency vibrational band assignment 

(expanded in Figures. 4.4B and 4.4C) will be discussed below. 
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Figure 4.4: A) PPP SFG spectra of the CH (left), CC (middle), and oxo-metal (right) stretching 
regions . Large windows show spectra to scale with the metal oxo spectrum, small windows show 
the expanded spectra. B) PPP spectra of the metal-oxo region showing deconvolution which 
reveals four distinct peaks. C) The metal-oxo region of the unoxidized complex showing only a 
single band above 1000 cm-1. 

The surface-confined molecular structures are assessed via Density Functional Theory 

(DFT) calculations and shown in Figure 4.5 . Our DFT calculations show that the Jacobsen catalyst 

can adsorb nearly-flat on the Au surface as a neutral molecule with the chlorine axial ligand 

pointing upward from the surface. The metal-bound Cl ligand maintains the central manganese 

atom in the +3 oxidation state. It can also adsorb in the cationic form without the Cl atom. The 

only stable adsorbate of the oxo-species on the Au(l 11) surface was obtained without the chlorine 

ligand and having the Mn-0 bond oriented upwards, nearly perpendicular to the surface pane. The 
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loss of the Cl ligand is not surprising considering the use ofan aqueous buffer in the oxidation step 

and the strong stabilization interaction with the Au atoms. This oxo-species can be found as neutral 

or ionic (+1) species. Our experimental observations showed that the oxomanganese adsorbed 

species on the gold surface is stable over several hours. 
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Figure 4.5: Vasp calculations of A) the MnV(O)[salen] and B) the MnIII[salen] complexes on Au 
surfaces. 

The calculations predict the Mn-O stretching vibration v(MnO) for the adsorbed species at 

964 cm·1 in the charged state and estimates it at 881 cm·1 for the neutral form, both red-shifted 

from the corresponding gas-phase frequencies of 1015 cm·1 and 887 cm·1, respectively. We 

therefore confidently assign the main band at 927 cm·1 in Figure 4.4B as v(MnO). Notably, this 

band is fully absent in the unoxidized film in Figure 4.4C. The experimental observations are in 

significant agreement with the computational results. This is the first report ofa v(MnO) stretching 

vibration obtained by VSFG spectroscopy. Recent resonance Raman (RR) studies of the 

Manganese(V)-Oxo Corrolazine Complex by Goldberg et al. showed a peak at 979 cm·1 m a 

134 



CH2Ch solution attributed to a triply bonded Mn(V)=O axial oxo ligand.35 This was in contrast 

to oxomanganese(IV) ( or manganyl) porphyrins that have IR and RR bands with double-bond 

character at characteristically lower frequencies around 755-790 cm-1
. 

v . Conclusions 

It is currently debated as to what species is formed (IV vs V) and whether is doubly or 

triply bonded oxygen. Most reports of the high-valent oxidized Jacobsen catalyst indicate that the 

manganese core carries a 5+ charge. 36 If this is the case, molecular orbital theory dictates that the 

bond to oxygen must be a triple bond. This is consistent with our findings . 

While the assignment of the 956 and 982 cm-1 lower intensity shoulder bands is unclear 

now, we postulate that are they also due to v(MnO) vibrations, frequency shifted due to a different 

chemical environment. For instance, our DFT calculations show that a single water molecule H

bonded to the Mn-0 moiety shifts from 964 to 933 cm-1
. While the Au substrate is mostly Au(l 11), 

binding of the complex to other crystalline domains and/or the presence of defects as reported in 

the case of CO adsorption. The peak near 1000 cm-1 observable on both oxidized and unoxidezed 

species is attributed to vibrations of the rings near the Mn center and the fact that the band is 

present whether the complex is oxidized or not, is further evidence of this point. 

Regarding the band intensities ofthe VSFG spectrum, it can be easily noticed that the lower 

frequency panel, the SFG intensity is significantly higher than in any other region. We attribute 

this to an electronic enhancement of the signal by a doubly-resonant condition as described above. 

