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ABSTRACT

This dissertation investigates the interactions at the solid-liquid interface between
contacting liquids and model fluorinated surfaces using self-assembled monolayers (SAMs)
on gold. Sum frequency generation (SFG) spectroscopy was employed due to its inherent
interface selectivity, which allows it to probe buried interfaces. In the first study, SFG
spectroscopy was used to understand the influence of dipole-terminated surfaces on the
orientation of contacting liquids by supplying the vibrational spectra of the molecules at
the solid-liquid interface. Modulation of the dipole of the solid surface was achieved
through selective fluorination of the molecules used for the self-assembly. The work
presented here was the first in-situ analysis showing a polar liquid reorient in direct
response to the orientation of the surface dipole.

To understand the effect of contacting liquids on the structure of the SAMs, SFG
spectroscopy was used to determine the orientation of the terminal functional groups of
specifically fluorinated SAMs at the solid-liquid interface. In this study, a
difluoromethylene moiety was systematically buried into the film and analyzed with
several contacting liquids. The orientation and orientational distribution of the terminal
functional groups showed that wetting liquids significantly perturb the interfacial structure
of the film. A comparison between the conformation of the monolayer in contact with
liquids and the macroscopic contact angle suggested that disordered monolayers yielded
the most wettable surfaces.

Finally, the effect of changing the substrate to which molecules adsorb on the

structure of the SAM was determined by terminal group orientation of SAMs generated
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from three series of molecules bound to gold and underpotentially-deposited silver surfaces.
The orientation of the terminal functional group of a SAM on Au changed depending on
the length of the alkane chain, and the observed "odd-even" effect in the wettability of the
films was reversed by changing the substrate. However, the solid-liquid interface spectra
using two contacting liquids did not show any differences, with respect to the substrate.
Therefore, although monolayer structure is an important factor in influencing the
wettability of the resulting thin film, other factors must be considered to obtain a complete

understanding of the macroscopic wetting phenomena of surfaces.
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Chapter 1. Introduction to Sum Frequency Generation Spectroscopy of

Partially Fluorinated Self-Assembled Monolayers

1.1.  Self-Assembled Monolayers

The interface between two media, where molecules are exposed to a different
environment than that found in the bulk, is where the chemistry of interaction occurs, which
dictates how the two media will behave on a macroscopic level. For example,
superhydrophobic materials, such as polytetrafluoroethylene (PTFE), are known to have
poor chemical interactions between the chemical functional groups in the material and
water molecules, leading to poor wetting of the polymer surface and allowing for water
drops to easily roll off the surface.! Phenomena such as these can only be explained
through the careful study of molecules at buried interfaces, specifically the solid-liquid
interface, which contain information about the molecular interactions that influence the
macroscale properties of a surface. Fundamental studies of solid-liquid interfaces have
been performed using model surfaces composed of a monolayer of molecules self-
assembled and chemically-bound onto a surface due to the ability of the monolayers to
mirror the physical properties of more complex systems.>

Model surfaces formed by the self-assembly of alkanethiol molecules onto metal
substrates have been widely used to obtain a fundamental understanding of physical
properties such wetting, adhesion, and friction of more complex systems.* Exposure of the
molecules to metal substrates allows for the formation of a thermodynamically-favorable
sulfur—metal bond, with a distance of ~5 A between adjacent sulfur atoms,> which produces

densely-packed films with the terminal functional groups exposed at the interface.”*¢ This
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system is depicted schematically in Figure 1.1, where the sulfur headgroups of alkanethiol
molecules with different overall chain lengths are bound to a gold surface, with the
methylene (CH2) groups forming the bulk of the alkane monolayer and the methyl (CH3)
tailgroup pointing away from the surface and into the interface. The alkyl chains of thiols
bound to gold surfaces have been shown to have a trans-extended configuration that are
tilted ~30° from the surface normal in order to maximize attractive van der Waals forces

between adjacent chains,>>"®

which allows for the development of thin films with well-
defined surface structures. The terminal functional groups of alkanethiol molecules can
also be synthetically modified to generate self-assembled monolayers (SAMs) onto
different substrates to produce surfaces with tunable surface properties that match the

desired application.**-1°
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Figure 1.1. A schematic illustration of fully hydrocarbon alkanethiol molecules with
overall alkane chain lengths of 17 and 18 total carbon atoms, denoted as H17SH and
H18SH, respectively, bound to a gold substrate.

Wettability studies performed on model hydrophobic surfaces composed of

alkanethiol self-assembled monolayers bound to gold have shown that the interfacial



structure of the thin films has important consequences on its wetting properties.”!!
Changing the length of the alkanethiol by changing the number of carbon atoms in the
chain induces a change in the orientation (upright or tilted) of the terminal functional group.
This change in orientation of the terminal group has been shown to cause an "odd-even"
effect in the wettability of the surfaces, as determined by advancing contact angle
measurements.”!!12 In this effect, an odd number of carbon atoms in the alkyl chains
(i.e. CH3(CH2)16SH, labeled as H17SH, with H17 denoting 17 hydrocarbons in the chain)
of thiol monolayers assembled onto gold, heretofore referred to as odd SAMs, have the final
C—C axis tilted away from the surface normal. This is shown by H17SH in Figure 1.1 and
indicates that the terminal methyl and methylene groups are exposed at the interface. With
even-numbered carbon chains (i.e. CH3(CH2)17SH, labeled as H18SH), heretofore referred
to as even SAMs, the terminal C—C axis has a more upright orientation, which minimizes
exposure of the CHz at the interface,’ as shown for H18SH in Figure 1.1. This difference
in structure causes the odd SAM to be more wettable (lower advancing contact angle) by
contacting liquids than the even SAMs on gold due to the increase in dispersive interactions
between the liquid and the monolayer, with the exposure of the underlying methylene
groups, producing what is termed the "odd-even" effect in wettability.

Besides modifying interfacial structure, altering the terminal functional group of a
monolayer has been shown to change the physical properties of the resulting film.%-1%13-1
Fluorination of the carbon chain has been shown to strongly influence the wettability of
self-assembled monolayers.>!*2%2* Graupe et. al. used CF3-terminated alkanethiols with
the form CF3(CH2)nSH, (where n = 9—15) to generate SAMs on Au and found that an array
of oriented dipoles formed at the interface.!® Their study concluded that ordered interfacial
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dipoles strongly influence the wettability behavior of the thin films through the observation
that the CFs-terminated SAMs were more wettable (lower advancing contact angle) with
polar contacting liquids and less wettable (higher advancing contact angle) with nonpolar
contacting liquids than the corresponding chain length hydrocarbon SAM.!* The "odd-
even" effect observed in the wettability of CFs-terminated surfaces was also found to be
opposite to that of the analogous CH3-terminated SAMs on Au.?

More recently, Zenasni et. al. manufactured films using trifluoromethyl-terminated
alkanethiol SAMs (FSAMs) and also observed that the "odd-even" trends in the wettability
of fully hydrocarbon SAMs were generally opposite for the CF3-terminated surfaces.> In
both studies, the presence of a fluorocarbon-hydrocarbon (FC-HC) dipole, with the
negative pole pointing away from the surface (shown schematically in Figure 1.2), was
attributed to the observed changes. Since the SAMs generated from CF3-terminated thiols
have been found to be structurally equivalent to the analogous fully hydrocarbon
alkanethiols,?® the orientation of the terminal dipole was considered to follow the
orientation of the terminal C—C axis, as shown schematically in Figure 1.2. Thus, for an
odd FSAM, the terminal dipole was considered to be tilted away from the surface normal,
and for the even FSAM the dipole was considered to be more upright. The implications of
the terminal group orientation are in the degree of compensation between adjacent dipoles,
which for odd SAMs, due to the head-to-tail arrangement of dipoles, result in the exhibition
of weaker dipole-dipole interactions with contacting liquids than for the more upright even

SAMs.
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Figure 1.2. A schematic illustration of CFs3-terminated alkanethiol molecules with overall
alkane chain lengths of 17 and 18 total carbon atoms, denoted as FIH16SH and F1H17SH,

respectively, bound to a gold substrate.

To probe the effect of the terminal dipole, Zenasni and coworkers synthesized new
adsorbates with the formula CH3(CF2)sHnSH (n = 11-13) to generate a terminal
hydrocarbon-fluorocarbon (HC-FC) dipole in which the positive pole points away from the
surface, opposite to that of the CFs-terminated films. With these "inverted-dipole" CHs-
capped FSAMs, the authors noted that the trends in wettability depended on several factors
related to the surface, namely, the density of chains on the Au, the degree of compensation
by adjacent dipoles, the strength of dipole-dipole interactions with the contacting liquid, as

well as liquid-liquid interactions.?

1.2.  Substrates for Monolayer Formation
Changing the substrate to which the molecules bind has been shown to alter the
physical properties of the resulting film due to a modification in monolayer structure,

which depends upon the most favorable binding geometry between the molecule and the



substrate.*!%?7-3¢ Studies have demonstrated that SAMs form different tilted structures on
silver versus gold.>*® Some researchers have credited the change in the SAM structure to
a difference in the binding geometry of the S on Au and Ag which form C—S—metal bond
angles of 109° and 180°, respectively.?®3’ A near edge X-ray absorption fine structure
study on the orientation of octanethiol SAMs on Ag(111) determined that the S—C polar
angle is canted at ~39° from the surface normal (compared to ~60° for S—C on Au (111)),
enabling the adsorbate chains to align with the surface normal.>

Other studies have attributed the differences in SAM structure to preferential inter-
thiolate distances on metal surfaces.’® Sellers et. al. noted several reasons for the possible
difference in bonding between thiolates on Ag and Au, including a lower ionization
potential for Ag than Au and a larger spread in energies for the valence atomic orbitals for
Ag than Au, leading to different hybridization tendencies for each metal.> Nevertheless,
the studies of SAMs on Ag and Au agree that the hydrocarbon chains require less tilting
on silver than gold, with tilt angles of 15° and 30° from the surface normal, respectively,
to maximize favorable interactions with the substrate and neighboring adsorbates.>*-3

This assembly is illustrated schematically in Figure 1.3, and shows the possible differences

in terminal C—C orientation with the alteration in molecular tilt.
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Figure 1.3. A schematic illustration of alkanethiol molecules with overall odd and even
alkane chain lengths bound to A) Au and B) underpotentially-deposited (UPD) Ag
substrates, along with their corresponding molecular tilt angles according to the literature.

The generation of SAMs from partially fluorinated thiols with the form
CF3(CF2)9(CH2)aSH (where n = 2, 11, and 17) onto silver and gold has been studied by
Frey et al.*¥ As with the previous reports of alkanethiol tilt angles on Au vs Ag substrates,
they found the tilt angle of the FSAMs on Ag to be 10°-12° compared to 32°-38° on Au.
Because the ten-fluorocarbon-long tailgroups were bulky, increasing the space between
adjacent adsorbates and reducing the interchain van der Waals interactions, the upright tilts
of the chains on Ag, in comparison to Au, were attributed to different binding

characteristics of the S with each metal.*®

As with the studies performed on self-assembled
monolayers generated from thiols onto gold surfaces, "odd-even" effects in the wetting of
SAMs on silver have been observed.>?®#? This kind of information aids in the design of
surfaces with wettability behavior tailored to their application.

The use of readily-oxidizable metals such as silver and copper for surface studies
presents challenges for the reproducibility in SAM formation, structure, and the resultant

27-28

surface properties. Therefore, studies have employed the -electrochemical
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underpotential deposition (UPD) of a monolayer of metal, such as silver, onto a more noble
metal, such as gold, to generate substrates for the study of SAMs on different metal
surfaces. 7414 The deposition of one metal onto another at a potential less negative than
the thermodynamic potential for bulk deposition can allow for precise control of the surface
coverage, allowing for only a monolayer to be deposited.*’ Jennings and Laibinis noted
that a UPD Ag monolayer atop Au did not appear to oxidize, due to the lack of oxygen
peaks in their XPS spectra, and noted the superiority of the SAMs formed on UPD metal
substrates to those formed on the corresponding bulk metals.** These advantages make the

use of UPD metals on Au attractive substrates for SAM studies.

1.3.  Analysis of SAMs on Metal Surfaces with SFG Spectroscopy
1.3.1. SFG Spectroscopy at the Solid-Air Interface

To probe buried interfaces such as the solid-liquid interface, an interface-specific
technique, such as sum frequency generation (SFG) spectroscopy, is necessary. Sum
frequency generation spectroscopy is detailed in Chapter 2, and briefly, is a second-order
nonlinear optical technique from which the vibrational spectra of molecules at interfaces
can be obtained.* It is performed using two high intensity pulsed laser beams incident on
a surface which generate a new beam that oscillates at a frequency that is the sum of the
two input frequencies, as illustrated in Figure 1.4, and which can only be generated from
regions that display non-centrosymmetry, such as the boundary between a self-assembled
monolayer and a liquid.*® Therefore, SFG spectroscopy has been used in determining
monolayer composition and structure at interfaces.*’ Several reviews exist which detail

46,48-51

the uses of SFG spectroscopy, and demonstrate the versatility of the technique.
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Figure 1.4. An illustration of two laser beams, one at a visible frequency (green arrow)
and another at an infrared frequency (red arrow), incident on a CF3-terminated self-
assembled monolayer from which the sum frequency generation laser beam is generated.
The illustration is not to scale; the area covered by the laser beams is on the order of
millimeters whereas the SAM is less than a nanometer thick. Therefore, the beams are
purposefully shown penetrating into the monolayer.

The SFG spectroscopy in the C—H stretching region of alkanethiol monolayers has

been characterized before. The effects of alkyl chain length,>*>® substrate roughness,>*

> and electrochemical desorption®®>” on the structure of SAMs

kinetics of formation,’
adsorbed to gold surfaces have been studied by determining the methyl group tilt angle
with respect to the surface normal. The results demonstrate the same trends in the "odd-
even" effect in the orientation of the terminal methyl group, as illustrated in Figure 1.1,
with odd SAMs having a terminal C—C bond tilt angle of ~56° with respect to the surface
normal, while the even SAMs have a terminal group tilt angle of ~34°.>> Sum frequency
generation spectroscopy has also been used to study the structure of alkanethiol self-

29-30,47

assembled monolayers adsorbed to silver surfaces. Because SFG is a coherent



spectroscopy, a change in the phase between the portion of the signal due to molecular
vibrations, and the portion due to the metal substrate response to the input electric fields
can affect the line shapes of the vibrational resonances in the spectra. This was readily
apparent in the spectra of the same molecules adsorbed to silver and gold, indicating that
the vibrationally nonresonant phase from the metal surface changed, depending on the
metal, but did not prevent the analysis of the structure of the molecules on the different
surfaces.*’ Further studies found that alkanethiol monolayers bound to silver surfaces
displayed similar structural order at the interface as that of the same monolayers bound to
gold.? However, monolayers formed from ether-terminated alkanethiols were found to
contain gauche conformers at the interface, indicating disorder when bound to silver, which
was not observed for gold surfaces.*® The results obtained from the analysis of the structure
of the monolayers at the air-solid interface were useful in forming conclusions about the
wettability behavior of SAMs; a greater degree of disorder at the terminus of a SAM can
lead to the partial solvation of the chains and increased wettability of the film.*°

As with the studies on hydrocarbons in the C-H stretching region, SFG
spectroscopy has been used to study fluorinated molecules in the C—F stretching region.
Most of these studies have been limited to perfluorinated molecules oriented at the air-

liquid interface,-¢2

and have shown the difficulties in the accurate assignment of the
resonances in the spectra as well as determining the orientation of CF3 groups at the
interface. Tyrode et. al. were able to assign the resonances in their SFG spectra at 1320 and
1385 cm! to CF3 antisymmetric stretching modes and were able to determine that the CF3

group at the terminus of a monolayer of ammonium perfluorononanoate on water was

significantly tilted at high surface densities, indicating that surface micelles were formed.
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The other studies at the air-solid interface were not so successful in the analysis of CF3
orientation. In the last 5 years, several groups have collected SFG spectra for the C—F
modes of perfluorinated molecules on solid surfaces, specifically glass,% Pt,** and Au,%
but have been vague upon their interpretation of the spectra due to its relative complexity

in comparison to hydrocarbon SFG spectra.

1.3.2. SFG Spectroscopy at the Solid-Liquid Interface

The strength of sum frequency generation spectroscopy lies in its ability to probe
buried interfaces, such as the solid-liquid interface. The structure of self-assembled
monolayers generated from regular hydrocarbon and alkoxy-terminated alkanethiols on
gold and silver in contact with water, hexane, and acetonitrile, determined by the analysis
of SFG data, offers rich details on the effect of liquid penetration into the monolayer on
the structure of the terminal groups of the SAM.!"*¢ Broadening of the vibrational modes
observed in the SFG spectra upon the contact of liquids with the SAMs was attributed to
rotation of the terminal methyl groups, induced by the solvent-monolayer interactions,
while the increase of methylene group contributions to the SFG spectra indicated an
increase in disorder of the films.

The above results indicate that the contacting liquids can significantly perturb the
interfacial structure of the monolayers, as confirmed by other studies of SAMs in contact
with wetting liquids probed with SFG.®”*8 A change in the orientation of ether-terminated
molecules, according to the surface to which they were bound, had implications for the
frequencies of the terminal group vibrational modes, indicating a change in interchain

interactions.!” Finally, as the polar ether terminal group was removed from the monolayer-
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liquid interface, by the addition of a terminal alkyl chain of increasing length atop the
oxygen atom, the depth dependence of molecular interactions was determined by
comparison of the spectra of the alkoxy-terminated SAMs and those of fully hydrocarbon
SAMs.!7 Studies of aqueous surfactants adsorbed onto hydrophobic surfaces composed of
alkanethiol SAMs on gold showed that the orientation of the resonances in SFG spectra
can be used to determine the orientation (CHs pointing towards or away from the SAM

interface) of the surfactants.®"!

1.4. Dissertation Contents

The goal of this dissertation is to provide details about the interfacial phenomena
that occur between liquids and model surfaces composed of alkanethiol self-assembled
monolayers by taking advantage of the interfacial selectivity of sum frequency generation
spectroscopy. Chapter 2 provides details on the theory of sum frequency generation as
well as the methods used for the orientation analysis of the terminal functional groups of
the self-assembled monolayers used in the studies detailed in Chapters 3—5. Chapter 2 also
details the instrumental setups used to perform the SFG experiments.

Chapter 3 describes the SFG spectroscopy of liquid acetonitrile atop self-assembled
monolayers generated from a deuterated hydrocarbon alkanethiol with the form
CD3(CD2)17SH and partially fluorinated alkanethiols with the form CF3(CHz2)16SH,
CF3(CH2)17SH, and CD3(CF2)6(CH2)10SH. The spectra were used to determine the role of
interfacial dipoles on the structure of acetonitrile by discerning whether the CHs group in
acetonitrile points towards or away from the SAM interface as it interacts with the dipole

of SAM beneath it.
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Chapter 4 presents the SFG spectroscopy at the solid-air and solid-liquid interface
of partially fluorinated octadecanethiols in which a fluorinated methylene group is buried
progressively deeper into the alkane chain, with the molecular formulas
CH3CF2(CH2)16SH, CH3CH2CF2(CH2)15SH, CH3(CH2)2CF2(CH2)14SH and
CH3(CH2)3CF2(CH2)13SH. The implications of the CF2 position on the alkane chain with
respect to the surface structure and film wetting properties are described using the relative
order and orientation of the terminal methyl groups in the SAMs at the solid-liquid
interface.

Chapter 5 presents the SFG spectroscopy of three series of molecules—fully
hydrocarbon (CH3(CH2)nSH, where n = 16-19), CF3-terminated (CF3(CH2).SH, where n =
16-19), and CHs-terminated partially-fluorinated alkanethiols (CH3(CF2)s(CH2)aSH,
where n = 10-13)—self-assembled onto gold and underpotentially deposited silver
surfaces. The consequences of adsorption of the thiols onto different metal surfaces are
detailed according to the orientation analysis of the terminal groups at the solid-air
interface. The SFG spectra of the solid-liquid interfaces between the thiol monolayers and
acetonitrile as well as perfluorodecalin are presented, along with a comparison of the
interfacial structure to the macroscopic wettability of the films in the form of advancing

contact angles.
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Chapter 2. Sum Frequency Generation Spectroscopy Theory and

Instrumentation

2.1.  Theoretical Background for SFG Spectroscopy
2.1.1. The Interface Selectivity of SFG

Nonlinear optics have been used for decades to study surface phenomena.!* The
theory of the nonlinear emission of light from an excited material stems from the induced
polarization, which is the dipole moment per unit volume of a material, by an electric field.
If the material is excited using an intense light from a laser, the response of the material to
the electric fields perturbing it is anharmonic and the expression for the dipole moment
must include nonlinear terms.? This is shown by the following Taylor-expanded expression
for the induced polarization, P4, of @ material,

Piptas = PO + PP 4+ PG 4 ... (2.1)
where PV denotes the order of the terms in the polarization. For example, P(") denotes
the first order polarization which stems from the linear absorption of light by a material,
quantified using Beer’s law, and corresponds most of the optical phenomena seen in
everyday life. The expression for P;,;,; can be further defined to include response of the
molecules to perturbation by the incident electric fields, E, as detailed by the molecular
susceptibility, ¥y, (with its corresponding order) shown below,?

Pioras = €o[xVE + xP:EE + x® : EEE ...]. (2.2)
The second-order polarization, P(?), gives the nonlinear interaction of coherent light in a

medium and is expressed as,
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P® (wgpg) < x®: E(w))E(w,) (2.3)
where E(w,)and E(w,) correspond to two input electric fields with frequencies w; and
w5, and ¥y @ denotes the second-order nonlinear susceptibility tensor of the interaction.>*
The induced polarization in the material oscillates with a frequency, wgg, that is at the
sum of the two input frequencies and is called the sum frequency generation (SFG) beam.’
The intrinsic symmetry of the y® forbids SFG emission from centrosymmetric media
because as a third rank tensor, y® changes sign under the inversion operation.>
Centrosymmetric materials are invariant under the inversion operation, meaning the
susceptibility would have to equal its negative; therefore, in centrosymmetric media the
susceptibility must be zero.> The implications of this selection rule in sum frequency
generation from interfaces indicate that molecules in an isotropic bulk environment will
not produce SFG signal, but interfacial molecules can at the boundaries where the
centrosymmetry of the system is broken and where y® will be nonzero.’

In the experiments performed in this dissertation, SFG signal was generated using
a fixed-frequency electric field in the visible wavelength range, denoted by w,;s, and a
variable-frequency electric field in the infrared wavelength range, w,g, overlapping at an
interface, such as a surface of self-assembled monolayers exposed to air, as depicted in
Figure 2.1. The electric fields taking the form of laser beams cause the interfacial
molecules to oscillate and emit a new coherent electric field, the SFG beam, with a
frequency wsrg,’ so that the expression for the polarization becomes,
PP (wgpg) ¢ x@: E(wyis) E(wr) (2.4)

where wgp¢ 1S given by,
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Wspg = Wyjs + WiR. (2.5)

Surface normal <
|

:
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|
I
:

S S S S

Ebstrate

Figure 2.1. Schematic of the input visible and infrared laser beams as well as the emitted

SFG beam from a gold surface covered by a self-assembled monolayer of fluorinated
alkanethiol molecules. The laboratory coordinate system is defined in the top right of the
figure, with the z-axis pointing in the direction of the surface normal. The z-x axes form
the surface normal plane along which the p-polarized beams propagate. The s-polarized

beams are in the direction of the y-axis, perpendicular to the x-axis.