The UVNis absorption spectrum of the catalyst in solution is well-known.37 The bands below 350 

nm are attributed to the salen ligand. The band at - 440 nm is due to ligand-to-metal charge transfer 

transition, and the low energy bands at >500 nm have been assigned to the d-d transition of 
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Mn(salen) complex. While it is out of the scope of this study to provide the electronic spectrum of 

the oxomanganese complex adsorbed on gold, we can safely postulate that with the visible 

absorption wavelength of 650 nm used in the DR-SFG experiment, the broadband SFG signal is 

tuned to approximately 613 nm which coincides with the pre-resonance portion of the UV /vis 

spectrum. This enhances the signal for vibrations involving the nuclei near the Mn center. Tuning 

in the pre-resonant region offers the additional benefit of signal enhancement while avoiding 

photodegradation. 

This work will serve as a prelude to future applications of this technique to study a range 

of surface-confined high-valent transition metal-oxo complexes important in many catalytic 

processes as it is the main catalytic intermediate in oxygen cloning reactions. This work can also 

be extrapolated to the study of metal-nitrido reaction intermediates. 
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Chapter 5 

VSFG of Silane Monolayers as Molecular 

Supports 
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5.1 VSFG of phenylalkylsilane monolayers 

i. Introduction 

Modification of Si02-based material surfaces by alkylsilane monolayers is a well

established and versatile technique. 1 The surface molecules are chemically bound and are therefore 

robust, often well-ordered, and easily characterized. Alkylchlorosilanes, alkylalkoxysilanes, and 

alkylaminosilanes are often used in the self-assembly of such monolayers which take advantage 

of the spontaneous formation of polysiloxane. These monolayers have been used to study the 

interaction between monolayers and cell and protein surfaces. 2·3 They have proposed use as charge 

carrier transporters in organic field effect transistors ( oFETs ).4 

Synthetic chemists have also been able to use the monolayers to expand their methods from 

the micro to the macro as well. Modifications of the monolayers after self-assembly can include 

multi-layer stacking of the same molecules5 and also of completely different molecules, such as 

organic dyes, that can display unique properties such as strong non-linear optical susceptibility.6
•
7 

More recently, these monolayers have been incorporated into supported organotransition-metal 

catalyst desings, particularly of the Schiff base N,N ' -Bis(salicylidine)ethylenediamine (salen) 

variety.s-io 

This section is concerned with the characterization of phenylalkylsilane monolayers on 

quartz substrates. Reactions, such as electrophilic aromatic substitution, with phenyl groups are 

wide ranging and historically well-established dating back to classical synthesis. SFG 

spectroscopy can be used as a probe to characterize these monolayers in terms of their chemical 

behavior and molecular orientation. This information could prove to be very useful for synthetic 

chemists that are crossing the boundary between strict synthesis and materials chemistry. The 

141 



results in this section are the first spectra of phenylalkylsilane monolayers. A discussion of the 

observed peaks in the alkane and aromatic CH region is carried out. 

11. Experimental 

SAM preparation procedure was adapted from Nihonyanagi et. al. 11 

Octadecyltrichlorosilane (OTS) and 11-phenoxyundecyltrichlorosilane (11-PUTS) were 

purchased from Gelest and used as they came and the quartz substrates were purchased from 

Electron Microscopy Sciences. The substrates were cut into - 25x10xl mm rectangles. All 

glassware and substrates used in the formation of the monolayers were cleaned with 

Nochromix®/concentrated sulfuric acid solution prior to use. 

A 4: 1 mixture of hexadecane to chloroform was added to a 25 mL beaker. Three drops 

from a micropipette were then added to the solution. The reaction sat for 20 minutes for the ODTS 

solution and an hour for the 11-PUTS solution. The slides were removed from the solution using 

tweezers and rinsed vigorously with chloroform before being dried by a stream ofN2 gas. 

The following phenyl sulfonation procedure was adapted from Zhang and Li 's procedure 

of sulfonating phenylalkyl monolayers on SiO2 nanoparticles.12 The 11-phenoxyundecylsilane 

(11-PUDS) coated quartz were submerged in 10 mL of fuming sulfuric acid (30% free SQ3) at 

40°C for two hours. Afterwards, the slides were removed from the oleum and rinsed vigorously 

with ethanol, distilled water, and ethanol again before being dried with N2 gas. 

The visible pulse was tuned to 660 nm and set to 40 mW (- 7 cm-1bandwidth). The infrared 

was tuned to 3300 nm (- 400 cm-1bandwidth and 3 µJ/pulse) to center the spectrometer at 553 nm. 

Acquisition times for the monolayerslasted 120 seconds. The light polarizations used were ssp 

and ppp. 
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iii. Discussion 

Firstly, there have been well-documented VSFG experiments of monolayers made from 

OTS.11·13-15 In order to take the research of alkylsilane monolayers further, we first wanted to 

repeat this work. The octadecylsilane (ODS) SAM SFG spectrum we obtained is given by Figure 

5.1 and is highly consistent with spectra reported by these other researchers . Band assignments 

are also given. 
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Figure 5.1: a) ODS on quartz and b) SFG spectra of ODS SAM on quartz using ssp polarization. 
Bands attributed to CH3modes have been colored red while CH2modes have been colored blue. 

Since SFG is selective towards non-centrosymmetric media, an odd number of methylene 

groups will enhance their respective signals because one of the groups will have a net dipole while 

the others will be somewhat cancelled by opposing dipole moments . Applying the same logic, a 

molecule with an even number of methylene groups will have all modes cancelled by opposing 

dipoles and CH2 stretching vibrations and should theoretically be SFG inactive. However, these 

modes are still sometimes observable in molecules which have even numbers ofmethylene groups 

and it is usually explained by a tilt of the surface molecules and/or gauche defects as shown in 

Figure 5.2 . 
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Figure 5.2: Hypothetical octylsilane SAM's on quartz showing a) a well ordered SAM with no tilt 
angle b) a well ordered SAM with tilt angle 8 determined by the methyl stretch orientation and c) 
a SAM with gauche defects. 

The same procedure and characterization techniques for the ODS monolayers were used to 

prepare and examine the 11-phenoxyundecylsilane (11-PUDS) monolayers . This molecule has a 

phenyl group that should be protruding out away from the sample surface opposite the quartz 

substrate. The phenyl CH groups should, therefore be readily detectable by SFG spectroscopy 

since these modes are both Raman and IR active. Also, it has an odd number ofmethylene groups 

which should lead to strong signals from the methylene asymmetric and symmetric modes. The 

large aromatic on the top of the molecule could potentially give rise to large gauche defects simply 

because of the size of the functional groups. Pi-pi stacking also needs to be considered for these 
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monolayers and how they may impact the spectral lineshapes. Figure 5.3 are SFG spectra of 11-

PUDS on quartz using both ssp and ppp polarizations. 
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Figure 5.3: a) 11-PUDS on quartz and b) SFG spectra of 11-PUDS SAM on quartz using ssp (red) 
and ppp (black) polarizations. 

The ssp polarization is more selective to symmetric modes while ppp polarization is 

sensitive to in-plane asymmetric modes. These preliminary data provides some clues for peak 

assignments. For example, compared with Raman and IR data for typical phenylalkyl species, the 

bands higher than 3000 cm-1 are likely due to the phenyl CH stretches. At this time, no further 

assignments shouldn't be made until further investigation is performed using other analytical 

techniques such as IR absorption and Raman scattering spectroscopies and mass spectrometry. 

The purpose of this discussion, however, was to broach the idea of using SFG to study 

SAM modifications and gather chemical and orientation information. The 11-PUDS monolayers 

were exposed to oleum to sulfonate the phenyl rings. Sulfonate groups can be reacted further in 

various ways including "click-chemistry" schemes. Figure 5.4 shows the ssp and ppp SFG spectra 

for sulfonated 11-PUDS (ll-PUDS-SQ3H) monolayers. Interestingly, the ssp spectra of the 11-

PUDS and the l l-PUDS-SQ3H appear vastly different. The ppp spectra for both monolayers, 
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however, show some similarities. What's striking is the fact that the bands above 3000 cm-1 are 

no longer observable at the same pulse powers and acquisition times. A possible reason could be 

that the four remaining CH modes are cancelling one another. However, the sulfonate group is 

strongly electron withdrawing while the ether group would be strongly electron donating so the 

respective adjacent CH groups would be in very different chemical environments. Of course, it is 

unwise to come to any conclusions until further investigations are done to confirm the chemical 

structure of the proposed l l-PUDS-SO3H SAM. 
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Figure 5.4: a) ll-PUDS-SO3H on quartz and b) SFG spectra of ll-PUDS-SO3H SAM on 
quartz using ssp (blue) and ppp (black) polarizations. 