2.1.2. The Macroscopic Susceptibility
The intensity of the generated SFG beam, Isz¢, is proportional to the square of the

second-order polarization, and thereby also proportional to the square of the macroscopic

effective susceptibility, )(S)f, for the system, as shown by the following relationship,’

@ |* 2.6
Xeff| I(wyis)I (wir) (2.6)

2

[gpg |P(2) (wSFG)l X
where [(w,;s) and I(w;g) are the intensities of the incident electric fields with the
frequencies w,;; and w;z. The effective susceptibility is described, as shown in Equation

2.7, in terms of )(1(\,213, a vibrationally non-resonant component coming from the interaction
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of the metal surface with the intense light fields, and a vibrationally resonant component,

2 . . ) .. )
)(}g ), which contains molecular orientation information,

2 2 2 2
x| < | + 7] @)

The Xz(vzzg has an amplitude Ay and phase €, and can be described as,

X2 = Ayg * el€ (2.8)

while the )(}gz) follows the relationship,

A
() q
xR = E : _
R — g ~ Wk iT, (2.9)

where Ag, wg, I, are the amplitude, frequency, and linewidth of the q™ vibrational mode.

The resonance amplitude, A, is related to the Raman polarizability tensor, @, and the IR

transition dipole moment, y, of the q vibrational mode in coordinate system, Q, by,

da du
aX 35 39
9Q,0Q,

(2.10)
signifying that in order for SFG signal to be generated, the vibrational mode must be both
Raman and IR active. Because the rule of mutual exclusion is violated in centrosymmetric

media, this also explains why SFG can only be generated from non-centrosymmetric

environments.>

2.1.3. Fitting Procedure for the SFG Spectra

Equation 2.9 shows that when the frequency of the IR beam is the same as the
frequency of a normal mode the susceptibility is maximized, as is the intensity of the
emitted SFG beam. Because sz, directly, although not linearly, depends on whether or

not the input IR beam is in resonance with one or more of the vibrational modes of the
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molecules at the interface, the frequency of the IR beam can be scanned and plotted with
respect to the SFG intensity to produce a surface vibrational spectrum with functional

group specificity.> The resulting relationship for the intensity of the SFG beam,

2

, A
Igpg o< |Apg * '€ +Z 1 (2.11)
R

WIR — qu

was used to fit the SFG spectra collected. The intensities of the resonances were then

calculated from the data fits according to the following equation:

2
Isre(wg) = (%) . (2.12)

q

Because the susceptibility is a complex quantity, the shape of the resonances in the
spectra can be influenced by the relative phases € and § of the non-resonant and resonant

components of the susceptibility, as shown by the expansion of equation 2.7,

2@ @I+ @) + 2 (|x @ x @ |coste - 6()). (2.13)

Thus, constructive interference between the phases of the resonant and non-resonant
contributions to the susceptibility tensor gives rise to upward-pointing resonances (peaks),

while destructive interference produces downward-pointing resonances (dips) in the SFG

spectra.” Because the )(,(\,23 has a constant phase for the substrates used in the studies
described in this dissertation, a change in the orientation of the resonances in SFG spectra
can consequently be used to determine changes in the structure of functional groups at an

interface.
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2.1.4. The Microscopic Hyperpolarizability

Because the effective susceptibility, )(g)f, is a third-rank tensor, it has 27 tensor

elements’ that are dependent on the Cartesian coordinates of the polarizations of the laser
beams used in the experiment. Therefore, only certain polarization combinations (p-
polarized or s-polarized with respect to the surface normal) will give non-zero elements of
the susceptibility tensor. For rotationally isotropic surfaces, such as the gold slides used in

the experiments outlined in this dissertation, there are seven non-zero components, namely,

X,((i)z = X%)z, x)((zzzi = XB(,ZZ%,, ng( = ng)y, and xg)z, where the subscripts correspond to the

laboratory coordinate system (X, y, z) in which z is along the surface normal and x is in the
plane of incidence, as defined in Figure 2.1.> For the experiments outlined in this
dissertation only the ssp and ppp polarization combinations, denoting the SFG, visible, and

IR beam polarizations, in that order, were considered. This was according to the available
non-zero components of )(gc)f and due to the fact that s-polarized infrared light could not

be used, because it changes phase upon reflection from metal surfaces, so that the beam
destructively interferes and produces no significant intensity.” Therefore, the following

relationships for the susceptibility were used,’

2 . 2
X ssp = Lyy(0s6) Lyy (@yis) Ly (01 SinBrg XYy (2.14)
2 =L L VL el ()
Xeffpop = XX ((*)SFG) xx(wws) 77 ((*)IR) Cos Bsgg COS Byis Sin Bir Xxxz
2

- Lxx(wSFG)Lzz ((*)vis) Lxx(wIR) oS Bspg Sin Byis cos PBir Xxzx
. 2
+ Lzz(wSFG)Lxx(wvis) Lxx(wIR) sin BSFG Cos Bvis Cos BIR ng;

+ Lzz (wSFG)LZZ (wvis) Lzz ((*)IR) sin BSFG sin Bvis sin BIR Xgi)z (2-15)
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where L;; (w;) correspond to the Fresnel factors at the frequencies, wggg, Wyis, and wyg, of
the SFG, visible, and IR beams, respectively, and the 8 values correspond to the angles of
incidence of the denoted beams. The Fresnel factors between two media with a molecularly
thin layer in between, such as air (medium 1) above an alkanethiol monolayer assembled
onto gold (medium 2), can be calculated using,’

2n; (w;) cosy;

Lyx () = n, ((*)i) cosy; + nz(wi) cos B3; (210
B 2n4 (w;) cos B;
Lyy(@)) = n, (w;) cos B; + ny(w;) cosy; 17
B 21, (w;) cos B; ny (w;) \”
La(001) = n, (w;) cosy; + ny(w;) cos B; (nm(mi)> 219

where n; and n, are the frequency-dependent refractive indices of medium 1 and 2. The
term y; corresponds to the refractive angles into medium 2, as determined by Snell’s law.
The value for n,,, corresponding to the effective refractive index of the interface layer (i.e.
the monolayer assembled onto gold), was calculated for each system using the method

outlined by Zhuang et. al.,!

2 2
(i) = Mo+ 2 (2.19)
Ny Ny (Mpyic® + 5)

in which ny,;, corresponds to the bulk refractive index of the molecules used for the

monolayer assembly. Because the Fresnel factors of the X)((ZZL and ng( elements are quite

small,® the susceptibility of the ppp polarization combination can be written as,

Xéjzf},ppp = _LXX((DSFG)LXX((DViS) Lzz (wIR) cos BSFG cos Bvis sin BIR X)((z()z
(2.20)

. . . 2
+ L, ((*)SFG)LZZ (wvis) L,, ((*)IR) sin Bggg sin Byis sin Bir ng)z
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()

leaving only xg()z and X;i)z as the contributing factors to the y, Ffppp-

The laboratory-scale

(2)

susceptibility factors, x; ko where (i, j .k = x, y, z) can be related to the molecular-scale

2

elements of the hyperpolarizability B,z ,

where (o, B,y = a, b, ¢), through a coordinate

transformation via the following relationship,?
2 _ )
Xijk =N Z(RiaRjﬁRkV)BaBy (2.21)
aBy

where the angular brackets represent the ensemble average over all molecular orientations,
N is the number of functional groups contributing to the signal at the interface, and R;q,
etc. are the elements of the rotational transformation matrix from the molecular coordinate
system at the microscale (a, b, ¢) to the lab (x, y, z) coordinate system at the macroscale,

as defined for the CHs functional group shown in Figure 2.2. This shows how the

(2)

molecular-scale vibrations described by the Baﬁy

directly relate to the macroscopic

(2)

measure of the input electric fields interacting with the surface molecules, x; .

A) c A
C
H [ H H
H.\| H !
\C/ . \C""H
’ 8, \a
b C C .

Figure 2.2. A) Schematic illustration of the molecular coordinate system (a, b, ¢) defined
for a methyl (CH3) group and B) the relationship between the molecular coordinate system
(a, b, ¢) to the laboratory coordinate system (X, y, z). The average orientation angle, 0, is
defined as the tilt angle of the C-axis of the functional group with respect to the surface

normal along the z-axis.
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There are only three independent symmetric hyperpolarizability elements, Bg?c =

{)?C and BE?C, for the vibrational modes probed in the studies outlined in this dissertation,

) /8(2)

with local Cwy and C3y symmetry.? If R = B;5./Bcce» the azimuthal angle over the x-y plane

is averaged over, and a narrow distribution of functional group orientations is assumed,

then the x)((i)z and Xg)z for symmetric stretching vibrations can be found using,?
N 3@
X = g™ = == [(1 + R){cos 0) — (1 = R){cos? 0)] (2.22)
Xz = N Bzt [R(cos 0) + (1 — R){cos® 6)] (223)

where 0 is the average orientation angle, described as the tilt angle, of the functional group

with respect to the surface normal, as shown for the case of a CH3 group in Figure 2.2. For

the antisymmetric stretching vibrations the xg()z and Xg)z have the following relationships

to 0,
Ko™ = x2h® = —N BE[(cos B) — (cos? 6)] (2.24)
X2 = 2N BZ) [(cos B) — (cos? B)]. (2.25)

The value of the hyperpolarizability ratio, R, for a CH3 group can be calculated according

to the procedure outlined by Wang, et. al.,? in which,

R - 2) _1+7—(1—r)cos?(7)
B Bgi)c ~ 2[r+ (1 = 1)cos2(1)]

(2.26)

where 7 is the H-C—H bond angle of 109.5° andr is the single bond polarizability
derivative ratio. The value of r is obtained from the Raman depolarization ratio, p, for the
normal mode in question, which was not experimentally determined for the molecules used

in this dissertation. Therefore, literature values for p from similar molecules were sought
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out and used where appropriate. The following relationship between p and r was used to

determine the r value used for the calculation of the hyperpolarizability ratio, R,

3

P = 2
14 2r 2.27)
4420 [(1 —1)(1 — 3cos?(1))

Alternatively, the value of R was varied from 1 to 4 using the intensity ratios determined

experimentally until a physically reasonable value was found.?

2.1.5. Functional Group Orientation Analysis

Equations 2.14-2.25 were used to generate theoretical curves that show the
relationship between the intensity of the SFG beam, Iz, and the functional group tilt
angle, 0, with respect to the surface normal. The intensities of the resonances in the SFG
spectra corresponding to the vibrational modes of the functional groups probed in this
dissertation were determined from the fits to the experimental data using Equation 2.11.
The intensities from the experiment were compared to the simulated curves to determine
the average orientation of the functional group with respect to the surface normal. Because

not all the parameters used in the simulation of the orientation curves are known, such as

()

the values for the individual hyperpolarizabilities, 8, By

intensity ratios were used instead

of direct intensities determined for a vibration in a spectrum. Two methods were used in

determining functional group orientation: using the ratio of intensities for the same

resonance from each of the polarization combinations collected, Isﬁ, or using the intensity
ppp

ratio between two resonances in the same spectrum, such as the symmetric and

antisymmetric stretching modes, Ilﬁ The former method requires that the intensity ratios
as
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be corrected for experimental differences due to using different polarization combinations.
Therefore, the latter method, which is more self-consistent, was used when possible.

In order to determine the distribution in the average orientation angle, a Gaussian
distribution function (with different widths) was applied to Equations 2.22-2.25 following

the procedure outlined by Sun et. al.,’ with the following expression,

X = NBos, j g(8) f(6)do (2.28)

where g(0) represents cos 0 or cos3 0 and f(0) is a Gaussian orientation distribution

function with the form,

1 —(6-69
207 (2.29)

f(6) =

e
oVim
in which o is the width of the distribution and 6 is the average tilt angle of the functional
group with respect to the surface normal. The average orientations and orientational
distributions of the functional groups at an interface, determined from an SFG experiment,
were used to understand how microscopic structure influences the macroscopic properties

of films.

2.1.5.1. Determination of Methyl Group Tilt Angle

The orientation of the methyl (CHs) groups at the terminus of self-assembled
monolayers (SAMs) on metal surfaces generated from fully hydrocarbon alkanethiol
molecules with the form CH3(CH2)sSH (HnSH, where n = 16—-19) was determined using
the ratio of resonance intensities for the symmetric and antisymmetric CH3 stretches with
frequencies of 2875 cm™ and 2965 cm’!, respectively, in the ppp SFG spectra. Using this

analysis, the average tilt angle along the terminal C—C bond of the methyl group, with
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respect to the surface normal, hereafter described as the methyl group tilt angle, was
determined. To generate the theoretical curves described above, a value of 1.45 for the
refractive index, ny,,, of an organic monolayer was used, consistent with the literature
value used for SAMs.!® For the hyperpolarizability ratio, R, a value of 3.4 was used, in
accordance with previous reports that determined the tilt angle of CHs groups using SFG.*
1" Figure 2.3 displays the simulated orientation curves used in the analysis of CH3 group

tilt angle at the air-solid interface in the forthcoming chapters.
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Figure 2.3. The relationship between the methyl group tilt angle and the SFG peak
intensity ratio for the symmetric and antisymmetric methyl stretch. The black solid, red
dash, blue dot, and pink dash-dot lines represent the width in the Gaussian distribution of

the orientation angles with a = 0°, 10°, 20°, and 30°, respectively.

The resonance intensity ratios determined from the experimental SFG spectra can

have relatively large errors attributed to variation in the spectrum fitting for the molecules.
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Figure 2.4 shows one such case where a typical ppp SFG spectrum of octadecanethiol
(H18SH) on gold was fit to different numbers of resonances, from three resonances
corresponding to three methyl (CH3) stretching frequencies, to six resonances that include
contributions to the SFG spectrum from methylene (CHz) groups. The figure shows the
narrow distribution (¢ = 0°) curve for the methyl group tilt angle as well as the intensity
ratios and their errors determined from fitting the experimental SFG spectra. The average
orientation angle was determined to be 28° for the spectrum fit to three resonances and 33°
for the spectrum fit to five and six resonances.

The errors in the intensity ratios, shown by the error bars in Figure 2.4, were used
to determine a range of possible tilt angles for the CH3 group based on the error in the fit.
While all three fits yield tilt angles that are the same within error, the error bars indicate
that the tilt angles can diverge 2—6° away from the average tilt angle. The error bars also
show that tilt angle ranges can span 6-9°. The different fitting procedures produced
different average methyl tilt angles, and while the ranges of tilt angle values were lower
for some fitting procedures, others show large variations between the average angle and
range of angles. This illustrates a limitation of the SFG orientation analysis for the
determination of the methyl group tilt angle. As such, the tilt angles obtained in the studies

in this dissertation are meant to be understood as the range of angles that can vary.
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Figure 2.4. The relationship between the methyl group tilt angle and the SFG peak
intensity ratio for the ppp symmetric and antisymmetric CHs stretch. The red, blue, and
pink lines represent the intensity ratios, with their error, calculated from fitting the SFG

spectrum of HI18SH to six, five, and three resonances, respectively.

New simulations for the orientation curve were necessary for the solid-liquid
interface between alkanethiol SAMs and contacting liquids, due to the change in Fresnel
factors as the laser beams traveled through the liquid. The orientation curves used for the
analysis of methyl group tilt angles while in contact with liquids are shown in Figure 2.5.
The orientation curves for the methyl groups at solid-liquid interfaces were observed to
shift slightly lower and towards lower tilt angles (more upright orientations of the methyl
groups with respect to the surface normal), due to the change in refractive indices at the

interface with the addition of a condensed phase at the interface.
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Figure 2.5. The relationship between the methyl group tilt angle and the SFG peak
intensity ratio for the symmetric and antisymmetric methyl stretch for alkanethiol SAMs
in contact with acetonitrile (CD3CN) and perfluorodecalin (PFD).

2.1.5.2. Determination of CF3; Group Tilt Angle

Determination of the orientation of the trifluoromethyl (CF3) groups has been
attempted before with varying success.!>!* Tyrode et. al. noted that the orientation could
not be determined accurately due to the lack of values for the hyperpolarizabilities of the
resonances.'? In the studies outline here, the orientation of the CF3 at the terminus of
partially fluorinated alkanethiols with the formula CF3(CH2)aSH (F1HnSH, where n = 16—
19) self-assembled onto metal surfaces were attempted to be determined assuming the CF3
group has local C3v symmetry so that the ratio of the symmetric stretching vibration of the
CFs group in ssp and ppp polarization combinations could be used, due to the fact that it
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was the most prominent vibration in the SFG spectra. The monolayer refractive index used
was n,, = 1.19, calculated using a bulk refractive index, ny,;, of 1.431 £ 0.009 for CF3-

terminated alkanethiols.'?

Smith et. al. noted that the depolarization ratio for the CF2
vibration is 0.05,'® which gave r = 0.04, which was then used to get R = 3.91. This value

was used to generate the simulated orientation curve for the intensity ratio versus the CF3

tilt angle given in Figure 2.6, however the R value for a CF3 group should be more

appropriate.

1.0

0.9 1
o -
o 0.8
_Q =
3 0.74
% B
. 0.6 1
2 1
TU. 0.5 4
]
2 04-
0 ]
c
g 034
E .
L) 0.2 4
L J
D 01

0.0 v T T T T T T T

0 20 40 60 80

CF, tilt angle (degrees)

Figure 2.6. Simulated o = 0° distribution curve of the intensity ratio of the CF3 symmetric

stretch in ssp and ppp SFG spectra with respect to CF3 orientation angles.

Raman studies of CF3-terminated molecules have found that the depolarization
ratio, p, of the CF3 stretching vibration at ~1175 cm™ is ~0.7.% 1718 Using this value leads

to the calculation of a negative value for R, the hyperpolarizability ratio. Iwahashi, et.al.
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arrived at the same result and used R = - 4.89 to determine the orientation angle for the CF3
group in CF3S03".13 Karageorgiev et. al., who studied CF3-terminated ethyl ether forming
a Langmuir film on water, also calculated a negative value for R and justified its use by
attributing the negative R value to phase shifts between the driving electric fields and the
polarization response of a CF3 group.'* Although the electron-withdrawing nature of the
CFs group is expected to reduce the value of the hyperpolarizabilities, the bond
polarizability derivative model® used to determine the value of r assumes that the functional
group in question has a polarizability so that 0 <r < 1, therefore, a negative value for the
hyperpolarizability ratio R does not make physical sense because it would indicate that the
functional group is not polarizable.

Because a reasonable value for R was not found through the depolarization ratios
available in the literature, the value of R in the simulation was allowed to vary until the
orientation curve appeared to match the intensity ratios calculated from the experimental
SFG data, producing a curve that agreed with the curve plotted in Figure 2.6. However,
due to the coupled nature of the CF3 vibrations to those of the C—C stretching and CH2/CH3
wagging vibrations,'®!? the curve in Figure 2.6 did not fully match the intensity ratios
determined from the SFG spectra, indicating that the model used to simulate the curve was
insufficient. Potential energy distributions were sought out to determine the contribution
of the CF3 to the vibration at 1174 cm™, and found that the CF3 symmetric stretching
contribution does not exceed 25% for the band,?® while other studies assigned the band
with ~50% CF3 antisymmetric stretching character,'”!” implying that no matter the model
used to generate orientation curves, the error in the tilt angle would be large due to strong

coupling between the CF3 vibrations and those of the chain.
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Because the molecules studied in this dissertation are assembled on metal surfaces,
the complex refractive index of a metal surface has a large influence on the Fresnel factors
used in the simulation of the orientation curve; therefore, although the CF3 vibrations are
strongly coupled to other modes, unknown factors may have needed to be applied to the
simulated curves to account for the use of electronically-resonant metal substrates and may
have contributed to the error in the orientation analysis. Therefore, the CF3 tilt angles were
unable to be quantified successfully by SFG orientation analysis, however, the relative
intensities of the CF3 modes could still be used to qualitatively analyze the orientations of

the functional groups, as described in Chapter 5.

2.1.5.3. Determination of CH3 Tilt Angle in Partially Fluorinated SAMs

The orientation of the methyl (CH3) groups at the terminus of SAMs generated from
partially fluorinated alkanethiols with the formula CH3(CF2)s(CH2)aSH (H1F6HnSH,
where n = 10-13) assembled on metal surfaces was determined using the ratio of resonance
intensities for the symmetric and antisymmetric CH3 stretches in the ppp SFG spectra with
frequencies of 2960 cm™ and 3024 cm’!, respectively. Making no other changes to the
values used in the simulation of the orientation curve for a CH3 group, besides using the
correct stretching frequencies for the CHs above a CF2 moiety, made barely discernable
changes to the orientation analysis curve for the methyl group orientation with a narrow
distribution, shown in Figure 2.3. The monolayer refractive index was changed to
n,, = 1.18, calculated using a bulk refractive index, nyy;, of 1.40 + 0.01 for a similar
partially-fluorinated alkanethiol with the formula CF3(CF2)o(CH2)11SH.?! The

depolarization ratio, p, for the CHs next to a CF2 was found in the literature to be 0.02,%
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and was used to calculate r = 0.21, which gives R = 1.88. This value for R is similar to the
value for the methyl group in methanol, R =1.7.% Therefore, it was used in the orientation
analysis for the SAMs derived from CHs-terminated partially fluorinated alkanethiols to
generate the narrow distribution curve shown in Figure 2.7 and used in the orientation

analysis in Chapter 5.

20 ,
| — Air
— ~=—CD,CN and PFD
|
8 154 |
F/
o 1
T
14 10 4
2
[72]
c
2
= 4
o _
'8
]
0

CH, tilt angle (degrees)

Figure 2.7. Simulated o = 0° distribution curve of the intensity ratio of the CH3 symmetric
and antisymmetric stretch with respect to CHs orientation angles for the SAMs generated
from CH3(CF2)s(CH2)aSH (where n = 10-13), for the air-solid interface (black solid line)
and solid-liquid interface (red dash line) between the SAMs and acetonitrile (CD3CN) and
perfluorodecalin (PFD).

For the partially-fluorinated molecule with a CH3-CF2 terminus used in Chapter 4
with a molecular formula of CH3CF2(CH2)16SH, the value of R = 1.88 was used as in the

case of the series of SAMs generated from CH3(CF2)e(CH2)nSH. A value of nyy,;;, = 1.45,
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giving ny,, = 1.2, was used due to the assumption that such limited fluorination would not
have much of an effect on the refractive index of the monolayer, supported by the fact that
the ellipsometric thickness of the SAM did not change in comparison to that of a fully
alkane monolayer, as shown in Chapter 4. For the monolayer generated from
CH3CH2CF2(CH2)15SH, also used in Chapter 4, the value for p for the CHs adjacent to a
CH»-CF2 was determined to be 0.05,%2 and was used to calculate r = 0.02, which gives
R =3.23. Once again a value of n,, = 1.2 was used. The narrow distribution orientation
curves for these two monolayers are compared to the curve for a regular alkanethiol, plotted

in Figure 2.8, and were used in the orientation analysis in Chapter 4.
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Figure 2.8. Simulated o = 0° distribution curves of the intensity ratio of the CHj3
symmetric and antisymmetric stretch with respect to CHs orientation angles for the SAMs
with terminal groups of CH3-CHz (black line), CH3-CF2 (red dash line), and CH3-CH2-CF2
(blue dot line) at the air-solid interface.
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At the solid-liquid interface, the Fresnel factors in the simulation were changed to
account for the change in refractive index as the laser beams propagated through the
contacting liquids.  The tilt angles of the monolayers under acetonitrile and
perfluorodecalin were determined using the orientation curves shown in Figure 2.9 and

were used for the orientation analysis detailed in Chapter 4.
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Figure 2.9. Simulated o = 0° distribution curves of the intensity ratio of the CHs
symmetric and antisymmetric stretch with respect to CHs orientation angles for the SAMs
generated from A) CH3CF2(CH2)16SH and B) CH3CH2CF2(CH2)1sSH at the air-solid
interface (black solid line) and solid-liquid interface between the SAMs and acetonitrile
(CD3CN—red dash line) and perfluorodecalin (PFD—blue dot line).

2.1.6. Optical Parametric Generation and Amplification

Because the cross-section of the second-order nonlinear process is small, pulsed
lasers with high peak power densities, and thus high intensities, are necessary to generate
enough signal to be detected. Therefore, coherent (spatial and temporal) interaction of the
input electric fields are necessary to obtain the SFG beam. To generate the fixed-frequency

visible and the tunable infrared laser beams used for the sum frequency process, an optical
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parametric generation and amplification system (OPG/OPA) was used. The visible beam
for the experiment at 532 nm was generated by second harmonic generation (SHG) from a
fundamental 1064 nm beam generated by an Nd:YAG laser used to pump the OPG/OPA,
as shown in the instrumentation section. Second harmonic generation is a special case of
SFG in which two input photons of the same frequency generate a new photon at twice the
frequency of the original photons.

Optical parametric generation (OPG) and optical parametric amplification (OPA)
by difference frequency generation (DFG) are also wave-mixing processes that involve
energy conversion from a pump wave with a frequency, wpymp, into two new waves, a
signal wave at a frequency of Ws;gnq and idler wave at a frequency of w;gzer.>>* The
Wsignal 18 defined as the higher frequency wave in comparison to the w;ger. As in the
SFG process, the output frequencies of a parametric device are governed by energy
(Wpump = Wsignat + Wigrer) and momentum (Kpymp = Ksignar + Kiater) conservation.?*"
24 From these criteria come the phase-matching condition for the generation of new beams
from nonlinear media, given by,

Wpymp SIN Opymp = Wsignar SINOgignar + Wigrer SIN Ojgier (2.30)
Optical parametric generation is thus the opposite process to SFG, generating two photons
of lower frequency from one photon of higher frequency. When the process of generating
new photons is coherent, the photons constructively add to create the signal and idler
beams. In a seeded DFG process called optical parametric amplification, in which wpymp
and wg;gngq; are both incident on a non-centrosymmetric crystal, the signal beam at wg;gnq

is amplified because the pump beam will be broken down to make one more photon at
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Wsignal @s well as a photon at w;g;er. Birefringent nonlinear crystals are used in OPG/OPA
systems in order to take advantage of the dependence of the refractive index of the crystal
on the direction of the polarization of the input radiation.?>** Equation 2.30 shows that by
changing the angle at which the beams travel through the birefringent nonlinear crystals,
the output frequencies wg;gnq and w;qier can be tuned.?>>* This method of tuning is used

to generate the IR beam that is scanned across a frequency range for SFG spectroscopy.

2.2.  SFG Spectrometer Set-up and Characterization
2.2.1. OPG/OPA
Figure 2.10 shows the beam path beginning at the EKSPLA Nd:YAG, 20 ps pulse

duration, 1064 nm laser used to pump a LaserVision optical parametric generation and
amplification (OPG/OPA) system. This fundamental beam, depicted as black arrows
pointing in the direction of propagation of the beam in Figure 2.10, is steered with mirrors
1 and 2 (M1 and M2) to a Galilean telescope made up of a plano-convex and a plano-
concave lens (L1 and L2, respectively). The telescope takes the diverging beam from the
laser and reshapes it to a small enough diameter to increase its peak power density so that
when it pumps the parametric processes they can generate sufficient intensity for the SFG
experiment. The beam is also collimated with the lenses to ensure a consistent output from

the OPG/OPA.
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Figure 2.10. Top-view schematic of the optical parametric generation and amplification
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Mirrors M3 and M4 steer the beam into the OPG/OPA housing towards the first
beam splitter (BS1) which reflects half of the fundamental beam towards the birefringent
KTiOPO4 (KTP) doubling crystal denoted as KTPO in Figure 2.10 for second harmonic
generation of the visible beam used in the SFG experiment. The KTPO crystal requires
both vertical and horizontal input beam polarizations to meet its phase-matching condition
and generate the second harmonic of the fundamental beam. Therefore, a half-wave plate
(HWP1) is used to rotate the horizontal polarization of the fundamental beam by 45°. Once
the phase-matching condition is met, a 532 nm beam is generated and is sent towards the
first dichroic mirror (DM1). Since the efficiency of the second harmonic process is not
100%, DM1 transmits the fundamental 1064 nm beam and steers the 532 nm beam towards
BS2, and the transmitted beam from BS2 is further purified by going through DM2 which
reflects the residual 1064 nm beam into a beam dump and transmits the 532 nm beam. The
BS2 sends ~75% of the 532 nm beam towards the SFG set-up for use as the fixed visible
frequency in the SFG experiment, and the other ~25% towards the first stage of crystals,
mounted atop motorized stages for precise angle tuning and denoted as KTP1 and KTP2,
for optical parametric generation.

These KTP crystals take the pump 532 nm beam and generate signal and idler
beams of lower frequency, shown as the orange and blue arrows in Figure 2.10,
respectively. The signal beam is at the higher-frequency of the generated beams, making
the idler the lower-frequency beam. As BS3 sends a portion of the pump beam into the
first stage crystals, the other portion goes to M6, M7, and finally DM3 which sends the
pump beam back into the crystals along with the reflected signal beam from M5, which is

on a translation stage to match the timing of the pulsed beams, in a seeding process to
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amplify the generation of the beams. The amplified signal and idler then transmit through
BS3 towards the rotator which turns their polarization in order to meet the polarization
requirements for the second stage of KTP crystals (KTP3 and KTP4) used for optical
parametric amplification through difference frequency generation. The DM4 reflects the
unwanted 532 nm beam into a beam dump, and the undoped double-side polished silicon
wafer used as a polarizer and set at the Brewster angle (Si POL) transmits only the idler
beam (blue arrow) for use in the DFG process.

The other half of the pump 1064 nm beam transmitted through BS1 is sent through
a delay (mirrors M10 and M11 which are on a translation stage, and mirror M12), to align
both spatially and temporally at the second stage of KTP crystals, mounted atop motorized
stages, along with the idler beam from the first stage, which is now considered the signal
beam for the second stage, and steered by M8 and M9. By taking the difference of the
input frequencies (1064 pump and idler beam from first stage), the KTP3 and KTP4
generate a new idler beam, designated by a purple arrow in Figure 2.10. This beam is tuned
in the IR frequencies between 2000 and 4000 cm™ and can be used to probe the C=N and
C—H stretching regions of molecules. In order to study C—F bonds lower frequency infrared
radiation is necessary, so the OPG/OPA illustrated in Figure 2.10 was outfitted with a third
DFG stage that generates the necessary frequencies.

The dichroic mirror DMS5 sends the 1064 nm beam to a beam dump, transmitting
the signal and idler from the second stage (blue and purple arrows, respectively), now
considered the pump and signal beams for the third stage, so that they align spatially at a
AgGaSe: crystal mounted atop a motorized stage and denoted as AGS in Figure 2.10. The
energy of the beams before the AGS crystal was measured to be ~2 mJ/pulse. The AGS
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nonlinear crystal generates a new beam, the idler from the third stage shown as the red
arrow in Figure 2.10, which is at the difference of the input frequencies and can be tuned
from 1000 to 2000 cm™. A double-side polished undoped germanium wafer set at the
Brewster-angle for the third-stage pump beam was used as a polarizer (Ge POL) to dump
the beam, and an IR filter (IRF) was used to block the third-stage signal beam to separate
out only the infrared radiation (third stage idler beam) that will be used in the SFG
experiment. The motorized mounts for the three stages of crystals are connected to a
computer through two 25-pin RS-232 serial cables attached to a board with motion control
modules for each of the motors. This allows for angle-tuning of the crystals using the
LaserVision motor controls software installed onto the computer. By careful alignment of
the mirrors and angle tuning of the first, second, and third stage crystals on their motorized
mounts, the energy and frequency of the final IR beam can be optimized, and is on the
order of 15 to 45 uJ, as shown by the IR energy profile scanned from 1100-1800 cm™' and

plotted in Figure 2.11.
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Figure 2.11. The energy profile of the IR radiation at the output of the OPG/OPA scanned
from 1100-1800 cm™.
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2.2.2. Low-Frequency SFG Spectrometer Set-up

Once the infrared and visible beams have been generated, they propagate into the
SFG spectrometer as shown by the red and green arrows, respectively, in the schematics
shown in Figure 2.12. The IR beam transmits through a second Ge polarizer, denoted as
Ge POL2 in both illustrations, to ensure that only the frequencies between 1000—2000 cm™
! are used in the low-frequency SFG experiment. The diverging IR beam from the
OPG/OPA is then focused using a BaF: lens, designated as L3 in Figure 2.12B, and is
steered using two evaporated-gold slides as mirrors M14 and M15 through a second BaF2
lens (L4) to focus the beam to the sample. Commercially available gold mirrors were not
used because they were found to have a coating that absorbs infrared radiation in the
frequencies scanned in the experiments outlined in this dissertation.

As shown in Figure 2.12A, the visible beam is steered using M16 and M 17 through
a Galilean telescope (L5 and L6) to make the beam smaller and thereby more intense at the
sample stage. Mirrors M18 and M 19 are mounted on a translation stage to align the 532 nm
beam temporally with the IR beam at the sample stage. The beam intensity is attenuated
by changing the rotation of HWP1 while the polarizer cube POL2 is fixed, depending on
the necessity for the sample. For all the SFG spectra presented in this dissertation, the
beam was used at full intensity. Mirror M20 sends the beam through HWP2 which is used
to tune the polarization of the visible beam at the sample stage. Mirrors M21 and M22
were used to steer the visible beam to the sample stage, as shown in Figure 2.12B.

The geometry of the system, illustrated schematically in Figure 2.12B, has
incidence angles of 50° for visible beam and 60° for the IR beam, with respect to the surface

normal. The samples were placed on the sample stage of the spectrometer and the laser
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beams were aligned. Careful temporal alignment using the visible beam translation stage
and spatial alignment of the two beams at the sample surface are necessary to optimize the
emitted SFG signal. The generated SFG beam (shown as the blue arrows in Figure 2.12B)
is steered by M23 and M24 through short-pass filters (F1 and F2) that transmit only the
SFG wavelengths and absorb the visible beam. A Glan-Taylor polarizer cube, designated
as POL3 in both schematics of Figure 2.12, dictates the polarization of the SFG beam for
the experiments, and L7 focuses the weak SFG beam at the photomultiplier tube (PMT)
used as the detector for the system.

The SFG signal collected by the PMT is processed by a gated boxcar integrator
communicating with a computer where the averaged SFG signal is plotted versus the IR
wavenumber using a homemade LabView program. The LabView program communicates
with the OPG/OPA LaserVision software to mechanically adjust the angles of the crystals
on their motorized mounts to scan the IR radiation from 1000 to 2000 cm™. The plot of
infrared wavenumber versus SFG signal is the surface vibrational spectrum. The system
described here is enclosed in a box that was purged with dry nitrogen gas for at least 30
minutes before the spectra were collected, and was continuously purged during the

experiment to reduce the absorption of IR radiation by ambient water vapor.
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Schematic A) top view and B) side view of the low-frequency SFG

spectrometer. This illustration is not to scale.

Figure 2.12.



2.2.3. Low-Frequency SFG Spectrometer Characterization

Wavelength calibration of the SFG spectrometer was performed by placing a
calibration standard polystyrene film in the path of the infrared beam as the SFG spectrum
of a bare gold slide was collected. This procedure causes the IR radiation to be absorbed
and large dips to be observed in the SFG spectrum of bare gold, as shown by the blue
symbols in Figure 2.13A. The transmission FT-IR spectrum of the same polystyrene film
was collected with 16 cm™ resolution and was used as a reference for resonance positions,
as shown by the black solid line in Figure 2.13A. If the polystyrene resonance positions
were found to be incorrect in the SFG spectrum of bare Au, the angles of the OPG/OPA
crystals (only KTP2, KTP3, KTP4, and AGS) were adjusted using the LaserVision motor
controls software to reflect the true wavelength of the IR beam. The resonances at 1370,
1450, 1493, and 1602 cm™ were used as calibration points and correspond to the aromatic
C—C stretching and C—H bending modes of polystyrene. The similarities in the linewidth
of the bands in the spectra of Figure 2.13 A indicate that the resolution of the low-frequency
spectrometer is on the order of ~15 cm!. The same procedure was carried out using
polytetrafluoroethylene (PTFE) tape, as shown in Figure 2.13B, where the resonances at

1158 cm™ and 1227 cm! correspond to the stretching vibrations of CF2 groups.
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Figure 2.13. A) The transmission FT-IR spectrum of a polystyrene calibration standard
collected using 16 cm™! resolution (black solid line) and the SFG spectrum of bare gold
with the same polystyrene standard placed in the path of the IR beam (blue dashed line).
B) The transmission FT-IR spectrum of a PTFE tape collected using 16 cm™ resolution
(black solid line) and the SFG spectrum of bare gold with the same PTFE placed in the
path of the IR beam (blue dashed line).

The SFG spectrum of a bare gold surface was collected daily to provide a
background scan for the samples tested using the SFG spectrometer. Because SFG
spectroscopy is a nonlinear technique, this spectrum cannot be background-subtracted from
other spectra; however, the spectra can be taken as a ratio to account for the daily response
function of the instrument to the gold surfaces. The bare gold spectra can thus be

considered as a useful tool to determine the profile of the IR energy as the different

frequencies are scanned.

2.2.4. High-Frequency SFG Spectrometer
The details of the high-frequency SFG spectrometer are found elsewhere.?> Briefly,

the pulsed, 20 Hz, 1064 nm beam from the EKSPLA laser is used to pump a second

LaserVision optical parametric generation and amplification system that produces a
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tunable-frequency infrared beam scanning from 2000—4000 cm™!, and a 532 nm visible
beam depicted as red and green arrows in the direction of the propagation of the beams,
respectively. The two beams, with incidence angles of 60° and 50° from the surface
normal, respectively, were spatially and temporally aligned at the sample surface to
produce the SFG beam, as shown by blue arrows in Figure 2.14. This sum frequency (SFG)
beam was filtered through a monochromator, collected using a PMT, and the resulting
averaged data points were plotted using a LabView program. This high-frequency SFG
spectrometer was used to scan the frequencies for the C=N and C—H stretching vibrations,
ranging from 2000-2300 cm' and 2800-3050 cm, respectively, in ppp and ssp
polarization combinations where the letters denote the polarization of the SFG, visible, and
IR beams, respectively. The final spectra of the samples are the average of at least 5 scans
and have been normalized to the corresponding bare gold SFG spectrum to account for the

gold response over the scanned frequencies.
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The IR beam reflected from the sample surface as well as 10% of the input visible
beam (diverted by use of a wedge set in the path of the visible beam) were used to generate
a reference SFG beam from KTP powder, as shown schematically in Figure 2.14. This
reference arm to the SFG spectrometer generates a profile of the IR energy throughout the
surveyed frequency range, giving information about the absorption, or lack thereof, of the
IR radiation by the liquids used in solid-liquid SFG experiments, as demonstrated by the
spectra in Figures 3.7 and 3.8A in Chapter 3. The data from the reference arm was gathered
simultaneously with the SFG signal from the sample surface and plotted separately during

the experiment so that the spectra could be monitored for IR absorption as it was collected.

2.2.5. Cell for Solid-Liquid SFG Experiments

A homemade cell was designed and built for the solid-liquid SFG experiments and
is illustrated schematically in Figure 2.15. The cell consisted of a PTFE body with a shelf
to hold a fluoropolymer-coated silicon o-ring. Contacting liquids were dropped onto the
gold slide containing the self-assembled monolayer. A small Kalrez o-ring under the gold
slide helped to press the sample against a window so as to minimize the space, and therefore
the amount of liquid, between the slide and the window. A CaF2 window was used unless
otherwise noted because it is does not absorb IR radiation in the frequency ranges surveyed.
The window was drag-wiped with methanol and treated with UV light for an hour to
remove as much organic contamination as possible before being placed into the cell. A
thin, but sturdy, metal flange covered with PTFE tape was fastened over the window by
tightening four nuts at the bottom of the cell to press all the components together, as shown
in Figure 2.15. The cell was assembled in a glovebox under a N2 atmosphere to prevent

the absorption of water by the contacting liquids when necessary.
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Chapter 3. The Solid-Liquid Interface of Partially-Fluorinated Self-
Assembled Monolayers on Gold and Acetonitrile: Surface Dipole

Influence on Liquid Structure

3.1. Introduction

The wetting of solid surfaces is a complex phenomenon that is governed by a
balance of interactions between the cohesion of the liquid molecules and their adhesion at
the solid interface.! For a complete understanding of the interactions that govern such
macroscale properties of surfaces, studies at the nanoscale solid-liquid interface are
necessary. Several reviews on solid-liquid interfaces have been published’>? and have
shown sum frequency generation spectroscopy to be a useful tool in selectively probing
buried interfaces.  Vibrational sum frequency generation (SFG) is a nonlinear
spectroscopic technique that obtains signal from the second-order process forbidden in
centrosymmetric media under the electric-dipole approximation.> By generating a
vibrational spectrum at the interface between two media where there is no inversion
symmetry, SFG provides information about the order and average orientation of functional
groups at the molecular scale. SFG spectroscopy can be performed in-situ, allowing for
the buried solid-liquid interface to be probed in real time and under ambient conditions.

Self-assembled monolayers (SAMs) of alkanethiol molecules on gold were used as
the solid surfaces in this study due to the ability to tailor the functional groups at the end
of the alkane chain used to generate the monolayer. Synthetic modification of the SAMs

produces films with desirable physical properties for specific applications, such as anti-
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adhesion and anti-corrosion. Studies undertaken to determine the SAM structure and
organization when in contact with liquids have shown the effect of a change in the terminal
group on the wettability of the thin films.*’ Recently, Zenasni, et. al., using selectively
fluorinated SAMs on gold with oppositely oriented dipoles at the chain terminus,
concluded that an inversion of the terminal dipole in a monolayer can cause a reversal of
the "odd-even" effect in the film wetting behavior with polar contacting liquids.’
Furthermore, increasing the length of the hydrocarbon chain atop the terminal dipole,
effectively burying the dipole into the film, causes the contact angle to start anew -- with
the fluorocarbon serving as a surrogate surface.®

These findings provide evidence for the influence of surface dipoles on the
macroscopic wettability of surfaces, which was previously determined to be less significant
than hydrogen bonding interactions.* Despite the many studies analyzing the structure of
fluorinated SAMSs in comparison to their contact angle (wettability) results,’ there is
insufficient information about the liquid structure at the SAM interface, possibly due to the
limited number of techniques able to survey buried interfaces. Studies have shown water
dipoles reorienting when in proximity to different charged groups using SFG,’ and ethanol
selectively wetting polar functional groups in a patterned surface using non-contact atomic
force microscopy.!”

This study aims to elucidate the role of terminal dipoles on the orientation of liquid
molecules at the SAM interface and relate these findings to their macroscopic wetting
phenomena. The adsorbates used in the study, shown in Figure 3.1, consist of two types
of partially fluorinated alkanethiols -- CF3(CH2)aSH, where n=17 and 16 (F1HnSH), and
CD3(CF2)6(CH2)10SH (D1F6H10SH) -- as well as a fully deuterated alkanethiol (D18SH)
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to serve as a reference. In order to make full use of the spectroscopy and the need for
clearly separated mode frequencies, the SAMs used in this study were deuterated where
necessary.

Acetonitrile (CH3CN) was selected as the liquid for this investigation due to its use
as a polar probe in contact angle studies as well as its two distinct chromophores available
to examine, providing a broad range of data for the purpose of determining its orientation
at the surface. Previous studies using surface-sensitive spectroscopic methods, such as
SFG, were undertaken to determine the organization and orientation of CH3CN at solid

11-16 and metal electrode interfaces.!”'® The interaction of acetonitrile

dielectric interfaces,
and SAMs has also been examined, however, these studies describe only the SAM
organization under the liquid.'*** Therefore, this study compares the interaction between
acetonitrile and the terminal dipoles of partially-fluorinated self-assembled monolayers on
gold in the C=N and C-H stretching regions between 2000-2300 cm™! and 2800-3050 cm
!, respectively. Intuition says that SAMs with oppositely oriented dipoles can cause a
change in the interfacial structure of the acetonitrile, holding true for the systems probed
in this study; the solid-liquid SFG spectra shown herein clearly show dipole-dipole
interactions at the nanoscale between a polar contacting liquid and functionalized surfaces.

SFG at solid-liquid interfaces must be carried out carefully because the collected
signal can be easily influenced by the laser beams traveling through several interfaces as
well as through the bulk liquid. To that effect, spectra at each solid-liquid interface were

gathered and a reference SFG setup, shown schematically in Figure 2.14 in Chapter 2, was

built using the IR beam transmitted through the solid-liquid interface and reflected from
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the sample surface to clearly show that interference from solvent absorption was not
included in the collected SFG signal.

3.2. Experimental Procedures

3.2.1. Materials and Methods

Gold shot (99.999%) was purchased from Kamis, Inc. Chromium rods (99.9%)
were purchased from R. D. Mathis Company. Single-side polished, single-crystal silicon
(100) wafers were purchased from University Wafer. Tetrahydrofuran (THF) and
dichloromethane (DCM) from Millipore Sigma, were dried over CaHz (Millipore Sigma)
and distilled prior to use. The other solvents, toluene, 1,3-dimethyl-3,4,5,6-tetrahydro-
2(1H)-pyrimidinone (DMPU), and ethyl acetate (Millipore Sigma); diethyl ether (Et2O)
and methanol (MeOH) both from Avantor Performance Materials; and ethanol (EtOH,
Aaper Alcohol and Chemical Co.) were all used as received unless noted otherwise.
Anhydrous acetonitrile (CH3CN) was purchased from Sigma-Aldrich, distilled to remove
impurities such as water, and kept under a nitrogen-atmosphere in a glove box. Triethyl
amine (EtsN), tributyl tin hydride (BusSnH), azobisisobutyronitrile (AIBN),
methanesulfonyl chloride (MsCl), potassium thioacetate (KSAc), and lithium aluminum
hydride (LiAlH4), were all purchased from Millipore Sigma and used as received. 4-
Nitrobenzeneulfonyl chloride (NsCl, TCI America) and 10% Pd/C (Alfa Aesar) were used
as received.

Magnesium sulfate (MgSOs, Fisher Chemical); lithium chloride (LiCl, Acros
Chemicals); sodium iodide (Nal), hydrochloric acid (HCI), both from Mallinckrodt
Chemicals; sulfuric acid (H2SOs4, J. T. Baker); and Celite (Millipore Sigma), were used as
received. Dideuterosulfuric acid (D2SO4, Millipore Sigma), lithium aluminum deuteride
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(LiAID4, BOC Sciences), and deuterium oxide (D20, Cambridge Isotope Laboratories)
were used as received; LiAlD4 was stored under an inert atmosphere. Tributyl tin deuteride
(BusSnD) was prepared by treatment of BusSnH with 2.0 M cyclohexylmagnesium
chloride solution (Millipore Sigma) and galvinoxyl (TCI America) followed by D20.?* The
intermediate methyl 17-(benzyloxy)-2,2,3,3,4,4,5,5,6,6,7,7-dodecafluoroheptadecanoate
was prepared using a procedure found in the literature.” All 'H, '°F, and '*C NMR spectra
were collected using chloroform-d as the solven (Cambridge Isotope Laboratories). The
chloroform (CHCIs) used to collect 2H NMR spectra was purchased from Millipore Sigma.
The CDCl3 and CHCI3 was referenced at 7.26 ppm or 77.16 ppm for the 'H, *H, and '*C
NMR spectra, respectively. The silica gel used for column chromatography was obtained
from Sorbent Technologies. Absolute ethanol (200 proof, from Decon Labs, Inc.) and
tetrahydrofuran (THF, from J.T. Baker) were used as received for the making of 1 mM
alkanethiol solutions and rinsing of the generated SAMs on the gold slides.

The structures of the alkanethiols used as adsorbates to make the monolayer films
on gold are depicted in Figure 3.1. Octadecane-d37-1-thiol 99.1% (D18SH) was purchased
from CDN Isotopes and used as received. The dipole-terminated adsorbates 17,17,17-
Trifluoroheptadecane-1-thiol (F1IH16SH) and 18,18,18-Trifluorooctadecane-1-thiol

(F1H17SH) were synthesized following procedures found in the literature.”
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Figure 3.1. Molecular structures of the partially fluorinated alkanethiols (F1H17SH,
F1H16SH, and D1F6H10SH) and deuterated alkanethiol (D18SH) used to generate self-
assembled monolayers on gold in this study.

3.2.2. Synthesis of the Adsorbate D1IF6H10SH

The deuterated adsorbate 11,11,12,12,13,13,14,14,15,15,16,16-dodecafluoroheptadecane-
17,17,17-d3-1-thiol (D1F6H10SH) was synthesized according to Scheme 3.1.