Once band assignments are made, it is reasonable to expect that molecular orientation could 

be determined. One of the key vibrational signatures is the sulfonate group. The SO double bond 

of sodium dodecyl sulfate (SDS) has been observed by Sengupta and Al Ghoul in the Velarde 

group as it relates to their work on SDS encapsulation of single-walled carbon nanotubes 

(SWCNT).16 It is possible that this mode can be observed on l l-PUDS-SO3H with ssp and ppp 

polarizations which would allow the inclusion of this important mode in an orientation analysis of 

the SAM. 
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1v. Conclusions 

The known procedure for obtain ODS monolayers and SFG spectra from them was 

repeated in our lab using our experimental setup. This procedure was extrapolated to the 

phenylalkylsilane monolayer and spectra were recorded. Modes consistent with phenyl CH groups 

were seen on the spectra for 11-PUDS monolayers. Further assignment of these modes will not 

be made until further analysis is performed. The phenyl rings of these monolayers were modified 

by sulfonate functional groups. The SFG spectra for these new monolayers were recorded and 

compared to those of the 11-PUDS. The most surprising observation was the total loss of signal 

response ofthe proposed phenyl CH vibrations. Further analysis is needed to confirm the chemical 

structure of the monolayers and understand the vibrational signatures. 

Future research will involve obtaining orientation information of the 11-PUDS and/or the 

ll-PUDS-SQ3H. Adsorbates with differing chain lengths and silane linkages could also be 

examined to determine monolayers ideal for the applications mentioned in the introduction. These 

sulfonated monolayers will ideally be used to immobilize catalytic complexes, such as the 

Jacobsen complex, in future VSFG studies. 

147 



v. References 

1. Ulman, A. Chem. Rev. 1996, 96, 1533-1554. 

2. Mrksich, M; Whitesides, G. M. Annu. Rev. Biophys. Biomol. Struct. 1996, 25 , 55-78. 

3. Stenger, D. A. ; Georger, J. H. ; Dulcey, C. S. ; Hickman, J. J. ; Rudolph, A. S. ; Nielsen, T. 

B. , McCort, S. M. ; Calvert, J.M. J Am. Chem. Soc. , 1992, 114 (22), 8435-8442. 

4. Ito, Y; Virkar, A. A. ; Mannsfeld, S. ; Hak Oh, J. ; Toney, M.; Locklin, J.; Zhenan, Bao. J 

Am. Chem. Soc. , 2009, 131 (26), 9396-9404. 

5. Tillman, N. ; Ulman, A. ; Penner, T. L. Langmuir, 1989, 5, 101. 

6. Ogawa, K. ; Mino, N. ; Tamura, H. ; Hatada, M. Langmuir, 1990, 6 (12), 1807-1809. 

7. Li, D.; Ratner, M. A. ; Marks, T. J. ; Chonghua, Z. ; Yang, J. ; Wong, G. K. J Am. Chem. 

Soc. , 1990, 112 (20), 7389-7390. 

8. Annis, D. A. ; Jacobsen, E. N. J Am. Chem. Soc. , 1999, 121 (17), 4147-4154. 

9. Sigman, M. S.; Jacobsen, E. N. J Am. Chem. Soc. , 1998, 120, 4901-4902. 

10. Zulauf, A.; Mellah, M.; Hong, X.; Schultz, E. Dalton Trans , 2010, 39, 6911-6935. 

11. Nihonyanagi, S.; Eftekhari-Bafrooei, A. ; Borguet, E. J Chem. Phys. 2011 , 134, 084701-1. 

12. Huidong, Z. ; Li. C. Tetrahedron , 2006, 62 (28), 6640-6649. 

13. Tong, Y. ; Tyrode, E. ; Osawa, M. ; Yoshida, N. ; Watanabe, T. ; Nakajima, T. ; Ye, S. 

Langmuir, 2011 , 27 (9), 5420-5426. 

14. Lambert, A.G.; Neivandt, D. J. ; Briggs, A. M.; Usadl, E.W.; Davies, P.B. J Phys. Chem. 

B, 2002, 106 (41), 10693-10700. 

15. Eftekhari-Bafrooei, A. ; Nihonyanagi, S.; Borguet, E. J Phys. Chem. C, 2012, 116 (41), 

21734-21741. 

16. Das, S. K. ; Sengupta, S.; Velarde, L. J Phys. Chem. Lett. , 2016, 7 (2), 320-326. 

148 


	Structure Bookmarks
	Exploring the versatile role of doubly resonant sum frequency spectroscopy in molecular characterization of self-assembled and solid interfaces 
	•

	iO 
	-
	B 
	-