Scheme 3.1. Synthetic route used to prepare 11,11,12,12,13,13,14,14,15,15,16,16-

dodecafluoroheptadecane-17,17,17-d3-1-thiol (D1F6H10SH).

B0 FEF O 1) LIAID, B0 F FDD 1) Et;N/ NsCl B0 FE FD D
MO/ THF -10°C n Mon 2) Nal/ DMPU n MI
F F 2) D;0* FF FF
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17-(Benzyloxy)-2,2,3,3,4,4,5,5,6,6,7,7-dodecafluoroheptadecan-1,1-d>-1-0l-d (2). Into a
50 mL round-bottomed flask was added LiAID4 (0.0207 g, 0.500 mmol), inside a nitrogen-
filled glove box; the flask was sealed with a rubber septum and subsequently removed from
the glove box. THF (5 mL, previously degassed) was added into the round-bottomed flask
to create a slurry at -20 °C. Afterward, intermediate 1 (0.197 g; 0.325 mmol), dissolved in
THF (10 mL, previously degassed), was added dropwise, via syringe, into the LiAlDs
slurry. The mixture was stirred at -20 °C for 4 h under a flow of argon. The reaction was
then quenched with cold D20 (5 mL) at -20 °C and acidified with a 1M D2SO4 solution
(prepared in D20). The mixture was extracted with Et2O (3 x 25 mL), and the combined
organic phase was washed with D20 (1 x 25 mL), brine (1 x 25 mL, prepared in D20), and
dried with MgSOa. After removal of the solvent via rotary evaporation, the crude alcohol
was purified by column chromatography on silica gel using hexanes/EtOAc (90/10) as the
eluent to give 2 in 65% yield. '"H NMR (500 MHz, CDCls): § 7.36-7.26 (m, 5H), 4.50 (s,
2H), 3.46 (t,J=6.59 Hz, 2H), 2.09—-1.98 (m, 2H), 1.64—1.55 (m, 4H), 1.43—1.25 (m, 14H).

2H NMR (77 MHz, CHCI3): & 3.99 (broad peak, 2D).

(((11,11,12,12,13,13,14,14,15,15,16,16-Dodecafluoro-17-iodoheptadecyl-17,17-

dz)oxy)methyl) benzene (3). Intermediate 2 (0.1228 g, 0.02112 mmol) and NsClI (0.057 g,
0.26 mmol) were dissolved in anhydrous DCM, and at 0 °C EtsN (0.10 mL, 0.72 mmol)
was added dropwise. The reaction was stirred at rt until consumption of the starting
material (monitored by TLC). Then, the reaction was quenched with 1M HCI (5 mL)

followed by water (10 mL). The mixture was extracted with DCM (3 x 25 mL), and the

organic layer was washed with water (1 x 25 mL), brine (1 x 25 mL), and dried over
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MgSO4. After removing the solvent via rotary evaporation, the crude compound was
purified by recrystallization with hexanes to give the nosylate in ~58% yield. The nosylate
intermediate (0.4145 g, 0.5414 mmol) and Nal (2.4 g, 16 mmol) were dissolved in 10 mL
of DMPU in a 50 mL round-bottomed flask equipped with a condenser. The reaction was
heated at 100 °C for 18 h. The reaction was cooled down to rt, after which water (50 mL)
was added. The mixture was extracted with Et2O (3 x 25 mL). The combined organic
phases were washed with a 10% LiCl solution (1 x 25 mL), water (1 x 25 mL), brine (1 x
25 mL), dried over MgSOs, and evaporated to dryness using a rotary evaporator. The crude
compound was purified by column chromatography on silica gel using hexanes/EtOAc
(98/2) as the eluent to give intermediate 3 in 70% yield. 'H NMR (500 MHz, CDCls): &
7.35-7.27 (m, 5H), 4.50 (s, 2H), 3.46 (t, J = 6.58 Hz, 2H), 2.09-1.98 (m, 2H), 1.64—1.57

(m, 4H), 1.41-1.25 (m, 14H). *H NMR (77 MHz, CHCL): § 3.63 (broad peak, 2D).

(((11,11,12,12,13,13,14,14,15,15,16,16-Dodecafluoroheptadecyl-17,17,17-

dsz)oxy)methyl)benzene (4). Intermediate 3 (0.515 g, 0.746 mmol) and AIBN (10 mol %)
were dissolved in anhydrous toluene. Afterward, BusSnD (1.188 g, 4.068 mmol) was
added dropwise to the solution at rt, and the reaction was heated at 85 °C for 6 h. After
cooling to rt, excess BusSnl salt was removed by diluting the reaction mixture with Et2O
(100 mL) and filtering through a silica pad. The Et2O/toluene solvent mixture was removed
by rotary evaporation, and the resulting crude was purified by column chromatography on
silica gel using hexanes as the eluent to give 4 in 100% yield. "H NMR (500 MHz, CDCls):
8 7.35-7.28 (m, 5H), 4.50 (s, 2H), 3.46 (t, J = 6.58 Hz, 2H), 2.08-1.99 (m, 2H), 1.64—1.57

(m, 4H), 1.41-1.25 (m, 14H). *H NMR (77 MHz, CHCL3): § 1.82 (broad peak, 3D).
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11,11,12,12,13,13,14,14,15,15,16,16-Dodecafluoroheptadecan-17,17,17-d3-1-ol (5). A
slurry of 10% Pd/C (0.171 g, 0.161 mmol) in anhydrous MeOH (10 mL) was prepared in
an oven-dried 2-neck round-bottomed flask. The system was evacuated and refilled with
H:> gas and allowed to stir for 15 min. Then, intermediate 4 (0.363 g, 0.642 mmol) in 10
mL of anhydrous MeOH were transfered into the flask and allowed to stir at rt for 16 h.
Afterward, H2 was carefully removed from the system, and the reaction was diluted with
Et20 (100 mL). To remove the Pd/C, the solution was filtered through Celite. Intermediate
5 was obtained after removing the solvent by rotary evaporation in 65% yield. '"H NMR
(400 MHz, CDCl): & 3.64 (q, J = 6.11 Hz, 2H), 2.11-1.97 (m, 2H), 1.62—1.53 (m, 4H),
1.41-1.25 (m, 14H), 1.20 (t, J= 5.27 Hz, 1H). ?H NMR (77 MHz, CHCI3): & 1.80 (broad

peak, 3D).

11,11,12,12,13,13,14,14,15,15,16,16-Dodecafluoroheptadecane-17,17,17-ds3-1-thiol

(D1F6H10SH). Alcohol 5 (0.300 g, 0.631 mmol) was dissolved in anhydrous THF, and
the solution was cooled to 0 °C. Subsequently, EtsN (0.30 mL, 2.1 mmol) was added to
the solution and allowed to stir for 10 min. Afterward, MsCI (0.20 mL, 2.6 mmol) was
added dropwise, and the reaction was allowed to stir at rt for 6 h. To quench the reaction,
cold water (50 mL) was added. The mesylate was extracted with Et2O (3 x 25 mL), and
the combined organic layers were washed with 1M HCI (1 x 50 mL), water (1 x 50), and
brine (1 x 50). The organic phase was dried over MgSOs4 followed by removal of the
solvent with a rotary evaporator. The crude mesylate was carried to the next step without
further purification. The crude mesylate and KSAc (0.117 g, 1.02 mmol) were dissolved

in 50 mL of anhydrous EtOH. The reaction was stirred at 80 °C for 6 h. Then, the solvent
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was reduced to ~10 mL using a rotary evaporator, and the remaining solution was diluted
with 100 mL of water. The thioacetate was extracted with Et2O (3 x 50 mL), washed with
water (1 x 75 mL), brine (1 x 75 mL), and dried with MgSO4. The solvent was then
removed by rotary evaporation. The crude thioacetate was carried to the next step without
further purification. To an oven-dried flask equipped with an addition funnel was added
LiAlHs (0.023 g, 0.61 mmol) under the flow of Ar. Anhydrous THF (15 mL, previously
degassed) was added to the flask to create a slurry. A solution of the thioacetate (0.217 g,
0.407 mmol) dissolved in THF (15 mL, previously degassed) was added dropwise to the
slurry at -20 °C.

The reaction was stirred at -20 °C for 3 h under an atmosphere of Ar. The reaction
was quenched with cold water (10 mL, previously degassed), under Ar and acidified with
IM H2SOs4 (15 mL, previously degassed). The solution remained under an atmosphere of
Ar until a pH of ~1 was obtained. The solution was extracted with Et2O (3 x 50 mL),
washed with 1 M H2SO4 (1 x 75 mL), water (1 x 75 mL), brine (1 x 75 mL), and dried with
MgSOs4. The solvent was removed with a rotary evaporator, and the crude thiol was
purified by column chromatography on silica gel using hexanes as the eluent. The thiol
was obtained as a colorless waxy solid over 3 steps in 78 % yield. "H NMR (MHz, CDCl3):
8 2.52 (q, J = 7.45 Hz, 2H), 2.09-1.98 (m, 2H), 1.63—1.57 (m, 4H), 1.37-1.28 (m, 14H).
2H NMR (77 MHz, CHCl3): & 1.80 (broad peak, 3D). "F NMR (470 MHz, CDCls): § -
106.5 to -106.6 (m, 2F), -114.3 (m, 2F), -121.8 (m, 2F), -123.6 (m, 2F), -124.2 (m, 2F).

3C NMR (150 MHz, CDCls): & 34.2, 31.1 (t, J=22.2 Hz), 29.5-29.2 (m), 28.5, 20.2, 17.9
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(m). Broad peaks at §120.5-109.3 are characteristic of a long perfluorocarbon chain.?*
HR-CI-MS, m/z: 490.1517 [M-H]".
3.2.3. Monolayer Formation and Characterization
3.2.3.1. Substrate Preparation

The substrates used for the self-assembled monolayer (SAM) formation were
prepared by the thermal evaporation of 100 A of chromium followed by 1000 A of gold
onto silicon (100) wafers. The metals were evaporated under vacuum at a pressure of ~2 x
107 torr with a deposition rate of 0.5 A/s. The gold wafers were cut into slides, rinsed with
pure ethanol, and dried with a stream of ultra-pure nitrogen gas before measuring their
optical constants with a Rudolph Auto EL III ellipsometer using a HeNe laser (632.8 nm)

beam set at a 70° incident angle.

3.2.3.2. Monolayer Formation

Immediately after the ellipsometric measurements, the gold slides were immersed
in 1mM solutions of the alkanethiols in absolute ethanol and left to equilibrate for 48 h in
the dark. The slides were then rinsed with THF followed by ethanol and dried with
ultrapure nitrogen gas prior to taking ellipsometric thickness measurements. A value of
1.45 for the refractive index of an organic monolayer was used, consistent with the
literature value used for SAMs.? The thicknesses reported are the average of nine
measurements (three measurements per spot on the slide with three spots tested per slide)

and are listed in Table 3.1.
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Table 3.1. Ellipsometric Thicknesses of the SAMs Generated from Alkanethiols Bound
to Gold.

Adsorbate Thickness (A)
D18SH 21+1
F1H17SH 18 +2
F1H16SH 17+1
D1F6H10SH 16 £1

3.2.3.3. Techniques for Monolayer Characterization

A PHI 5700 X-Ray photoelectron spectrometer using a monochromatic Ka X-ray
source (hv = 1486.7 eV) set to 90° with respect to the axis of the hemispherical energy
analyzer was used to collect the X-Ray photoelectron (XPS) spectra for the self-assembled
monolayers. The photoelectron takeoff angle was set to 45° from the surface with a 23.5
eV pass energy. A survey spectrum was gathered before running high resolution spectra

with a resolution of 0.1 eV. The high resolution spectra were aligned using the Au 4f,

peak at a binding energy of 84.0 eV.

Raman spectroscopy was collected using a home-built TIR Raman spectrometer
which is detailed elsewhere.?® The alkanethiols were stored in glass vials and the scattered
light was collected with a spectrograph combined with a CCD camera (Andor iDus; Andor
Technology) and resolved by high-frequency and low-frequency transmission gratings.
The spectra were collected for 5 min each from 2000-2300 cm™ and 2750-3100 cm’! to
probe the C—D and C—H stretching regions, respectively.

Attenuated total reflection infrared spectroscopy (ATR-IR) was measured using a
Thermo Scientific Nicolet iS10 FT-IR spectrometer with an ATR accessory. Alkanethiol

spectra were collected with a resolution of 2 cm™ from 600—4000 cm™' for 128 scans.
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Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS)
was measured under a constant nitrogen purge using a Nicolet Nexus 670 Fourier transform
spectrometer equipped with a Hinds Instruments PEM-90 photoelastic modulator adjusting
a ZnSe window to modify the IR polarization. The spectra were collected with a mercury-
cadmium-telluride (MCT) detector in reflection geometry at an IR beam incident angle of
80° from the surface normal. Sample spectra were collected with a resolution of 2 cm™ in
the C—H stretching region from 2750-3100 cm™ for 512 scans.

Sum frequency generation (SFG) spectroscopy of the SAMs and CH3CN samples
was measured using a home-built spectrometer for which the details can be found
elsewhere,?” and in Chapter 2. Briefly, a pulsed, 20 Hz, 1064 nm beam from an EKSPLA
Nd:YAG laser is used to pump a LaserVision optical parametric generation and
amplification system (OPG/OPA) to produce a tunable-frequency infrared beam as well as
a 532 nm visible beam. The two beams, with corresponding incidence angles of 60° and
50° with respect to the surface normal, were spatially and temporally aligned at the sample
surface to produce a new beam with a frequency equal to the sum of the two input
frequencies. This sum frequency (SFG) beam was filtered for wavelength purity, collected
using a PMT, processed using a boxcar integrator, and the resulting averaged data points
were plotted using a LabView program. The samples were scanned in the C=N (2000—
2300 cm™) and C-H (2800-3050 cm™) stretching regions using ppp and ssp polarization
combinations, where the letters denote the polarization of the SFG, visible, and IR beams,
respectively. The final spectra are the average of at least 5 scans and have been normalized
to the corresponding bare gold SFG spectrum to account for the gold response over the

scanned IR frequencies.
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A solid-liquid cell was designed and built for the SFG experiments and is described
in Chapter 2. The cell consisted of a PTFE body into which the gold slide containing the
SAM was placed. A cleaned glass and PTFE syringe was used to place a few drops of
liquid acetonitrile onto the gold slide and a cleaned CaF2 window was placed on top. A
small Kalrez o-ring under the gold slide helped to press the sample against a CaF2 window
so as to minimize the amount of liquid between the slide and the window. A metal flange
covered with PTFE tape was fastened over the window by tightening nuts at the bottom of
the cell to press the window into an o-ring and seal all the components together as shown
in Figure 2.15 in Chapter 2. The cell was assembled in a glovebox under a N2 atmosphere
to prevent the absorption of water by the acetonitrile. The final solid-liquid SFG spectra
were compared to reference spectra, which show the profile of the IR energy throughout
the surveyed frequency range, giving information about the absorption, or lack thereof, of
the IR beam by the bulk liquid in the sample. The data from the reference arm was collected
simultaneously with the SFG signal from the sample surface and plotted separately during
the experiment so that the spectra could be monitored for IR absorption as it was collected.

The theory of sum frequency generation spectroscopy has been thoroughly
described by several groups,?? and is detailed in Chapter 2. Briefly, SFG is a coherent
second-order nonlinear process that under the electric-dipole approximation is only
allowed from media that are non-centrosymmetric. Therefore, molecules in an isotropic
bulk environment will not produce SFG signal, but interfacial molecules can at the
boundaries where the centrosymmetry of the system is broken. The intensity of the SFG

signal, Isg, is related to the intensities of the incident beams I(w,;s) and I(w;g) at the
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frequencies w,,;s; and w;p of the visible and infrared beams, respectively, as well as the

effective second order nonlinear susceptibility, )(S%c, via the following relationship,?®

@ |? 31
Xeff| I{wyis)I (wir)- G.1)

Ispg <
The susceptibility is the sample system’s response to the optical fields perturbing it and is

described by the sum of )(,(\,2,2, the vibrationally non-resonant component coming from the

interaction of the metal surface with the intense light fields, and the vibrationally resonant

component, )(,g ), which contains molecular orientation information and which is

maximized when the frequency of the IR beam is the same as the frequency of a normal
mode. As described in Chapter 2, the resulting relationship between the intensity of the

SFG beam and the susceptibility can be reduced to,

| A
Iope o |Ayg * €€ + Z __ 3.2)
Wq — I
q

WiR — 1 q

where Ag, g, [, are the amplitude, frequency, and line-width of the q™ vibrational mode.
Equation 3.2 was used to fit the SFG spectra and the intensities of the resonances were
calculated. The ratio of intensities for same mode in two different polarizations was
compared to the simulated curves that relate intensity to functional group tilt angle, as

described in detail in Chapter 2.
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3.3. Results and Discussion
3.3.1. Characterization of the SAMs
3.3.1.1. Monolayer Thickness and Elemental Composition

Characterization of the self-assembled monolayers with ellipsometry showed that
the film thicknesses listed in Table 1 are consistent with those found in the literature,’
providing one piece of evidence for the successful formation of the self-assembled
monolayers on gold. X-ray photoelectron spectra were then collected to examine the
elemental composition of each film and provide detail about the SAM structure on the
surface.’! The high resolution spectra are plotted in Figure 3.2.

The XPS spectra in Figure 3.2 show that the binding energies of the peaks agree
well with literature values for SAMs on Au.” The S 2p region in Figure 3.2B shows that
there was minimal to no unbound thiol present in the SAMs due to the lack of a peak at a
binding energy of 164 eV.3? This spectra provide evidence for the successful formation of
the monolayers. Figure 3.2C shows that the CH2/CDs peak in the C 1s spectra for the
SAMs generated from the fluorinated molecules shifts to lower binding energies in
comparison to the SAM derived from D18SH. This is attributed to a lower packing density
of the fluorinated chains due to the larger van der Waals diameter of the fluorinated groups,
2.7 A, in comparison to the hydrocarbon groups, 2.0 A. Among other contributing factors,
the packing density of the SAMs has been shown to increase the wettability of the
"inverted"-dipole surfaces, such as D1IF6H10SH, by polar liquids; contacting liquids have
more access to interact with the terminal dipole in comparison to the FIHnSH monolayers

(where n=16-19) which form more densely-packed monolayers.’
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Figure 3.2. High-resolution XPS spectra in the A) Au 4f, B) S 2p, C) C Is, and D) F 1s
regions of the alkanethiol SAMs on gold substrates.

3.3.1.2. Vibrational Mode Assignments
Before testing the SAMs with surface infrared spectroscopy, the mode assignments

for the fluorinated adsorbates are discussed from their bulk Raman and ATR-IR spectra.
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Figure 3.3 shows the Raman spectra of the semi-fluorinated alkanethiols in the C-H
stretching region between 2750-3100 cm™ and the C-D stretching region between 2025—

2325 cm!. The bands in the C-H stretching region shown in Figure 3.3A for all three

alkanethiols correspond to the symmetric methylene stretch, VSSH 2, the symmetric stretch

split by Fermi resonance, vggz, with the overtone of the symmetric CH2 bending mode,

and the methylene antisymmetric stretch, vgsH 2, in order of lowest to highest frequency.

Further detail on the positions of these bands and the shape of the spectra can be found in

Chapter 5.
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Figure 3.3. Raman spectra of the bulk alkanethiols in the A) C-H stretching region
between 2750-3100 cm™!, and B) the C-D stretching region between 2025-2325 cm™.

The Raman spectra shown in Figure 3.3A also do not have visible CHs stretches,
however, in the CDs stretching region shown in Figure 3.3B, the methyl stretches of the

D1F6H10SH molecule are clearly visible with the symmetric stretching peak at 2140 cm”

1 33

and the antisymmetric stretch at 2270 cm™'.* The resonances for the CF3-capped
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molecules in the C-D region, specifically the higher intensity peaks at ~2150 and 2250 cm’
!, are attributed to a combination band of the C—C skeletal and CF; stretching mode and an
overtone of the symmetric CF3 stretching mode, respectively.’

The ATR-IR spectra shown in Figure 3.4 show that while the alkanethiols have
strong resonances in the C—H stretching region (Figure 3.4A) corresponding the CH:2

stretching modes, the C-D stretching region (Figure 3.4B) shows no resonances for the

D1F6H10SH molecule.
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Figure 3.4. ATR-IR spectra of the bulk alkanethiols in the A) C—H stretching region
between 2750-3100 cm™!, and the B) C-D stretching region between 2000-2350 c¢m’!
(right). The percent transmittance spectra are offset for clarity and both frequency regions
are plotted with the same y-axis scale.

The absence of the CDs3 stretching bands in Figure 3.4B is attributed to a low IR
cross-section; the methyl bands in the CHs-terminated counterpart to this molecule

(H1F6H10SH) have extremely low intensities compared to those of the methyl group in
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fully hydrocarbon molecules,” plausibly due to the methyl group’s proximity to the
electron-withdrawing fluorocarbons.®® If the CH3 bands in HIF6H10SH have such low
intensities, then the CD3 bands are expected to be below the detection limit of the PM-
IRRAS spectra. Since SFG intensities are the product of both the IR and Raman intensities
for the transition in question, these results present a plausible reason why the CDs stretches
for the monolayer formed from D1F6H10SH are not visible in the SFG spectra shown in

Figure 3.6.

3.3.1.3. Monolayer Conformation by PM-IRRAS

Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS)
uses the modulation of infrared light polarization incident at a grazing angle to the surface
to determine the differential surface reflectivity (AR/R = (Rp — Rs)/(Rp +Rs)) and generate
a surface infrared spectrum of the molecules with the full bulk information of the thin film.
PM-IRRAS is used to characterize the relative conformational order of the monolayers by
using the peak position of the methylene antisymmetric stretch which has been shown to
vary with the arrangement of the monolayers on the surface into crystalline-like (ordered)
or liquid-like (disordered) environments.”> Figure 3.5. shows the spectra in the C-H
stretching region between 2750-3100 cm™ for the SAMs generated from the adsorbates
shown in Figure 3.1. Only two resonances are shown, one at 2850 cm™' and the other at
2918 cm! corresponding to the methylene symmetric and antisymmetric stretching

vibrations, respectively. Figure 3.5 shows that all SAMs have the methylene antisymmetric

CH,

stretch, v, 2, at 2918 cm™! which is indicative of well-ordered, trans-extended chains.?> 3

Furthermore, the spectra fail to exhibit stretches associated with the methyl (CH3) group
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since the SAMs are terminated with either CD3 or CF3. There were no visible resonances

in the C-D stretching region, in accordance with the ATR-IR spectra shown in Figure 3.4B.

D1F6H10SH

AR/R

F1H16SH

F1H17SH

1 1 . 1 .
2800 2900 3000 3100

Wavenumber (cm™)

Figure 3.5. PM-IRRAS spectra of the alkanethiol SAMs on gold substrates in the C-H
stretching region between 2750-3100 cm™'.

3.3.1.4. Interfacial Structure at the Solid-Air Interface by SFG

To selectively probe the interfacial interactions between SAMs and a contacting
liquid we employed sum frequency generation spectroscopy in the C-H and C=N
stretching regions. The spectra of the solid-air interface, shown in Figure 3.6, were
included to provide contrast with the solid-liquid spectra shown later as well as a reference
for peak positions and resonance orientations in the spectra. In this study, upward-pointing
resonances are defined as "peaks", and downward-pointing resonances as "dips". Table
3.2 lists the observed vibrational mode frequencies for the spectra and their assignments

taken from the literature and the bulk Raman and IR results.? 36-38
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Figure 3.6. Solid-air SFG spectra in ppp and ssp polarization combinations for the SAMs
and bare gold in the a) C—H and b) C=N stretching regions.
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Table 3.2. Observed Vibrational Mode Frequencies and their Assignments for the SAMs

Generated from the Adsorbates in Figure 3.1 and Acetonitrile..?? 3638

Vibrational mode assignment Resonance position (cm™)

CD;3 symmetric stretch stD3 2060

CDs symmetric stretch split by Fermi Vg? 2109

resonance

CD3 antisymmetric stretch V§£3 2212

CH3CN: C=N stretch VN 2245

CH3CN: CH3 symmetric stretch vz 2042

SS

Apparent from the spectra in Figure 3.6A is the lack of the C=N stretch, in
agreement with the absence of acetonitrile, on the surfaces. The fully hydrocarbon SAM,
D18SH, shows the typical deuterated methyl stretching resonances, as listed in Table 3.2,
as dips in the ppp and ssp SFG spectra in Figure 3.6A, and fails to exhibit resonances in
the C—H stretching region as shown by Figure 3.6B. Representative SFG spectra in the C—
H stretching region of a non-deuterated octadecanethiol monolayer on gold (H18SH) can
be found in Chapters 4 and 5 with their corresponding peak assignments. Densely-packed
self-assembled monolayers on gold, such as those used in this study, are known to be tilted
almost perpendicular to the surface (~30° from the surface normal) so that their tailgroups
are oriented facing away from the gold.*® It is important to note that for the D18SH
monolayer, the methyl group at the terminus of the SAM, which points away from the Au
surface, produces dips in the spectrum. This is an important reference point for later
analysis of the orientation of the acetonitrile molecules. The SAMs generated from the
fluorinated molecules, F1IH17SH, F1H16SH, and D1F6H10SH exhibit small resonances

in the C—H stretching region attributed to the methylene group below the fluorinated
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segment.’> However, the methylene resonances are far from the acetonitrile methyl
stretching peak and will not be analyzed in the current study, but are analyzed in Chapter

5.

3.3.2. SFG Spectroscopy of the Solid-Liquid Interface

To provide evidence that the resonances observed in the SFG spectra for the
interface between acetonitrile and the self-assembled monolayers, heretofore labeled as the
CH3CN/SAM interface, do not arise from IR absorption by the bulk liquid, first,
representative spectra for the case in which the IR light is absorbed by a thick liquid layer
are shown in Figure 3.7. The thickness of the layer of acetonitrile was controlled by
whether or not the window and sample were pressed together, as described in Chapter 2
for the preparation of the solid-liquid cell illustrated in Figure 2.15. For a cell that was not
sealed, both the signal and reference SFG spectra in Figure 3.7A show large dips attributed
to the C=N stretching vibration at 2252 cm™ and a combination band of lower-frequency
modes in acetonitrile at 2290 cm™.!” In the C—H stretching region shown in Figure 3.7B,
once again both the signal and reference SFG spectra display dips, attributed to the CH3
symmetric and antisymmetric stretches of acetonitrile at 2940 and 3010 cm,
respectively.*® Because the reference signal is produced using the IR light that has already
transmitted through the sample, as shown schematically in Figure 2.15 in Chapter 2, the
fact that both the reference and signal SFG spectra exhibit large dips indicates that the IR
light was absorbed by bulk acetonitrile as it transmitted through a layer of liquid that was

relatively too thick.
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Figure 3.7. Infrared absorption by a thick layer of acetonitrile liquid in contact with a
SAM in the A) C=N and B) C—H stretching regions.

When the thickness of the liquid acetonitrile layer was minimized by sealing the
solid-liquid cell shown schematically in Figure 2.15 in Chapter 2, the resulting
simultaneously-collected sample and reference SFG signals are shown in Figure 3.8A and
3.8B. The solid lines in both sets of spectra represent the reference channel intensity while
the connected symbols represent the CH3CN/D18SH interface spectra. The sharp decline
in the reference signal as the IR frequency is scanned to 2300 cm™!, shown in Figure 3.8A,
is due to IR absorption by the carbon dioxide gas present in air. The reference spectra
show no significant resonances in the regions of the C=N and CHs stretches, clearly
demonstrating that there is no IR absorption by the layer of acetonitrile between the sample

and the window.
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Since SFG is a second-order nonlinear spectroscopy, by definition the signal will
arise only from interfaces where the centrosymmetry of a system is broken. As shown in
the illustration of the SFG solid-liquid cell in Figure 2.15, the input and output beams of
the spectrometer travel through several interfaces before reaching the detector, therefore,
the interface from which the SFG signal originates needs to be carefully defined.

The first interface encountered by the laser beams, the boundary between the CaF2
window and the liquid CH3CN, can generate SFG signal as shown by the small resonances
in the CH3CN/CaFz spectra plotted in Figures 3.8C and 3.8D. Note, the data were gathered
from the CaF2/CH3CN interface with no sample underneath. While it is apparent from the
peaks in the ssp spectra that the CH3CN molecules gather at the boundary with the window,
it is unlikely that this signal is contributing to the signal at the CH3CN/SAM interface. As
shown by the spectra in Figures 3.8C and 3.8D, the amount of signal arising from the
resonances at the CH3CN/CaF2 interface is more than ten times lower than the signal of
acetonitrile atop the D18SH SAM. Therefore, signal from the CH3CN/CaF2 is too weak

to interfere with the signal produced from the CH3CN/SAM interface.
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The second interface that could contribute to the signal is the acetonitrile interaction
with the gold substrate. Using a bare piece of gold, the spectra at the CH3CN/Au boundary
were gathered and plotted as the green data points in Figure 3.9. There is a clear dip in the
ppp C=N spectrum and asymmetric resonance shapes in the ssp C=N and both C—H spectra
for the acetonitrile in contact with bare Au, in contrast to the shape of the resonances for
the other CH3CN/SAM interfaces tested as shown in Figure 3.9. This provides evidence
for a different interaction, and possibly orientation, of the acetonitrile in response to a metal
surface lacking a well-ordered alkanethiol monolayer. The literature presents experimental
evidence for the preferential binding of acetonitrile to Au through the nitrile group,
suggesting that the methyl group should be pointed away from the bare Au surface.!”- 4142
Baldelli et. al. noted that the methyl symmetric stretching frequency red-shifts due to mode
softening if the group interacts with a metal surface.!” The resonances in Figure 3.9B are
not shifted, pointing to a lack of interaction between the methyl group of the liquid and the
metal surface. Therefore, because of the lack of frequency shifts in the C—H spectra and
the asymmetric shape of the resonances implying that there could be multiple types of
interactions at the surface, the nitrile group may be pointing toward the Au surface.

The solid-liquid interface SFG spectra of the acetonitrile in contact with the SAMs
are plotted in Figure 3.9. The acetonitrile vibrational bands, the C=N stretch at ~2250 cm’
"and the CH3 symmetric stretch at 2940 cm™, are clearly evident in each frequency region
of the spectra, with the orientations of the resonance (peaks vs. dips) differing between the
surfaces. Despite the strong antisymmetric methyl stretching band shown by the bulk
acetonitrile at 3010 cm™ in Figure 3.7, the same resonance is not observed in the SFG
spectra in Figure 3.9B.
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The ssp and ppp spectra in Figure 3.9A for the D18SH SAM interacting with
CH3CN shows dips for the methyl resonances, VSSD ® at 2060 cm™! and vgg3 at 2109 cm,
originating from the CD3 group which is pointing away from the surface. This is used as
an internal reference to guide the interpretation of the consequently upward-pointing peaks
of the C=N and CH3 vibrational bands of the acetonitrile exhibited at 2250 and 2940 cm™!,
respectively. Taking van der Waals forces as the main driving force for the interaction
between D18SH and the liquid, the attraction of the CH3 of the acetonitrile to the CD3 of
the SAM should lead to the methyl group of acetonitrile pointing downwards toward the
surface.

Experimental evidence provided in the literature suggests favorable methyl-to-
methyl interactions between hydrocarbon SAMs and acetonitrile.!> 22 4% Previously,
Ward, et. al. analyzed the behavior of various surfactants adsorbed onto a D18SH on Au
surface and noted that the surfactants preferred to orient with the methyl terminal group of
the surfactants pointing toward the CD3 termini of the D18SH surface.**** Considering
previous literature examples, if the CD3 of the D18SH is oriented away from the surface
and produces a dip in the spectrum, then the CH3 of the acetonitrile pointed toward the
surface should produce an oppositely-oriented, upward-pointing peak.?>* Concurrently,
the favorable dispersive interaction between the methyl groups will lead the C=N group to
point away from the surface and produce a peak. Following this model and intuition about
permanent dipole-to-dipole interactions (i.e., Keesom forces), the expected resonance
orientations as well as the observed orientations for the resonances of acetonitrile are listed

in Table 3.3.
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Table 3.3. Expected Versus Observed Resonance Orientations for the Acetonitrile Methyl
and Nitrile Stretching Modes in the ppp and ssp SFG Spectra.

VSSH * resonance vEN resonance
Expected orientation orientation
Surface peak
orientation Observed, Observed, Observed, Observed,
PPP SSP PPP SSP

Bare Au - 1 1 ! 0
DI8SH 1 1 1 1 1
F1H17SH 1 1 0 ! 1
F1H16SH ! ! ! ! !
D1F6H10SH ! ! ! ! !

A similar analysis in regards to the orientation of the acetonitrile liquid molecules
atop the fluorinated surfaces can be made. The upward pointing peak in the C—H spectra
of the CH3CN/F1H17SH interface, shown in Figure 3.7B, is indicative of the acetonitrile
adopting a similar orientation on this SAM as it does on the D18SH SAM. Furthermore,
due to the nature of the oriented dipole at the termini the FIH17SH SAM with the negative
pole at the F—C junction and the positive pole at the C—H junction, and the nature of the
attraction between two dipoles -- head to tail alignment, where the positive pole is attracted
to the negative pole of the methyl group of the acetonitrile, its positive pole is expected to
point toward the SAM surface. This statement readily agrees with the observed C—H
spectra and ssp C=N spectrum, but qualitatively disagrees with the ppp C=N spectrum. To

understand the origin of the dip in the ppp C=N spectrum of the CH3:CN/F1H17SH
interface, the nonlinear susceptibility, )(Sc}’ppp, factors that govern the orientation of the

resonances in SFG spectra must be taken into consideration:
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Xeff,ppp XXXZ 777

2 2
opp  |Xej) | x |_ G+ Xom (3-3)

where the ratio of the two susceptibility factors can be defined in order to determine their

independent contribution to the effective susceptibility and finally the intensity shown in

the SFG spectrum. The ratio between xg()z and Xg)z is dependent on the value of the

hyperpolarizability ratio, R, which is determined from the Raman depolarization ratio for
acetonitrile, and the orientation of the molecule with respect to the surface normal as shown

in a previous report by Saito, et. al.** In the case of the C=N stretch, if R = 0.48,'* the ratio

(2)
X(ZZZ)Z vacillates between about 0.6 and 2.9 (as shown by the black solid line in Figure 3.10),

XXZ

implying that for most molecular orientations the Xg)z will be greater than xg()z

2.5

zu/xxxz

Susceptibility Ratio y

Functional group tilt angle (degrees)

(2
Figure 3.10. The simulated ratio of susceptibilities, X(ZZZ)Z, with respect to tilt angle for the

XXZ

CH3 (dashed red line) and C=N (solid black line) groups. The vertical lines mark the
average orientation of the CH3 (red dash dot) and C=N (black dot) groups of acetonitrile at
the F1IH17SH surface, derived from the SFG orientation analysis in section 3.3.3. Ac =
0° distribution of orientations is assumed and R values of 0.48 and 2.3 were used for the
C=N and CH3 groups, respectively.**+7
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Since the components in Equation 3.3 are opposite in sign, both the relative magnitude of
the component and its corresponding Fresnel factors will contribute to the susceptibility.

The spectra follow the relationships,

2

Lypp.ch |—(0.51 —0.83) x& + (0.67 + 1.681) x2), (3.4)
Lyppcn o |~(0.51 — 0.881) %, + (0.63 + 1.621) X5, i
ppp,CN . . Xxxz . . Xzzz (3,5)

©3)

which show that the Fresnel factors in both regions of the infrared are greater for the x,

component than for the xg()z, thereby, the xg)z will have a greater contribution to the final

intensity of the peak in the ppp SFG spectrum than the X)(é)z, regardless of molecular

orientation. The SFG spectra show that the ssp polarization combination, and therefore

x)((i)z, produces a peak for the CHs3 stretch and must have a "positive" value, therefore the

lower intensity in the ppp can be attributed to an overall "negative" ngz)z contribution. In
terms of the CH3CN/F1H17SH ppp C=N spectrum in Figure 3.7, this information indicates

©3)

YANA

that the dip in the ppp is due to the opposite sign and larger magnitude of the x
component of the effective susceptibility and its corresponding Fresnel factors. Therefore,
the model suggested by the CH3CN/D18SH data is still in line with the experimental results
of the CH3CN/F1H17SH interface and the resonance orientations in the ssp spectra can be
considered a good basis for determining the relative orientation of the liquid in contact with
the SAM.

The F1H16SH film has the same total number of carbon atoms as the D1IF6H10SH
SAM but an oppositely-oriented terminal dipole, yet shares similar characteristics with the

spectra of the CH3CN/D1F6H10SH interface. The C—H ssp spectrum in Figure 3.9B has
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a clear dip signifying that the CHs is pointing away from the surface. The ssp C=N
spectrum has an asymmetric-shaped peak with a negative amplitude implying that the
nitrile group points toward the surface as well. The terminal dipole of F1IH16SH must be
tilted to allow the dipoles of the acetonitrile molecules to interact and align differently than
the head-to-tail manner described before. Because the analysis with the susceptibilities
shed light onto the fact that the ssp spectra hold the key to the orientation of the liquid
molecules, the results point to a model in which the CH3CN/F1H16SH surface may have
anti-parallel-oriented dipoles, allowing for the liquid molecules to orient at a more tilted
angle than at the other interfaces.

The interpretation for the CH3CN/D1F6H10SH interface is simplified due to the
appearance of only dips in the both the C=N and C—H spectra in Figure 3.9, opposite to
that of the CH3CN/D18SH spectra. The interaction must be opposite to that of the liquid
on the fully hydrocarbon monolayer, and the methyl group of the acetonitrile molecules
must be pointing away from the surface. This assumption agrees well with the model of
head-to-tail alignment of the dipole vectors of the liquid and the SAM, due to the existence
of the "inverted" dipole of the D1IF6H10SH monolayer with the positive pole at the
terminus of the chain.

The clear dips observed in the FIH16SH and D1F6H10SH spectra in Figure 3.9,
provide more evidence that the CH3CN/CaF2 signal does not affect the CH3:CN/SAM
signal. If the FSAM data was being influenced or was interfering with the acetonitrile at
the window only positively-pointing peaks would be expected in the spectra. Because the

CH3CN resonances in the solid-liquid spectra flip in orientation with a change in the SAM
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underneath, the peaks/dips observed in the spectra belong to the molecules aligning at

interface with the SAMs, not the window.

3.3.3. Orientation Analysis of Acetonitrile at the Solid-Liquid Interface

Orientation analysis was performed on the SFG spectra of the acetonitrile
molecules to offer details about the structure of the liquid at the surface. Previous literature
examples have used different models to fit the C=N spectra. Therefore, the model used to
fit the spectra must be specified because it can have an effect on the final analysis of the
data. Hatch et. al. fit their acetonitrile C=N spectra to two resonances, one at ~2254 cm’!
which was attributed to the acetonitrile molecules weakly adsorbed to the substrate (ZrO2)
through polar interactions and the second at ~2250 cm™!, which was attributed to polar
intermolecular interactions between acetonitrile molecules.'? Baldelli et. al., following a
similar model, also fit their spectra to two peaks, a C=N resonance at 2245 cm’!
corresponding to the acetonitrile adsorbed to Pt, and an SFG active combination band at
2290 cm™.!'7 The resonance at 2250 cm™! was attributed to the acetonitrile solution peak.

Another feature to note involves shifts in the frequency of the CHj3; peak of
acetonitrile between the ssp and ppp polarization combinations, which Ding et al. have
suggested that the spectra be fit assuming the peak is composed of two Lorentzian features
of opposite sign; the features corresponded to a redistribution of intensity between the two
features under different polarization conditions, due to the ability of liquid acetonitrile to
reorganize into different environments, resulting in different peak frequencies.!* The C-H
spectra in Figure 3.9 did not exhibit a shift in frequency between ssp and ppp, and the C=N

spectrum for the reference system, CH3CN/D18SH, does not appear to exhibit polar
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interactions between the liquid and the SAM. Therefore, in light of the previous reports
and the observations made from this study, the peaks/dips in the C—H spectra shown in
Figure 3.9 were fit to one resonance at 2942 cm’!, while the C=N resonance appearing in
CH3CN/D18SH interface spectra was fit to one frequency at 2244 cm™'. On the other hand,
due to the suspected dipole-dipole interactions at the CH3CN/FSAM interfaces and the
asymmetric shape of the C=N resonances, the C=N spectra were fit to two resonances, one
at 2244 cm’' corresponding to the interaction between the acetonitrile and the SAM and
another at 2250 cm corresponding to dipole-dipole interactions between the liquid
molecules.

The fitted data, shown in Figure 3.11, were then used to deduce the orientation of
each functional group, defined by the tilt angle, 0, of the C-axis with respect to the surface
normal, using the intensity ratio, Issp/Ippp, between the symmetric stretching vibration in
the ssp and ppp SFG spectra of the acetonitrile in contact with the different SAMs. The
fitting parameters used for each spectrum are listed in Tables 3.4-3.7 and were substituted
into Equation 2.12 in Chapter 2 to calculate resonance intensity. The SFG intensity ratio
Issp/Ippp was then calculated, and corrected using a scaling factor to account for the
reflectivities of the laser beams at each interface through the cell. The final values of the
intensity ratios and the average orientation angles are listed in Table 3.8 and the intensity

ratios for both of the chromophores in acetonitrile are plotted in Figure 3.12.
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Figure 3.11. Spectrum fits to the solid-liquid SFG spectra in ppp and ssp polarization
combinations for the acetonitrile in contact with SAMs and bare Au in the a) C=N and b)
C—H stretching regions. The symbols represent the experimental data, and the solid lines
are the best fits.
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Table 3.4. Fitting Parameters for the ppp SFG Spectra of the Solid-Liquid Interface of
Acetonitrile and Alkanethiol SAMs on Gold for the C=N Stretching Vibration.

vEN resonance, PPP
System
Anr* € A o r

Bare Au 1.36 2.53+0.17 -0.11£0.07 2242.8+0.8 3.03+3.34
D18SH 0.80 1.22+0.03 0.68+£0.02 22452 +0.1 523+0.14
F1H17SH  0.97 1.58 £0.06 -0.30+0.02  2252.5+0.6 8.03 +£0.63
F1H16SH 0.91 1.97 £0.05 -0.62+0.03 2244.0+0.6 9.42+0.58
D1F6H10SH 0.84 1.59 +£0.04 -0.16 £0.01 2246.1+0.3  4.95+0.29

*Error in the non-resonant amplitude is below the listed significant figures.

Table 3.5. Fitting Parameters for the ssp SFG Spectra of the Solid-Liquid Interface of
Acetonitrile and Alkanethiol SAMs on Gold for the C=N Stretching Vibration.

vEN resonance, SSP
System
Anr* € A (0 r

Bare Au 1.34 276 £0.15 1.85+0.36 22458104 524+045
D18SH 0.65 1.02 £0.03 4.06+£0.12 22452 +0.1 498 +£0.15
F1H17SH 1.01 2.25+0.04 2.55+0.26 22442 +0.2 7.25+£0.27
F1H16SH 0.88 2.32+0.03 -5.32+0.79 2247.0+0.9 10.4+0.19
D1F6H10SH 0.72 1.56 £0.07 -0.66 = 0.07 22445+0.3 395+043

*Error in the non-resonant amplitude is below the listed significant figures.
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Table 3.6. Fitting Parameters for the ppp SFG Spectra of the Solid-Liquid Interface of
Acetonitrile and Alkanethiol SAMs on Gold for the CHs Stretching Vibration.

CH;3; (CH3CN
v 3 (CH3CN)

ss resonance, PPP

System
Anr* € A (0] r
Bare Au 0.92 2.34 +0.07 0.12+£0.01 2944.7+0.5 6.03+£0.55
D18SH 0.85 1.51+0.03 0.61 +£0.02 29434+02 596+0.23
F1H17SH 1.02 0.86 +£0.06 0.25+0.01 29483+0.6 9.99+0.52
F1H16SH 0.90 2.26 +0.07 -0.09 £0.01 29399+0.3 3.79+0.29
D1F6H10SH 0.87 241+0.12 -0.17+£0.02  2939.0+£0.8 7.10£0.73

*Error in the non-resonant amplitude is below the listed significant figures.

Table 3.7. Fitting Parameters for the ssp SFG Spectra of the Solid-Liquid Interface of
Acetonitrile and Alkanethiol SAMs on Gold for the CH3 Stretching Vibration.

,/CHz (CH3CN)

ss resonance, SSP

System
Anr* € A (0] r
Bare Au 0.97 2.23+0.02 1.64 +0.03 29426 +0.1 6.99+0.16
D18SH 0.70 1.83 £0.01 4.62 +0.05 2942.0+0.1 7.39+0.10
F1H17SH 1.03 1.66 +0.02 2.49 +0.05 29448+0.2 8.19+0.17
F1H16SH 0.78 1.86 £0.03 -1.03 £0.03 2940.1+0.2 4.74+0.18
D1F6H10SH 0.70 2.18+£0.02 -1.54 £0.04 2940.7+0.2 594+0.18

*Error in the non-resonant amplitude is below the listed significant figures.
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Table 3.8. Resonance Intensity Ratios (Issp/Ippp) and Average Orientation Angles for the
C=N and CH3 groups of Acetonitrile in Contact with SAMs and Bare Gold.

Vg resonance vE’s resonance
System Issp/Ippp  Avg orientation  Issp/Ippp  Avg orientation
angle (°) angle (°)
D18SH 0.20+0.02 48 0.18 £0.02 67
F1H17SH 0.45+0.13 73 0.72+0.14 8
F1H16SH 0.23+0.03 57 0.42 £0.06 36
D1F6H10SH 0.16 + 0.06 42 0.53+0.06 26
Bare Au 0.32+0.12 65 0.68£0.16 14
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Figure 3.12. Resonance intensity ratios for acetonitrile in contact with SAMs and bare
gold.
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Apparent from Figure 3.12, the intensity ratios of the CHs and C=N in the
acetonitrile follow a similar pattern, as expected for a molecule with an overall Cey
symmetry. The average tilt angles assuming a narrow distribution of orientations, as well
as the tilt angles derived from the Gaussian distribution of orientations with different
widths, were determined using the simulated intensity ratio curves shown in Figure 3.13.
The intensity ratios derived from the data fits of the CH3CN/D18SH interface are shown
in comparison to the simulation in Figure 3.13 to provide an example of the method used
to determine the functional group orientations. The errors in the intensity ratios were used
to determine the range of tilt angles for each functional group and are depicted by the
asymmetric error bars in Figure 3.14, which shows the final results from the orientation

analysis assuming a narrow distribution in the calculated orientations.
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Figure 3.13. Simulated intensity ratio (Issp/Ippp) curve (black solid lines) in response to
molecular orientation for the a) CH3 and b) C=N groups at the acetonitrile/SAM interface.
Also shown are the curves for orientational distributions, ¢, with a width of 10° (red dash),
20° (blue dot), and 30° (magenta dash dot). The purple dashed lines and corresponding
error bars denote the intensity ratios for the a) CHs and b) C=N groups of the acetonitrile
at the D18SH interface. These were used to determine the range of tilt angles for each

functional group.
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Figure 3.14. Average orientations and their asymmetric errors for the C=N and CH3
groups of CH3CN atop the SAMs and bare gold calculated using a ¢ = 0° distribution of
orientations.

However, because acetonitrile is in liquid form, a narrow distribution of
orientations is not a perfect model for the interactions at the interface. The true nature of
the arrangement of acetonitrile molecules at the interface is a distribution of possible
orientations, i.e. the acetonitrile molecules could have their functional groups pointing in
the same direction, but at different degrees of tilt from the surface normal. It is also
possible that adjacent acetonitrile molecules are oriented with their functional groups

pointing in oppositely directions, so that some molecules will have the CH3 pointing away
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from the surface and others will have the CH3 pointing towards the surface. Both instances
will influence the intensities of the resonances in the SFG spectra; if the distribution of
orientations is high, the intensity of the resonances decreases. On the other hand, a smaller
distribution in the orientation, in which the acetonitrile molecules at the SAM interface are
tilted at the same angle and oriented with the functional groups pointing in the same
direction, will enhance the detected SFG signal. This is shown by the apparent discrepancy
in the tilt angles of the functional groups as shown in Figure 3.14. The overall Cev
symmetry of acetonitrile forces the C-axes of each functional group into a collinear
geometry, and therefore, should give consistent functional group tilt angles with respect to
the surface normal. It is apparent from Figure 3.14 that the tilt angles calculated for the
CHs and C=N groups in acetonitrile at the D18SH interface were not consistent with one
another, indicating that the simulated orientation curve did not follow the experiment. The
same inconsistency in functional group tilt angles was noted for the CH3CN at the
F1H17SH surface.

In order to preserve the internal Cs axis of the acetonitrile molecule and keep
consistency in its tilt angles, the following unknown parameters were varied in the
simulated curve: the hyperpolarizability ratio, R, described in detail in Chapter 2 and
typically derived from Raman depolarization data, and the refractive index value, nm, of
the light fields going through the SAM. Previous reports have found an average orientation
angle of 30° for the terminal methyl group belonging to an octadecanethiol SAM on gold.*
The intensity ratio from the fitting analysis of the CD3 symmetric stretch from D18SH was
found to be 0.12 + 0.03. Using these two values as the basis for the analysis, the R value
was varied until the curve intersected with the point (0.12, 30), returning a value of 0.43
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for the hyperpolarizability ratio of CD3 when nm = 1.3 (the average value between bulk
acetonitrile and the real component of the Au refractive index at the SFG wavelength). The
new R value was then used to determine the orientations of the CHs groups in acetonitrile,
however, only the CHj3 tilt angle of acetonitrile at the D18SH interface was consistent,
giving an average of 46°, in comparison to 43° for the tilt angle of C=N for the same
surface. Note, the remaining CH3 intensity ratios did not fit into the curve.

The next test case assumed that if the CD3 group of the D18SH SAM was tilted at
a 30° angle from the surface normal, then the CH3 in the acetonitrile must also be tilted at
that angle. This generated an R value of 0.75 which gave a nearly horizontal curve that
once again did not fit with all the intensity ratios. Varying the hyperpolarizability ratio of
the C=N group produced similar negative results. Changing the value of the refractive
index of the SAM only shifted the orientation curve as a whole but did not vary the shape,
so only some but not all the intensity ratios matched to the curve. These tests show the
limits of the orientation analysis from SFG when the true hyperpolarizabilities of the
molecules in a solid-liquid system are unknown. It also is possible that undetermined
correction factors must be applied to account for the change in the local fields at metal
surfaces. Figure 3.12 does not show an obvious trend in the intensity ratios of the
functional groups, meaning that for the current simulation, no matter how the R value is
manipulated the average orientation values of the CH3CN choromophores atop the SAMs
will not necessarily be consistent. Given that, Figure 3.14 clearly shows that the CH3CN
tilt angles at the FIH16SH and D1F6H10SH interfaces were consistent and can be used
as evidence that the orientations derived from SFG must be directly due to the oriented
dipoles at the SAM surfaces.
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3.3.4. Comparison of Wettability Data to SFG Orientation Analysis

Qualitative observations from the SFG orientation analysis can be compared to
previous wettability data to provide information about how the liquid structure at the
interface influences the advancing contact angles observed for acetonitrile atop each of
these SAMs. The contact angles reported by Zenasni, et. al for the SAMs are listed in
Table 3.9.7

Table 3.9. Advancing Contact Angles of Acetonitrile in Contact with the SAMs in this
Study. Contact Angles Were Reproducible to = 1° for Each of the Samples Tested..’

SAM Advancing contact
angle for CH3CN
D18SH 68°
F1H17SH 48°
F1H16SH 53¢
D1F6H10SH 46°

The data show that the least wettable surface (highest contact angle) is the fully
hydrocarbon surface with a 68° contact angle. The large amplitude of the SFG intensity of
the peaks for the CH3CN/D18SH interface could point to a high degree of organization in
the molecules at the interface. The weaker Debye (dipole-induce dipole) interaction
between polar acetonitrile and a hydrocarbon surface, compared to stronger Keesom
interactions between the liquid molecules,'? likely causes the liquid to optimize the
intermolecular forces at play by forming an ordered layer at the interface. While repulsion
between the dipoles of the liquid molecules arranged parallel to each other is expected,

adjacent molecules can tilt so as to approach a lower-energy head-to-tail configuration.*®
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Another possibility involves the liquid adopting a multi-layered system to reduce
the overall interaction energy, for which the upper layers leading into the bulk would be
centrosymmetric and therefore invisible to the SFG. Hatch et. al. suggested that
acetonitrile forms head-to-tail dimers at the solid-liquid interface with zirconia.'> Ding et.
al. provided insight into the literature surrounding CH3CN orientation at dielectric surfaces
in conjunction with their own study to provide evidence for a well-ordered layer of
acetonitrile molecules tethered through hydrogen bonding at a silica surface with
progressively less ordered layers extending into the bulk of the liquid.!> Although the
systems in this study do not exhibit hydrogen bonding,* Keesom interactions between the
liquid molecules could cause them to adopt a similar multi-layered arrangement near the
surface.

The amplitudes of the resonance intensities for the acetonitrile molecules atop the
three fluorinated surfaces are lower than that of the CH3CN/D18SH system. Strong
interactions between adjacent CH3CN molecules arranged above the D18SH interface,
could lead to a narrow distribution of oriented molecules, which would explain the higher
SFG intensity of the CH3CN modes at the CH3CN/D18SH interface in comparison to the
CH3CN/FSAM interface. Strong interactions between the liquid and FSAM surfaces could
increase the distribution of orientations at the interface and lower the SFG intensity of the
CH3CN modes. Combining the findings from the reorientation of the polar acetonitrile
molecules in relation to the dipole-terminated FSAM surfaces, and the fact that fluorinated
monolayers are more loosely-packed than a fully hydrocarbon monolayer,’ the lower SFG

intensity of the vibrational modes at the CH3CN/FSAM interface can be attributed, at least

110



in part, to a larger distribution of molecular orientations as CH3CN molecules intercalate
into the FSAMs.

This is in direct agreement with the contact angle values of the FSAMs, which
decrease by more than 10° compared a to hydrocarbon SAM, as shown in Table 3.9. This
interpretation of the SFG results is also in direct agreement with a previous report which
concluded that the significantly increased wettability of fluorinated SAMs in comparison
to hydrocarbon SAMs was attributed to the strong dipole-dipole interactions between the
dipole-terminated SAMs and the polar liquid,* indicating that acetonitrile can penetrate
into fluorinated monolayers better than hydrocarbon monoalyers.  Nevertheless,
conclusions made from the comparison between macroscopic wettability in terms of
contact angles and the microscopic information from SFG must be considered with caution.
The solid-liquid interactions at the interface are only one piece of a puzzle that must be
joined with other data, such as surface energy of the solid-air interface and the liquid-liquid
interactions that make up the surface tension at the liquid-air interface, in order to form a

complete representation of the factors that affect the wettability of a surface.

3.4. Conclusions

Interactions at the nanoscale solid-liquid interface can have a large impact on the
macroscale wetting properties of thin films. As one of a limited number of techniques
which can probe such interfaces, sum frequency generation (SFG) spectroscopy was
employed to study the interactions between a common contacting liquid and model
fluorinated surfaces generated using alkanethiol monolayer self-assembly onto gold. The

films used in this study served to investigate how polar liquids, such as acetonitrile in this
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case, reorient when exposed to different environments by varying the functional groups
and, therefore, the dipole, at the terminus of the SAM. The elemental composition of the
monolayers as well as the conformational order of the monolayers confirmed with surface
infrared spectroscopy and SFG, shows that the SAMs formed densely-packed, well-
ordered, trans-extended chains on the gold surfaces that are suitable model surfaces for the
study outlined in this chapter. Because sum frequency generation signal is only allowed
from noncentrosymmetric media, this spectroscopic technique supplied vibrational spectra
of the solid-liquid interface between acetonitrile and the SAMs.

In order to determine the origin of the peaks versus dips in the SFG spectra,
contributions to the SFG signal from the CaF2/CH3CN and CH3CN/Au interfaces had to be
ruled out, as well as IR absorption by the bulk liquid layer of acetonitrile. SFG in both the
C—H and C=N stretching regions showed the CH3CN peaks pointing up or down depending
on the SAM underneath. This corroborates previous reports identifying the source of the
interaction between the polar contacting liquids and the partially fluorinated self-assembled
monolayers as a dipole-dipole interaction.” The solid-liquid SFG spectra shown herein are
the first to clearly show the dipole-dipole interactions at the nanoscale between contacting
liquids and functionalized surfaces and are a useful stepping stone for future work at the

solid-liquid interface.
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Chapter 4: Sum Frequency Generation Spectroscopy of the Solid-Liquid
Interface of "Buried Dipoles' in Partially Fluorinated Self-Assembled

Monolayers on Gold

4.1. Introduction

The influence of the addition of fluorinated moieties to the carbon backbones of
alkanethiols on the structure'™ and properties*!!' of self-assembled monolayers (SAMs)
has been a topic of interest for the more than 35 years due to the valuable physical
properties of fluorinated coatings, such as their reduced friction,’ tunable surface tension,'?
and transport properties® in comparison to their hydrocarbon counterparts. Systematic
studies on the effects of varying the amount of fluorocarbons along the chain,'®!*'* the

3915 and overlying'® hydrocarbon segments, and the effect

chain length of the underlying
of changing the direction of the terminal dipole!” have been undertaken with the sole
purpose of developing a thorough understanding of fluorinated surfaces and their inherent
characteristics. The current study aims to add to that body of work by examining the
wetting behaviors of fluorinated surfaces from the viewpoint of the interactions at the
interface between selectively fluorinated SAMs and various contacting liquids. Having
characterized the properties of a terminal trifluoromethyl group in an alkanethiol SAM,*>
7141719 and its relative conformation at the solid-liquid interface in Chapter 5, it is natural

to also probe the effect of a difluoromethylene group on the overall structure and properties

of the resulting monolayer films.
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Herein, a difluoromethylene group was successively buried into the carbon
backbone of an alkanethiol chain with 18 total carbon atoms, the structures of which are
portrayed in Figure 4.1. The structure and wetting behavior of the films produced from
partially fluorinated adsorbates made up of difluorooctadecanethiols, referred to as the
buried CF: series (HIF1H16SH, H2F1H15SH, H3F1H14SH, and H4F1H13SH), were
compared to those of SAMs generated from the fully hydrocarbon 1-octadecanethiol
(H18SH) and CF3-terminated 18,18-trifluorooctadecane-1-thiol (F1H17SH) which have

the same overall chain length.

R F
F F
F F
F F

F F

F

SH SH SH SH SH SH

H18SH F1H17SH H,F1H,7.,SH

Figure 4.1. The molecular structures of the buried CF2 series of adsorbates used in this
study: 1-octadecanethiol (H18SH), 18,18-trifluorooctadecane-1-thiol (F1H17SH), and the
difluorooctadecanethiols with the CF2 placed progressively deeper into the carbon chain
(from left to right: HIF1H16SH, H2F1H15SH, H3F1H14SH, and H4F1H13SH).
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Prior research conducted on the films produced from these molecules determined
that the addition of an underlying CF2 moiety caused an increased wettability for the films
compared to that of the fully hydrocarbon SAM due to physical attractions (mainly van der

Waals interactions).?’

Consideration of the collective ellipsometric thickness, contact
angle, X-ray photoelectron (XPS) and surface infrared spectroscopic data showed that
although the SAMs formed overall well-ordered films, the terminal alkyl segments above
the CF2 group must have some disorder in their conformation.? The study outlined here
provides molecular-scale evidence for this hypothesis by taking advantage of the interface
specificity of vibrational sum frequency generation spectroscopy to probe the order and
orientation of the terminal groups of these adsorbates on gold.

Vibrational sum frequency generation (SFG) spectroscopy is detailed elsewhere,?!-
22 and is a surface-sensitive second-order nonlinear spectroscopic technique that under the
electric-dipole approximation can only give signal at interfaces where the local
centrosymmetry of the system is broken. Therefore, SFG spectroscopy generates a surface
vibrational spectrum of molecules oriented at an interface by scanning in the region of the
infrared that corresponds to their vibrational modes. The SFG reports on fluorinated

2327 a5 well as a

monolayers are limited to the air-liquid interface of surfactants on water,
few examples of the air-solid interface of fluorinated SAMs used as reference molecules
in non-SAM-related studies.”®* A clear understanding of the interactions at the solid-
liquid interface of fluorinated coatings, developed using self-assembled monolayers on

gold as a model surface for the investigation, can provide valuable insight to aid in the

future design of materials with tailored responses to liquid contacting media.
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In the following report, the findings from the solid-air and solid-liquid interface of
the specifically-fluorinated monolayer films are combined with their ellipsometric
thickness and complimentary surface-sensitive spectroscopic results from XPS and
polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) to
provide a thorough representation of the surface interactions that produce the macroscopic

wetting phenomena outlined in a preceding report.?

4.2. Experimental Procedures
4.2.1. Materials and Methods

The partially fluorinated alkanethiols, 17,17-difluorooctadecane-1-thiol
(H1F1H16SH), 16,16-difluorooctadecane-1-thiol (H2F1H15SH), 15,15-
difluorooctadecane-1-thiol (H3F1H14SH), 14,14-difluorooctadecane-1-thiol
(H4F1H13SH), and 18,18,18-trifluorooctadecane-1-thiol (FIH17SH) were synthesized

1720 The reference adsorbate, 1-

according to procedures found in the literature.
octadecanethiol (H18SH), was purchased from Sigma-Aldrich and used as received.
Absolute ethanol (200 proof, from Aaper Alcohol and Chemical Co.) and tetrahydrofuran

(THF, from J.T. Baker) were used as received for the alkanethiols solutions and rinsing of

the gold slides.

4.2.2. Monolayer Formation and Characterization
4.2.2.1. Substrate Preparation

The substrates used for SAM formation were prepared by the thermal evaporation
of 100 nm of gold (99.999% gold shot purchased from Kamis, Inc.) onto polished single-

crystal silicon(100) wafers purchased from University Wafer. In order to aid in the
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adhesion of the gold to the silicon wafer, an initial 10 nm of chromium (99.9% chromium
rod purchased from R. D. Mathis Company) were evaporated onto the bare silicon wafer

under vacuum at a pressure of ~2 x 107 torr with a deposition rate of 0.5 A/s.

4.2.2.2. Monolayer Formation and Characterization

The gold wafers were broken into 3x1 cm slides, rinsed with pure ethanol, and dried
with a stream of ultra-pure nitrogen gas before measuring their optical constants with a
Rudolph Auto EL III ellipsometer using a HeNe laser (632.8 nm) beam set at a 70° incident
angle. Immediately after the measurement, the slides were immersed in 1 mM solutions of
the alkanethiols and left to equilibrate for 48 h in the dark. The slides were then rinsed
with THF and ethanol and dried with ultrapure nitrogen gas prior to taking ellipsometric
thickness measurements. A value of 1.45 for the refractive index of an organic monolayer
was used, consistent with the literature value used for SAMs.*® The thicknesses reported
are the average of nine measurements (three per point on the slide with three points tested
per slide).

A PHI 5700 X-Ray photoelectron spectrometer using a monochromatic Ka X-ray
source (hv = 1486.7 eV) set to 90° with respect to the axis of the hemispherical energy
analyzer was used to collect the X-Ray photoelectron spectroscopy (XPS) spectra for the
self-assembled monolayers. The photoelectron takeoff angle was set to 45° from the
surface with a 23.5 eV pass energy. A survey spectrum was gathered before running high
resolution spectra with a resolution of 0.1 eV. The high resolution spectra were aligned

using the Au 4f, , peak at 84.0 eV as a reference.
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Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS)
was measured under a constant nitrogen purge using a using a Nicolet Nexus 670 Fourier
transform spectrometer equipped with a Hinds Instruments PEM-90 photoelastic
modulator adjusting a ZnSe window to modify the IR polarization. The spectra were
collected with a mercury-cadmium-telluride (MCT) detector in reflection geometry at an
IR beam incident angle of 80° from the surface normal. Sample spectra were collected
with a resolution of 2 cm™! in the C—H stretching region from 2750-3100 cm™ for 512 scans
and in the C-F stretching region from 1100-1500 cm™ for 1024 scans.

A home-built instrument used to obtain advancing and receding contact angle
measurements was constructed using a Matrix Technologies micro-Electrapette 25 with
disposable pipette tips in conjunction with imaging optics (a 12X zoom lens with 12mm
fine focus working with a 2X extension tube and the image detected on a 1.3MP CMOS
camera) purchased from Thorlabs, Inc. Videos of the contacting liquids being dispensed
and withdrawn at a rate of 1 puL/s following the dynamic sessile drop procedure, in which
the pipette tip stays in contact with the drop, were collected. Imagel was used to acquire a
still image of the drops before they moved laterally on the slide and to measure the resulting
advancing (0a) contact angles. The average of six measurements, one from each corner of
the drop with three different spots measured per slide, were used as the final reported
contact angle values. The following set of polar and nonpolar contacting liquids of the
highest purity available were tested: water (H20 — Millipore water with a resistivity of
18.2 Q), acetonitrile (ACN — Sigma-Aldrich), dimethyl sulfoxide (DMSO — Sigma
Aldrich), hexadecane (HD — Aldrich), and perfluorodecalin (PFD — Synquest Labs).
Deuterated analogs of the hydrogen-containing contacting liquids were used for
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spectroscopic measurements because they do not absorb the IR radiation at the frequencies
scanned in the spectroscopy.

Sum frequency generation (SFG) spectroscopy measurements were collected using
home-built instruments as detailed in Chapter 2. Briefly, a pulsed 1064 nm laser (EKSPLA
PL-2251A Nd:YAG laser) was used to pump two LaserVision optical parametric
generation and amplification (OPG/OPA) systems to generate the visible (532 nm) and
tunable IR beams used in the vibrational sum frequency experiment. The co-propagating
visible and IR beams overlap spatially and temporally at the sample surface with incidence
angles of 50° and 60° degrees, respectively, while the newly generated beam at the sum of
the input frequencies is reflected off the surface, steered into a monochromator for
wavelength filtering, and detected with a photomultiplier tube. The sample slides were
kept under constant dry nitrogen purge throughout the duration of the solid-air scans. To
acquire the solid-liquid spectra, the samples were then transferred into a separate Teflon
cell, covered in the contacting liquid, and enclosed with an IR-transparent BaF2> window to
minimize exposure to air and to prevent the absorption and/or scattering of the beams by
the liquid.

The vibrational SFG spectra reported here are the average of at least 10 scans taken
at a scan rate of 1 cm™!/s with an average of 20 laser shots per data point in both the C-H
(2800-3050 cm™) and C—F (1100-1425 cm™) stretching regions. Both of the polarization
combinations of the beams permissible for a metal surface were acquired, namely ppp and
ssp, for which the letters denote the polarizations of the SFG, visible, and IR beams (in that
order) with respect to the surface normal. Each ppp spectrum was fit using Mathematica

11 according to Equation 4.1 below,??
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where Iz, denotes the intensity of the SFG signal, )(,(?2) and )(,(\,2,3 are the resonant and non-

resonant contributions to the second-order nonlinear susceptibility, and A, and I, are the
amplitude and linewidth of the ' vibrational mode at the frequency wg. The frequency of

the input infrared beam is denoted by w;g, and Ay and € are the non-resonant amplitude
and phase of the gold substrates, respectively. The vibrational resonances used to fit the
spectra followed the mode assignments as listed in Table 4.3.

The fitting curve parameters listed in Table 4.3 were used in the determination of
the average orientation (tilt angle) of the functional groups in the FSAMs at the solid-air
interface. Inregards to the SAMs with a terminal methyl group, the ratio of the intensities
of the symmetric and antisymmetric methyl C—H stretching modes were compared to a
simulated orientation curve (shown in Chapter 2 for the H3F1H14SH, H4F1H13SH, and
H18SH, and shown later in this chapter for the HIFIH16SH and H2F1H15SH) of
intensity ratio versus tilt angle defined as the angle between the methyl Cs axis (the terminal
C—C axis) and the surface normal. The same analysis was used for the solid-liquid interface
after taking into account the change in the Fresnel factors at the solid-liquid interface.
Details for method used to fit the data and analyze the orientation of the functional groups

are given in Chapter 2 following the procedures set in the literature.?>3!-3
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4.3. Results and Discussion
4.3.1. Characterization of the SAMs
4.3.1.1. Ellipsometric Thickness Assessment

The monolayers were allowed to self-assemble for 48 h at room temperature before
thickness measurements were obtained in order to afford sufficient time for the formation
of densely-packed well-ordered films.** The average ellipsometric thickness results listed
in Table 4.1 show that the SAMs display thickness values consistent with their overall
chain length, assuming a chain tilt of 30° from the surface normal, with the H18SH
(21 £1 A) and F1IH17SH (18 +1 A) values in agreement with the literature.>'”33 The
overall thickness of the films was not affected by the addition of a fluorinated methylene,
as all the films have similar thickness (~21 A), within the standard deviation of the values.
The film derived from the CFs-terminated adsorbate is thinner than the rest of the
molecules possibly due to a lack in long-range order in the SAM related to the larger van
der Waals diameter of the CF3 group (2.7 A) compared to the CH3 group (2.0 A),° since
previous reports have shown that there is no difference in lattice spacing between the CF3-
terminated and regular alkanethiol SAMs and negligible difference in the refractive index
used in the calculation of the thickness values.” Given the thickness results, the following
results for the elemental analysis, molecular conformation, and structure of the SAMs can
be considered keeping in mind that the thickness of the SAMs from the buried CF2 series

1s similar to the reference molecules H18SH and F1H17SH.
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Table 4.1. Average Ellipsometric Thickness, within £1 A, for the SAMs Formed from
Normal And Partially Fluorinated Alkanethiols on Gold.

Adsorbate Thickness (A)
H18SH 22
F1H17SH 19
H1F1H16SH 22
H2F1H15SH 21
H3F1H14SH 23
H4F1H13SH 22

4.3.1.2. XPS Analysis of the Monolayer Films

X-ray photoelectron spectroscopy has been used to determine the binding
characteristics and elemental environment of self-assembled monolayers and can give
information about the structure of SAMs on the surface.!>!>17343¢ Figure 4.2 shows the
high resolution spectra for the sulfur, carbon, and fluorine in the SAMs and Table 4.2 lists
the observed binding energies and their assignments.

Analysis of the S 2p region, shown in Figure 4.2A, shows a 1:2 peak ratio of the S

2p,,, and 2p,, doublet with emission maxima at 163.2 and 162.0 eV, respectively,

attributed to the binding energy of sulfur bound to gold. However, the doublets for the
H1F1H16SH and H3F1H14SH SAMs display nearly 1:1 peak ratios and include
shoulders centered around 164 eV, revealing the presence of a sulfur species often labeled
as the disulfide,?*>*"3% or "unbound" sulfur,'*-*° signifying that not all molecules are bound
to the Au. Notwithstanding, further analysis of the data via the S/Au intensity ratio,
normalized by the corresponding ratio for H18SH, shows that the packing density is above

83 + 5% for the fluorinated molecules, indicating that densely-packed monolayers were
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formed despite having unbound thiol present in the XPS spectra. Experiments with
vibrational spectroscopy are shown in a later section to determine the extent of the disorder
in the SAMs caused by the lower packing densities of the fluorinated SAMs compared to
the fully hydrocarbon SAM.

The C 1s high resolution spectra, shown in Figure 4.2B, show one peak at 285 eV
for the HI8SH monolayer, attributed to the CH3/CH: units. The fluorinated SAM spectra
have two peaks, one at ~284.9 eV and ~290.0 eV in accordance with having both
hydrocarbon and fluorocarbon groups in the alkane chain, respectively. Analysis of the C
Is region shows that the peak attributed to the hydrocarbons (CH2 and CH3) is shifted to
lower binding energies (284.8 eV) for the FIH17SH and H1F1H16SH monolayers in
comparison to the HI8SH monolayer (285.0 eV). The peak for the remaining partially
fluorinated SAMs (H2F1H15SH, H3F1H14SH, and H4F1H13SH) appears at the same
binding energy, within the resolution of the instrument, as the HI8SH monolayer (284.9
eV). Asshown in Table 4.2, the peak for the C 1s core electrons attributed to the CF2 group
in the buried CF2 SAMs, which has a binding energy of 290.1 eV for the HIF1H16SH
monolayer, shifts to lower binding energies as the CF2 gets further into the film, in
agreement with the trend in the binding energies of CH3/CH:2 peak.

Studies have shown that densely-packed monolayer films can obstruct the
discharging of positive surface charge produced by the use of X-rays, thereby increasing
in the binding energy of the emitted electrons, while poorly-insulating loosely-packed
chains do not."” Because the packing density of the SAMs determined by the S/Au ratio
demonstrated that the SAMs have a similar overall density of molecules on the surface, the

apparent shift to lower binding energies of the C 1s core electrons as the CF2 moiety is
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buried into the chain could indicate a decrease in the chain packing density at the terminus
of the monolayers. This implies that the CF3-terminated monolayer and the monolayer
with the terminal CH3-CF2 may be the least densely-packed, with the termini of the
monolayers getting increasingly dense as the number of hydrocarbons above the CF:
moiety increases.

The F 1s region XPS spectra in Figure 4.2C clearly outline the difference in binding
energy between the CF3 (~688.3 eV) and the CF2 moieties (~687.2 eV), with the CF2 peak
of the H1F1H16SH SAM showing a higher binding energy (687.5 eV) than its
counterparts that are located further into the carbon chain of the molecules. Because the
buried CF2 molecules are all the same chain length and near to the same thickness by
ellipsometry, the CF2 peak would be expected to be at the same binding energy for all the
monolayers. The binding energy of the F 1s electrons in CF3-terminated SAMs was found
to be lower than that of SAMs derived from the HIF6HnSH (n = 10-13) series;'” the
change in binding energy was attributed to a final state effect in the XPS spectra due to
increasing the distance of the core hole from the screening electrons of the Au substrate.!’
Therefore, shifts in the emission peak maxima to higher binding energy can be attributed
to the increased distance between the CF2 and the Au surface. This is confirmed by the
F 1s peak of the FIH17SH SAM, which shows the highest binding energy in the series of
molecules used in this study, corresponding to the CF3 group at the top of the film (i.e.,

furthest fluorocarbon from the Au substrate).
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Figure 4.2. High resolution XPS spectra of the CF2 buried series in the a) S 2p, b) C 1s,
and c) F 1s regions. The dashed lines are centered for the CF2 peak in the H4F1H13SH
spectra and serve to highlight the shifts in the binding energies of the emission maxima for
the different molecules. The XPS spectra shown here are not normalized.

Table 4.2. Emission Maxima Binding Energies, in eV, for the Peaks in the S 2p, C 1s, and
F 1s XPS Spectra for the SAMs.

Cls
Cls
S 2p,, (CF; and CF; F 1s

Adsorbate (CH»/CH; peak)

(eV) peaks) (eV)
(eV)
(eV)

F1H17SH 161.9 284.8 292.7 688.3
H1F1H16SH 162.0 284.8 290.1 687.5
H2F1H15SH 162.0 284.9 290.0 687.3
H3F1H14SH 162.0 284.9 289.9 687.2
H4F1H13SH 161.9 284.9 289.7 687.2

H18SH 162.0 285.0 - -
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4.3.1.3. Conformational Order Using PM-IRRAS

Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS)
is a surface-sensitive infrared technique that provides the vibrational spectrum for the full
chain of the alkanethiol monolayers assembled on the gold substrates. Figure 4.3 shows
the PM-IRRAS spectra in the C—H stretching region (between 2800 and 3050 cm™") for the

SAMs in this study. The two most intense peaks in the spectra are assigned to the

CH,

. . CH
methylene symmetric, vgg 2 as

ss _» and antisymmetric, v

stretches attributed to the methylene

groups making up the backbone of the monolayers, while the lower intensity resonances

are assigned to the methyl symmetric, ve, ?, and antisymmetric, vor ¢, stretches.***! The
spectra of the monolayers generated from the buried CF2 series of molecules display blue-
shifted C—H stretching resonance frequencies in both the CHs and CH:2 groups due to the
proximity of these groups to the fluorinated carbon atom as will be discussed further in the
SFG section.

The PM-IRRAS spectra were used to determine the order in the bulk structure of
the chains defined by the relative crystallinity in the monolayer. The C—H stretching region
of alkanethiol SAMs has long been used to give insight into the conformational order of

the monolayers by observing the shift in the band position of the methylene antisymmetric
stretch, Vg;{ 2 where a resonance frequency at 2918 cm™! indicates a crystalline-like, ordered
structure, and frequencies above 2920 cm™ for the vgg ? denote a liquid-like, disordered

structure in the alkane chains.***#? As shown in Figure 4.3, all the SAMs have the vo, 2
peak position at 2918 cm’!, signaling that the bulk of the SAMs are well-ordered and trans-

extended on the surface.’® However, the broadening of the peak at 2918 cm™! for the CF2
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buried SAMs, in comparison to the F1IH17SH and H18SH films, implies that the physical

state of the films could be more liquid-like,* as is investigated further in the SFG section.

The peak positions and band assignments of the vibrational modes observed in the surface

infrared and SFG spectra are listed in Table 4.3, as determined from band assignments in

the literature.

40-41,43-48

Table 4.3. Peak Positions and Assignments of the C—H Stretching Vibrations for the

Indicated SAMs

Adsorbate VESHZ VESHS vg?z vg;h
(em™) (cm™) (ecm™) (ecm™)

H18SH 2850 2877 2918 2964

F1H17SH 2849 - 2918 -

H1F1H16SH 2850 2955% 2918 3009*
H2F1H15SH 2849 2954%* 2918 2984*
H3F1H14SH 2850 2881 2918 2970
H4F1H13SH 2848 2878 2918 2965

The peak assignments marked with an asterisk (*) are determined from bulk Raman and IR studies of similar

molecules. 48
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Figure 4.3. PM-IRRAS spectra of the SAMs generated from H18SH, F1H17SH, and the
buried CF2 series of alkanethiols in the C—H stretching region, 2800-3050 cm™'. The
dashed lines follow the shifts in frequencies of the methyl stretches for each of the
molecules. The CHs stretches for the HIFIH16SH SAM are magnified for easy viewing.

4.3.1.4. Terminal Group Orientation at the Air-Solid Interface with SFG

Sum frequency generation (SFG) spectroscopy is an inherently interface-specific
technique that only gives signal from non-centrosymmetric environments; thus, the
terminal methyl group of an alkanethiol monolayer will generate SFG signal, while the
locally centrosymmetric methylene chain will not. Therefore, SFG spectroscopy was used
to probe the air-SAM and SAM-liquid interfaces in situ to determine the orientation of the
SAM terminal groups with respect to the surface normal. Figure 4.4 shows the
experimental SFG spectra and their best fits for the SAMs generated from H18SH,

F1H17SH, and the buried CF2 series of adsorbates in the C—H stretching region, between
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2800 cm™ and 3050 cm’!, using the ppp and ssp polarization combinations. The resonances
shown in the spectra belong to the methyl and methylene stretching modes, as described
next. It is immediately apparent from the spectra in Figure 4.4 that the further the CF2
group is buried into the backbone of the alkane chain, the more the spectrum resembles
that of the fully alkylated chain, with the resonance positions of the methyl group in the
H1F1H16SH monolayer being the most shifted to higher frequencies and the resonances
of the functional groups in the H4F1H13SH SAM being at nearly identical frequencies to

those of the SAM generated from H18SH, as seen with the PM-IRRAS spectra in Figure

4.3.
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Figure 4.4. SFG spectra of the SAMs generated from H18SH, F1H17SH, and the buried
CF2 series of alkanethiols in the C—H stretching region in A) ppp and B) ssp polarization
combinations. The dashed lines follow the shifts in frequencies of the methyl stretches for
each of the different molecules. For A) the symbols represent the experimental data, and
the solid lines are the best fits.
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The experimental SFG spectra for the SAMs generated from HI18SH,
H3F1H14SH, and H4F1H13SH were fit to six resonances, including those listed in
Table 4.3, the methyl and methylene symmetric and antisymmetric stretching modes, as
well as the methyl symmetric stretching Fermi resonance band at 2936 cm, and a
degenerate but opposite phase antisymmetric methyl stretching band at 2955 cm™.*° The
H1F1H16SH and H2F1H15SH spectra were fit to five resonances. First were the
symmetric methylene stretches at ~2855 cm’!, made SFG-active due to the break in the
local centrosymmetry of the alkane chain, and ~2900 cm™', assigned to the shifted band
frequency for the methylene groups adjacent to the CF2.** Then, the broad Fermi
resonance band of the methylene symmetric stretching modes was centered at ~2925 cm™,
and finally the methyl symmetric and antisymmetric stretching bands, as assigned in
Table 4.3.443-4347 The appearance of the methylene resonances in the SFG spectra of the
CF2 buried SAMs indicates that there is disorder at the termini of the monolayers. This
detail about the interfacial structure of the films provides an explanation for the peak
broadening of the vgf ? resonance in the PM-IRRAS spectra shown in Figure 4.3.

The parameters derived from the spectrum fits are listed in Table 4.4 and include
the amplitude and linewidth of the methyl symmetric and antisymmetric stretching bands.
Table 4.4 includes the intensity ratio between the symmetric and antisymmetric stretching

modes and was multiplied by a factor of 1.24 to account for the Fermi resonance

contribution to the symmetric methyl mode in the H3F1H14SH, H4F1H13SH, and

H18SH spectra.3'*? The large shift in frequency of the vor'? band for the HIF1H16SH

and H2F1H15SH monolayers (2955 cm™),* due to the proximity of their methyl groups
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to the CF2 group, also shifts the Vg:l * away from the overtone of the methyl asymmetric
bending mode (~2900 cm™) that has been noted to couple to the VSSH * of the methyl group

in a fully alkane chain**® Therefore, the ve.? band for the HIFIH16SH and
H2F1H15SH may not display Fermi resonance coupling, and thus the CH3 intensity ratios
were left as calculated.

Table 4.4. Resonance Amplitudes and Linewidths Derived from the Spectrum Fits of the
Methyl Stretching Vibrations of the Indicated SAMs.

Adsorbate AssCH3 1—‘ssCH3 AssCH3 FSSCH3 Lss/Tas
3.70 £

H18SH 036+0.01 4.11+0.15 021+£0.03 4.14 £0.45 L11
6.59 +

H1F1H16SH 029+0.01 8.06+0.37 0.14+£0.02 999+1.16 5 60
31.28 +

H2F1H15SH 034+£0.01 533+0.11 0.13+£0.02 11.39+1.30 11.46
3.96 +

H3F1H14SH 032+0.01 6.12+0.17 0.19+£0.03 6.43+0.66 1.20
235+

H4F1H13SH 0.37+0.01 620+0.15 025+0.03 5.77+0.46 0.56

The ratio of intensities of the methyl stretching resonances in the SFG spectra of
the adsorbates (excluding the F1IH17SH) at the solid-air interface were used to determine
the average orientation of the terminal group, defined as the angle of the terminal C—C
bond with respect to the surface normal. The ratios were compared to simulated curves
that show the relationship between intensity ratio and CH3 tilt angle with respect to the
surface normal. Because of the electron-withdrawing nature of the CF2 groups, the

depolarization ratios of the CH3 bands used in the analysis were different depending on
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their proximity to the CF2 group, producing different simulated orientation curves for the
functional groups in different SAMs. Therefore, the curves were tailored to the molecules
so that the HIF1H16SH and H2F1H15SH theoretical orientation curves were different
than the one used for H3F1H14SH, H4F1H13SH, and H18SH. The orientation analysis
gives a reference point for adsorbate terminal group tilt angle before contact with liquids
and can provide an explanation for some of the phenomena discussed in the thickness and
XPS sections. The average tilt angles of the methyl groups are plotted in Figure 4.5 with
asymmetric error bars that denote the range of possible tilt angles, based on the error in the

intensity ratios listed in Table 4.4.
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Figure 4.5. The tilt angles, derived from SFG orientation analysis, of the terminal methyl
(CH3) groups of the SAMs generated from H18SH, and the buried CF2 series of
alkanethiols at the air-solid interface. The asymmetric error bars denote the range of angles
based on the error in the intensity ratios listed in Table 4.3.
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Observing the consequences of fluorinating one carbon atom on the resonance
frequencies and intensities of the adjacent methyl and methylene groups can provide
insight into the process by which these molecules may interact with their environment.
Several factors can affect the intensity of a vibrational mode in SFG spectroscopy:
IR/Raman cross-section (the lower the cross-sections, the lower the intensities); order
(orientational distribution -- the more molecules are oriented in the same manner, the more
contribution to the final intensity of the resonance); and orientation (due to the IR surface
selection rules of metals, the more tilted the transition dipole is -- pointing away from the
surface normal -- the less intense it will appear in the spectra). Proximity to the electron-
withdrawing CF2 was observed to shift the C—H stretching resonances to higher frequencies
for the methyl and methylene groups, as highlighted by the dashed lines in the surface IR
(Figure 4.3) and SFG spectra (Figure 4.4).

The highly electron-withdrawing nature of the fluorine atoms may cause a
shortening of the bond between the carbon and hydrogen atoms in the hydrocarbon
functional groups adjacent to the fluorocarbon, leading to a lower overall change in the
polarizability of the C—H bond (a lower cross-section), and to lower intensities of the C—-H
stretching peaks observed in the SFG spectra for the HIF1H16SH, in comparison to the
intensities of the peaks for the remaining films in the buried CF series. However, a broad
distribution of orientations in the terminal methyl of HIF1H16SH, denoting a fluid
structure at the interface, could also decrease the SFG signal intensity. Orientation
distribution analysis using the tilt angle distribution curves shown in Figure 4.6A for the
CHs in the HIF1IH16SH SAM shows that the methyl group can have an average
orientation ranging from 24°-36° (a range of 12°) from the surface normal. This is a much
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broader range in comparison to the HZF1H15SH CH3 group for which the range for the
average tilt angle is from 15°-20° (a range of 5°), as shown in Figure 4.6B. Similar analysis
performed on the CHs tilt angles of the terminal groups in the remaining SAMs showed
distribution angle ranges of 14° for H3F1H13SH, 4° for H4F1H13SH, and 2° for H18SH.

Therefore, the SAMs with an even number of hydrocarbons at the terminus (H2ZF1H15SH,

H4F1H13SH, and H18SH) were more well-ordered (and their vg_f * band was more
intense) than those formed from alkanethiols with an "odd" number of hydrocarbon groups
at the terminus (H1F1H16SH and H3F1H14SH). This is in line with the appearance of
clear methylene resonances in the SFG spectra in Figure 4.4 for the methyl and propyl-
terminated buried CF2 SAMs, indicating exposure of methylene groups at the interface.
Therefore, the broad distributions of orientations causing a change in the structure at the
termini of the monolayers can be expected to contribute to the wettability behavior of the

films.
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Figure 4.6. The orientation distribution curves for the terminal methyl (CH3) groups of
the SAMs generated from A) HIF1H16SH and B) H2F1H15SH at the air-solid interface.
Note that the curves are not the same. The black solid, red dash, blue dot, and magenta

dash-dot lines are the orientation curves with a Gaussian distribution width of ¢ = 0°, 10°,

20°, and 30°, respectively. T

he horizontal green solid lines and error bars represent the

intensity ratio of the symmetric to antisymmetric CH3 stretching resonances of A)
H1F1H16SH and B) H2F1H15SH as derived from the fits to the experimental data shown

in Figure 4.4.
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The average tilt angles of the methyl groups at the air-solid interface can provide
information on the influence of the fluorine atoms on the configuration of the neighboring
hydrocarbons. Figure 4.5 shows that in the case of HIF1H16SH, proximity of the CH3 to
the bulky CF2 group causes the methyl group to tilt slightly more than the same group in
H18SH. This could be due to larger distance between the methyl groups of adjacent
adsorbates, in accordance with the lower packing density shown by the XPS data,
decreasing the probability for van der Waals interactions. Because the distribution of
orientations for these methyl groups is broad, the group is likely not interacting strongly
with neighboring methyl groups, so that it is more freely reorienting about the molecular
axis than the methyl groups in the non-fluorinated analogue, H18SH.

For the H2F1H15SH monolayer, the methyl group is tilted more upright than for
the other SAMs. If the terminal groups are in a trans configuration there could be repulsion
between the fluorine atoms in the CF2 and the hydrogen atoms in the terminal CHs; the
ethyl group would then reorient to reduce the amount of repulsion between CF2 groups in
adjacent molecules, as shown by the illustration in Figure 4.7. For the propyl-terminated
and butyl-terminated films, the terminal methyl is tilted similarly to that of the H18SH,
possibly due to having three or more hydrocarbons to interact favorably through van der

Waals interactions with adjacent adsorbates.
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Figure 4.7. An illustration of the orientation of the terminal methyl (CH3) group of the
SAM generated from H2F1H15SH at the air-solid interface. The white circles represent
hydrogen atoms, while the pink filled circles represent fluorine atoms. The left side of the
image represents the methyl group of the H2ZF1H15SH monolayer if it was tilted at the
same angle as the methyl group in HI8SH. The right side shows the tilt angle of the methyl
group in H2F1H15SH, as determined through SFG orientation analysis. The blue solid
arrows point in the direction of the surface normal (the z-axis).

4.3.1.5. Contact Angle Measurements

To visualize the macroscopic wetting behavior of the SAMs on gold with different
contacting liquids, the advancing contact angles of several liquids in contact with the SAMs
were measured. Several contacting liquids were tested, including the polar liquids water
(H20), acetonitrile (CH3CN), and dimethylsulfoxide (DMSQO), a nonpolar hydrocarbon
liquid, hexadecane (HD), and a nonpolar fluorocarbon liquid, perfluorodecalin (PFD).
Representative images for the advancing contact angles of the polar liquids are shown in
Figure 4.8, the nonpolar liquids in Figure 4.9, and the contact angle values are plotted in
Figure 4.10. The films show an increase in the contact angle (less wettable) of all the
liquids tested as the CF: is buried further into the backbone of the alkane chain; the

wettability decreases in order from methyl to ethyl to propyl and finally butyl-terminated
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buried CF2 films. The most striking difference in the contact angles comes from the
molecule with a fluorocarbon atom positioned adjacent to the terminal methyl group,
H1F1H16SH. This film is more wettable with each of the wetting liquids than any of the
other films in the series, with contact angles at least 5° lower than the rest of the films in

this study.

H,O CH,CN DMSO

F1H17SH

H1F1H16SH

H2F1H15SH

H3F1H14SH

H4F1H13SH

H18SH

Figure 4.8. Representative images of the contact angles of the polar contacting liquids,
water (H20), acetonitrile (CH3CN), and dimethylsulfoxide (DMSO) atop the SAMs
generated from F1H17SH, H18SH, and the buried CF2 series of alkanethiols.

145



PFD

F1H17SH

H1F1H16SH

H2F1H15SH

H3F1H14SH

H4F1H13SH

H18SH

Figure 4.9. Representative images of the contact angles of the nonpolar contacting liquids,
hexadecane (HD) and perfluorodecalin (PFD) atop the SAMs generated from F1H17SH,
H18SH, and the buried CF: series of alkanethiols.
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Figure 4.10. The advancing contact angles of the liquids in contact with the SAMs
generated from F1IH17SH, H18SH, and the buried CF: series of alkanethiols. Error bars
not shown fall within the range of the symbol. The structures of the liquids shown from
top to bottom are water (H20), acetonitrile (CH3CN), dimethylsulfoxide (DMSO),
hexadecane (HD), and perfluorodecalin (PFD).

The advancing contact angles of the polar liquids, H2O, DMSO, and CH3CN are
shown in Figure 4.10. The F1IH17SH SAM has a lower contact angle with the polar
solvents than the fully hydrocarbon H18SH due to stronger favorable interactions between
the terminal CF3-CH2 dipole and the polar contacting liquids versus the weaker induced-
dipole to dipole interactions between the CH3-CH: terminus and the polar liquid. The

buried CF2 SAMs show an increase in the contact angle (less wettable) as the CF2 moiety
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is buried deeper into the film, indicating that the interaction between a terminal CH3-CF2
moiety is more favorable than a CH3-CHz. Previous reports on the wetting behavior of
water on ether-terminated SAMs on Au, showed that the water contact angle stopped
changing when the alkyl chain atop the O atom was four hydrocarbons or longer.”! Bain
and Whitesides noted that it was likely that the water molecules could penetrate into the
short alkyl chains at the surface of the monolayer, but because of unfavorable energetics
between water and hydrocarbons, the hydrogen bonding between water and the ether group
was unable to overcome the concomitant hydrophobic interactions when the alkyl chains
were above a certain length.’! Therefore, water contact angles were unable to reveal the
presence of the ether group at the interface once the ether group was buried under four or
more hydrocarbons.’! Similarly, as the length of the alkyl chain above the CF2 moiety in
the SAMs used in this study increased, the favorable interaction between the polar liquids
and the small dipole created by the addition of a fluorinated group into the alkane chain
decreased, thereby increasing the contact angle. This interaction will be discussed further
with the solid-liquid interface SFG spectra.

For a linear nonpolar molecule, such as hexadecane, the hydrocarbon terminated
SAMs would be expected to present a more wettable surface than fluorocarbon surface due
to the self-associating interactions between hydrocarbons when in contact with
fluorocarbons.!® Therefore the trend in the wettability data should show a gradual decrease
in the HD contact angle, from F1H17SH to the methyl-terminated HIF1H16SH, then the
ethyl, propyl, and butyl-terminated films, until the fully hydrocarbon H18SH film shows

the lowest contact angle. The presence of a terminal dipole at the surface would then lead

to an oleophobic fluorinated film (i.e., less wettable with hexadecane). However, Figure
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4.10 shows the lowest hexadecane contact angle was obtained for the monolayer generated
from H1F1H16SH, (i.c., the most wettable surface). The results then show that the HD
contact angle increases to match the angle of a fully hydrocarbon surface as the
fluorocarbon is further buried into the film. Similarly, for the contact angles of the
nonpolar, bulky, perfluorodecalin, chosen specifically to probe fluorine to fluorine
interactions, a similar trend is observed as with hexadecane -- the methyl-terminated film
is the most wettable and the butyl-terminated film has a similar wettability to that of the
H18SH surface. The loss of one fluorine atom at the interface was not expected to increase
the wettability of the HIFIH16SH in comparison to the FIH17SH; quite the opposite, a
more hydrocarbon-rich surface, such as the CH3-CF2 terminated film, should have been
less wettable than the CF3-CH> terminated surface. Therefore, attractive fluorine-fluorine
interactions were not the cause of the low contact angles in the case of the HIF1IH16SH.
The increase in the wettability of the HIF1IH16SH film, in comparison to the HISSH
surface, must then be due to a different phenomenon than that of dispersive and/or dipole—
induced-dipole interactions.

The lower packing density suggested by XPS at the termini of the SAMs as the CF2
is increasingly exposed at the surface makes it easier for the liquids to intercalate into the
monolayer, causing disorder in the film at the interface. Bain and Whitesides noted that
induced disorder in the top portion of ether-terminated monolayers when in contact with
acetonitrile could be the reason for increased wettability of methyl-terminated ether SAMs
over those with longer alkyl chains atop the oxygen atom.’! Disorder in the film at the
interface could lead to more exposure of the underlying methylene groups for the
H1F1H16SH monolayer, thereby increasing the wettability of film. Therefore, a closer
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inspection of the structure and the terminal functional group orientation at the solid-liquid
interface by spectroscopically probing the interface between these films and CD3CN (a
polar liquid) as well as PFD (fluorinated nonpolar liquid) may be used to explain the trends

in wettability seen in this study

4.3.2. SFG Spectroscopy of the Solid-Liquid Interface

In order to elucidate the origin of the wettability trends highlighted in the previous
section, the solid-liquid interface between the molecules and contacting liquids was probed.
SFG was used to determine the orientation of the SAM terminal groups with respect to the
contacting fluid in order to determine whether or not a change in the structure of the SAM
upon contact with a liquid correlates to the macroscopic advancing contact angles of the
liquids in contact with the films. Acetonitrile was chosen because its effect on the structure
of SAMs has been probed before,*?> and the deuterated liquid is readily available for use
in isolating the C—H stretches of the alkanethiols in the SFG spectra. The polar nature of
the small molecule could give insight into the influence of dipoles on the orientation of the
terminal groups in the fluorinated alkanethiols on the gold. Perfluorodecalin was used to
provide insight into how fluorine-fluorine interactions cause the molecules on the surface
to reorient. The SFG spectra in the C—H stretching region for each of the molecules in this

study in contact with deuterated acetonitrile (CD3CN) are shown in Figure 4.11A.
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Figure 4.11. PPP SFG spectra of the SAMs generated from H18SH, F1H17SH, and the
buried CF2 series of alkanethiols in the C—H stretching region in contact with A) CD3CN
and B) PFD. The solid lines are the best fit curves for the experimental data and is
represented by symbols.

Figure 4.11A shows a marked decrease in the intensity of the methyl antisymmetric
stretching resonances, as well as an increase in the presence of the methylene symmetric
stretching dip at 2850 cm™!. The ratio of the intensities of methyl symmetric to asymmetric
stretching peaks seems to increase as well. Fitting of the solid-liquid interface SFG spectra
and subsequent orientation analysis, the results of which are plotted in Figure 4.12 for the
solid-liquid interface of the SAMs in contact with acetonitrile, shows that for the
H1F1H16SH methyl groups the tilt angle changes dramatically compared to the solid-air
interface, indicating that the methyl group went from a more upright orientation to nearly

parallel to the surface. Figure 4.12 also compares the advancing contact angles of the films
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with their terminal group tilt angles at the solid-liquid interface. The results show that the

H1F1H16SH terminal C—C bond is lying flat (toward the surface), causing the CF2 to be

exposed at the interface. The increase in the intensity of the VESH 2 band at ~2850 cm™ also
denotes an increase in gauche conformations at the interface that break the local
centrosymmetry of the CH2 groups near the interface and allow for SFG signal to be
collected. These pieces of evidence indicate that the CH3CN molecules are indeed
intercalating into the monolayer and changing the structure of the SAM at the interface by
inducing some disorder. The penetration of the liquid into the SAM as well as the exposed
CH3-CF2 dipole interacting favorably with the polar CH3CN molecules, leads to the low

contact angles seen in the wettability results.
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Figure 4.12. Methyl group tilt angles derived for the SAMs generated from H18SH and
the buried CF: series of alkanethiols in contact with acetonitrile (CD3CN) in comparison
to the corresponding macroscopic advancing contact angles of CH3CN.
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Figure 4.12 shows that the H2ZF1H15SH methyl group remains at approximately
the same tilt angle, while for the H3F1H14SH, H4F1H13SH, and H18SH monolayers the
methyl group tilt angle decreases (the CHs adopts a more upright orientation), in
comparison to the solid-air interface. While this shows that the interaction between
acetonitrile and the films causes the terminal group of these four SAMs to point more
upright (away from the surface), probably due to the intercalation of the CH3CN into the
monolayer, the methyl group tilt angles of the H2F1H15SH, H3F1H14SH, H4F1H13SH,
and HI8SH SAMs are the same, within error. Since the terminal groups in these SAMs
are oriented away from the surface, they could be increasingly masking possible
interactions between the contacting liquids and CF2 moiety, as it is buried deeper into the
film. The contact angle data imply that the acetonitrile contact angle increases as the
fluorocarbon is buried until the limit of penetration of the liquid disables the liquid from
interacting with the CF2, and the contact angle is at its highest as in the case of the HISSH
monolayer.

The intensity ratios of the methyl stretching peaks in the SFG spectra of the solid-
liquid interface between the SAMs and PFD, shown in Figure 4.11B, were used to calculate
methyl tilt angles when in contact with PFD. Then, comparison between methyl group
orientation angle and advancing contact angle was performed for the SAMs under
perfluorodecalin, and is shown in Figure 4.13. The wettability of the films in PFD also
follows the same trend as the CH3CN, with the HIF1IH16SH film being completely
wettable. The orientation analysis results show that the terminal C—C bond of the
H1F1H16SH SAM is parallel to the surface, thereby completely exposing the CF2 group
at the interface and allowing for favorable interactions with the fluorinated liquid. The
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orientation of the terminal C—C of the H2F1H15SH SAM is tilted towards the surface,
nearly to the same degree as in the case of the solid-air interface, giving it an upright
orientation which can partially block the bulky PFD from accessing the CF2, thereby
producing a higher contact angle (less wettable surface). For the H3F1H14SH and
H4F1H13SH monolayers, the methyl orientation angles are the same, within error, at the
solid-liquid interface, and are lower than when the corresponding methyl groups are
exposed to air. This shows that although the terminal C—C groups of these films are more
upright than at the air-solid interface, implying that the PFD intercalates into the film,
dispersive interactions between the hydrocarbons can partially overcome the interactions
between the PFD and the buried CF2, giving PFD contact angles that are similar to the fully
hydrocarbon film H18SH. Therefore the increase in contact angle can be attributed to the

fact that fluorocarbons interact less favorably with CHz groups than CF»,10:°156
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Figure 4.13. Methyl group tilt angles derived for the SAMs generated from H18SH and
the buried CF2 series of alkanethiols in contact with perfluorodecalin (PFD) in comparison

to the corresponding macroscopic advancing contact angles.
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To better understand the interaction between the contacting liquids and the films,
the CF3-CH2 and the CH3-CF2 terminated surfaces can be compared. The analysis in

Chapter 5 shows that the solid-liquid interface SFG spectrum for the FIH17SH SAM under

acetonitrile has an increased intensity for the VESH 2 band at ~2850 cm™! in comparison to the
solid-air interface, indicating that the CF3-CHz dipoles are oriented in an ordered manner
that exposes the methylene at the interface (possibly through a flat orientation of the
terminal C—C). For the FIH17SH monolayer in contact with PFD, the methylene
resonance disappeared, implying that intercalation of PFD into the film increases the
disorder of the monolayer at the interface. The CH3-CF2 surface also contains a terminal
dipole that appears to be parallel to the surface when in contact with the contacting liquids.
Previous studies have shown that for both CH3CN and PFD, the CF3-terminated surface is
more wettable than the fully hydrocarbon surface, a phenomenon that has been attributed
to the dipole-dipole interactions with the polar CH3CN and the fluorine-to-fluorine
interactions with PFD.!%121718 The additional data provided by the HIF1H16SH surface
implies that while the terminal dipole plays a strong role in the wettability of the CFs-
terminated SAMs, the inversion of this dipole by the fluorination of the second carbon in
the chain makes the surface more wettable, as observed previously with the wettability of
the HIF6HnSH SAMs."

The increased wettability of the CH3-CF2 terminated surface has some contribution
from the dipole, but the wettability behavior can also be attributed to the fact that the
adsorbates are more separated at the terminus, as suggested by the XPS results, due to the
addition of a bulky functional group in the middle of the chain, rather than at the terminus.

A study on similarly buried CF2 monolayers showed that the addition of a CF2 group has
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the ability to introduce conformational mobility to the upper alkyl chain, and therefore,
introduce disorder into the monolayer.’” Due to the lower packing density at the terminus,
the HIF1H16SH film is less well-ordered than the FIH17SH film, as shown by the broad
distribution of orientation angles for the methyl group in the HIF1H16SH monolayer,
causing it to be the most wettable surface in this dataset. As the CF2 group is increasingly
concealed by the increase in hydrocarbon groups above it, and as the order in the film
increases at the terminus due to increased van der Waals interactions between adjacent

methylene groups, the contact angles increase (i.e., the wettability of the surface decreases).

4.4. Conclusions

Thin films with systematically buried fluorocarbon were generated and studied to
understand the role of selective fluorination on the structure and macroscale properties of
the final monolayer, specifically the wettability of the film. Taking the thickness results
from ellipsometry, the monolayer conformation results from XPS and PM-IRRAS, and the
interfacial structure results from SFG into account, the HIF1H16SH monolayer was
deemed to be the least well-ordered at the interface and therefore the most wettable by each
of the contacting liquids tested. The large orientational distribution of the methyl group in
the HIF1H16SH SAM was noted as a possible reason for the observed lower intensities
of the methyl peaks in the HIF1H16SH SFG spectra, as well as the high wettability of the
monolayer, in comparison to the other SAMs in the series. The remaining monolayers
generated from H2F1H15SH, H3F1H14SH, and H4F1H13SH, showed decreased
wettability as the CF2 group was systematically concealed in the alkane chain, although the

methyl tilt angles for each monolayer were found to be aligned with the surface normal
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(upright orientation) at the solid-liquid interface. The wettability of the film was shown to
be influenced by the structure of the functional groups at the interface due to the ability of
the termini of the fluorinated molecules to reorient more freely, compared to the methyl
group of a fully hydrocarbon monolayer, due to the presence of a bulky CF2 group in the
chain. Therefore, for the self-assembled monolayers probed in this study, the order of the
terminal groups and their structure at the interface appear to have a pronounced effect on

the macroscopic wettability behavior of the thin films.
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Chapter 5. Sum Frequency Generation Spectroscopy of Partially
Fluorinated Self-Assembled Monolayers on Underpotentially Deposited

Silver and Bare Gold

5.1. Introduction

Chemical interactions occur at interfaces, and in order to understand the chemistry,
buried interfaces, particularly the solid-liquid interface, must be studied due to the
implications the interactions at these boundaries have on the macroscopic properties of a
surface. Studies performed on model hydrophobic surfaces composed of alkanethiol self-
assembled monolayers on gold show that the interfacial structure of the thin film has
important consequences on the wettability.! The alkyl chains are known to be tilted ~30°
from the surface normal in order to maximize van der Waals interactions between adjacent
chains.>* Furthermore, a change in the number of carbon atoms in the chain changes the

orientation (upright or tilted) of the terminal functional group.>’

The change in the
orientation of the terminal group has been shown to cause an "odd-even" effect in the
interfacial properties of the surfaces.!>® In this effect, odd-numbered carbon chains (i.e.
CH3(CH2)16SH) on gold, heretofore referred to as odd SAMs, have the final C—C axis tilted
away from the surface normal, exposing the terminal methyl and methylene groups to the
interface. Whereas with even-numbered chains (i.e. CH3(CH2)17SH), referred to as even
SAMs in this study, have a more upright oriented terminal C—C axis and, therefore, do not

allow for methylene exposure at the interface.> This is shown schematically in Figure 1.1

in Chapter 1. The difference in structure results in a more wettable odd SAM by contacting
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liquids than the even SAM, due to increased dispersive interactions with the exposed
methylene group, producing what is termed the "odd-even" effect in the wettability.

In addition to structural effects, fluorination of the carbon chain has also been
shown to strongly influence the interfacial properties of the SAMs.”!* A recent study by
Zenasni et. al. using trifluoromethyl-terminated and methyl-terminated partially-
fluorinated alkanethiol SAMs (FSAMs) observed that the "odd-even" trends in the
wettability of fully hydrocarbon SAMs were generally opposite for the CF3-terminated
surfaces.!* They attributed the change to the addition of a FC-HC dipole with the negative
pole pointing away from the surface. Research has shown that the SAMs generated from
CFs-termianted alkanethiols exhibit identical structural features as the analogous
alkanethiol SAMs.!*> Consequently, the orientation of the terminal dipole present in CF3-
terminated SAMs follow the orientation of be terminal C—C axis (i.e., tilted away for the
odd SAM and upright for the even SAM). The tilted orientation of the terminal dipole in
the odd SAM leads to compensation between dipoles, leading to weaker dipole-dipole
interactions with contacting liquids (i.e., higher contact angles) compared to the
uncompensated dipoles of the upright even SAM.

In order to probe the effect of the terminal dipole further, Zenasni and coworkers
inverted the terminal dipole, HC-FC, by synthesizing CH3s-capped partially fluorinated
alkanethiols in which the positive pole is exposed at the interface, opposite to the CF3-
terminated films. The wetting properties of the HC—FC FSAMSs proved richer than those
of the CFs-terminated SAMs. The authors noted similar trends with the nonpolar

contacting liquids between the two types of fluorinated surfaces, while those with the polar
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liquids, protic and aprotic, were highly dependent on the nature of the dipole at the interface
of the SAM as well as that of the contacting liquid.

Changing the substrate to which the molecules bind has also been shown to change
the physical properties of the resulting film because the molecules adopt binding
geometries to adopt the most favorable interaction with the surface, causing differences in
the final structure of the film.%!>> Studies of SAMs on Ag and Au agree that the
hydrocarbon chains require less tilting on silver (10°-~12° from the surface normal) than on
gold (32°-38°) to bring about maximum favorable interactions with the substrate and
neighboring adsorbates.>!*?® As with the studies performed on self-assembled monolayers
generated from thiols on gold surfaces, "odd-even" effects in the wetting of SAMs on silver
have been observed.>!”?” This kind of information aids in the design of surfaces with
tailored wettability to their application.

Due to the difficulties arising from the use of readily-oxidizable metals such as
silver and copper, several studies have employed the electrochemical underpotential
deposition (UPD) of a monolayer of metal, such as silver, onto a more noble metal, such
as gold, to generate substrates to study SAMs on different metal surfaces.?>?%32 The
deposition of one metal onto another at a potential less negative than the thermodynamic
potential for bulk deposition can allow for precise control of the surface coverage, allowing
for only a monolayer to be deposited.> In the case of UPD Ag on Au, Jennings and
Laibinis noted that the monolayer of Ag did not appear to oxidize, due to the lack of oxygen
peaks in their XPS spectra, and noted the superiority of the SAMs formed on UPD metal
substrates over using the corresponding more oxidizable bulk metals.® These advantages

make the use of UPD metals on Au attractive substrates for SAM studies.
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The study herein makes use of electrochemical underpotential deposition to deposit
a monolayer of silver onto a gold substrate and use the substrates to generate self-
assembled monolayers with different surface structures. To probe buried interfaces such
as the solid-liquid interface between a contacting liquid and a SAM, an interface-specific
technique, such as sum frequency generation (SFG) spectroscopy, is necessary. Sum
frequency generation spectroscopy, scanned in the vibrational stretching regions of the
functional groups in this study, was used to determine the orientation of the terminal
functional groups of the SAMs on Au and UPD Ag at the solid-air and solid-liquid
interfaces. The goal of this project was to determine the effect of changing the substrate
on the structure and physical properties of the self-assembled monolayer films generated
from hydrocarbon alkanethiols -- H{CH2)»SH (HnSH), where n = 17-20 (H17SH, H18SH,
H19SH, and H20SH) -- their CF3-terminated analogues -- CF3(CH2).SH (F1HnSH),
where n = 16-19 (F1H16SH, F1H17SH, F1H18SH, and F1H19SH) -- and their CHs-
terminated partially fluorinated alkanethiols analogues -- CH3(CF2)e(CH2)nSH
(H1F6HnSH), where n = 10-13 (H1F6H10SH, H1F6H11SH, H1F6H12SH, and
H1F6H13SH) -- on Au and UPD Ag, as shown in Figure 5.1.

This study means to determine the effect of the contacting liquid on the structure of
the SAM with different substrates and whether or not the wettability trends observed in
previous research could be reversed by changing the structure of the SAM through its
headgroup binding interactions. The effect of the change in structure of the SAM,
specifically in the orientation of the tail group furthest from the substrate, was probed in
situ with two contacting liquids for the purpose of determining the realtionship between

the macroscopic contact angles and the microscopic tail group orientation. The polar
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aprotic liquid acetonitrile (CD3CN) and the nonpolar fluorinated liquid perfluorodecalin
(PFD) were chosen as the contacting liquids for the solid-liquid interface experiments
conducted in this study due to their dramatic advancing contact angle results for the SAMs
on Au.'*** Moreover, the lack of absorption of IR radiation in the C—H stretching range
by the chosen liquids allow for a straightforward analysis of the vibrational modes of the

SAMs in this region of the infrared spectrum.
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n=17-20 n=16-19 n=10-13

Figure 5.1. The alkanethiols used to generate self-assembled monolayers on gold and
UPD silver in this study.

5.2. Experimental Procedures
5.2.1. Materials and Methods

Gold shot (99.999%) was purchased from Kamis, Inc. Chromium rods (99.9%)
were purchased from R. D. Mathis Company. Single-side polished, single-crystal

silicon (100) wafers were purchased from University Wafer. Absolute ethanol (200 proof,
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from Decon Labs, Inc.) and tetrahydrofuran (THF, from J.T. Baker) were used as received
for the 1 mM alkanethiol solutions and rinsing of the generated SAMs. Anhydrous
acetonitrile-d; (CD3CN, Sigma-Aldrich) and perfluorodecalin (PFD, Synquest Labs) were
used as received without further purification.

Octadecanethiol 99.1% (H18SH) was purchased from Sigma-Aldrich and used as
received. The remaining hydrocarbon adsorbates, 1-heptadecanethiol (H17SH), 1-
nonadecanethiol (H19SH), and I-eicosanethiol (H20SH) were prepared following a

procedure from the literature.!  The partially fluorinated adsorbates 17,17,17-

trifluoroheptadecane-1-thiol (F1H16SH), 18,18,18-trifluorooctadecane-1-thiol
(F1IH17SH), 19,19,19-trifluorononadecane-1-thiol (F1IH18SH), 20,20,20-
trifluoroicosane-1-thiol (F1IH19SH), 11,11,12,12,13,13,14,14,15,15,16,16-

dodecafluoroheptadecane-1-thiol (H1F6H10SH), 12,12,13,13,14,14,15,15,16,16,17,17-
dodecafluorooctadecane-1-thiol (H1F6H11SH), 13,13,14,14,15,15,16,16,17,17,18,18-
dodecafluorononadecane-1-thiol (H1F6H12SH), 14,14,15,15,16,16,17,17,18,18,19,19-
dodecafluoroicosane-1-thiol (HIF6H13SH) were synthesized according to procedures

found in the literature.'*

5.2.2. Monolayer Formation and Characterization
5.2.2.1. Substrate Preparation

The substrates used for the self-assembled monolayer (SAM) formation were
prepared by the thermal evaporation of 100 A of chromium followed by 1000 A of gold
(99.999% purity from Kamis, Inc.) onto silicon (100) wafers purchased from University

Wafer. The metals were evaporated under vacuum at a pressure of ~2 x 10 torr with a
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deposition rate of 0.5 A/s. The gold wafers were then cut into slides and stored in ultrapure

Millipore water (with a resistivity of 18.2 Q) until use for electrochemical measurements.

5.2.2.2. Underpotential Deposition of Silver onto Gold

For cyclic voltammetry (CV), a Princeton Applied Research
potentiostat/galvanostat model 263 A was used to modulate the potential applied to, and to
measure the current of the electrochemical system using PowerSuite software. A
homemade glass flow cell, illustrated schematically in Figure 5.2, held three-electrodes
used for electrochemical measurements using the gold slides as the working electrode
(WE), a platinum wire as the counter electrode (CE), and mercury/mercurous sulfate in
saturated K2SOs as the reference electrode (RE). The reference electrode is +0.64 V
relative the normal hydrogen electrode (NHE). The electrolyte for all the electrochemical
measurements was 0.1 M sulfuric acid (Ultrex II Ultrapure Reagent from J. T. Baker) with
0.6 mM Ag2SO04 (99.999% trace metals basis from Aldrich) added for the underpotential

deposition of silver onto the gold electrodes.
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Figure 5.2. A schematic drawing of the glass electrochemistry cell used in this study. The

RE, WE, and CE correspond to reference, working and counter electrodes, respectively.
The blue dashed line represents the level of electrolyte in the cell, and the arrows point in
the directions of the electrolyte flow through the cell. Two nitrogen lines are shown -- the
bottom line purges the solution and is shut off during the voltammetry, and the top line
keeps a continuous atmosphere of nitrogen above the electrolyte during the experiment.

The top of the cell was loosely covered with Teflon tape to allow gas to pass through.

Gold slides were cycled ten times at a scan rate of 15 mV/s in deaerated sulfuric
acid, rinsed with plenty of Millipore water, and stored in Millipore water until their use as
the substrates for the self-assembled monolayers. For the deposition of silver, the cycled
gold slides were cycled in deaerated silver solution ten times at a scan rate of 15 mV/s,
then held at a potential of 0.15 V vs MSE for the underpotential deposition (UPD) of a
monolayer of silver,* pulled out of the cell while held at potential, rinsed with copious
Millipore water, and stored in Millipore water until analysis with ellipsometry. A
representative cyclic voltammogram for gold is shown in Figure 5.3 A with arrows pointing
in the direction of the scan. Figure 5.3B shows a representative CV for Ag where the

regions 1 (0.25-0.55 V vs MSE) and 2 (0.15-0.25 V vs MSE) correspond to the deposition
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of the first full monolayer of Ag onto the Au slide and region 3 (~0.1 V vs MSE) begins
the bulk deposition of metal.® Stripping voltammetry was performed by starting with a
potential slightly negative of the UPD peak at 0.15 V vs MSE and oxidizing the electrode

along the range shown in Figure 5.3B until the CVs stopped changing (about 30 scans).
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Figure 5.3. Representative cyclic voltammograms at a scan rate of 15 mV/s for A) bare
gold and B) silver on gold in a sulfuric acid electrolyte. The arrows denote the direction
of the scan. The red dashed line in B represents the Au CV in pure H2SO4 in the potential

region shown. Regions 1-3 in the bottom figure denote the different layers of Ag deposited
onto the gold, as described further in the text.%
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5.2.2.3. Monolayer Formation

The Au and UPD Ag slides were immersed in 1 mM solutions of the alkanethiols
in absolute ethanol and left to equilibrate for 48 hours in the dark. The slides were then
rinsed with THF and ethanol and dried with ultrapure nitrogen gas prior to use. The self-
assembled monolayers were characterized using ellipsometry, X-ray photoelectron
spectroscopy  (XPS), and polarization-modulation infrared reflection-absorption

spectroscopy (PM-IRRAS) before the SFG spectroscopic measurements.>*

5.2.2.4. Characterization Techniques

A PHI 5700 X-Ray photoelectron spectrometer using a monochromatic Ko X-ray
source (hv = 1486.7 eV) set to 90° with respect to the axis of the hemispherical energy
analyzer was used to collect the X-Ray photoelectron (XPS) spectra for the bare Au, bare
UPD Ag, and self-assembled monolayers. The photoelectron takeoff angle was set to 45°
from the surface with a 23.5 eV pass energy. A survey spectrum was gathered before
running high resolution spectra with a resolution of 0.1 eV. The high resolution spectra

were aligned using the Au 4f, , peak at a binding energy of 84.0 eV as a reference. The

fractional coverage of UPD Ag, ¢;pp, on the Au was calculated as detailed by Jennings

and Laibinis*® using Equation 5.1:

b _ {( Ly ) (IZ]PD> c Il _ exp( —aypp )l
e Iypp I;u San AUPD(KEUPD) * cos O

-1
—Aypp
+]1-
[ P </1UPD(KEAu) * COS @>l}

(5.1)
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where I, and [;pp are the measured attenuated intensities of the Au and Ag peaks,

respectively, and I;]oﬂ = 0.97 and is the ratio of the sensitivity factors for the UPD Ag and
Au

Au. The aypp is the diameter of an adatom (2.89 A for silver), Aupp(kE )= 18 A, and
Aupp(kEypp) = 13 A are the inelastic mean free paths through the UPD Ag layer for
electrons of kinetic energy (KE) from the gold and the UPD silver, respectively.’® The @
is the angle of the detector to the surface normal, which for this study was 45°. The Csqp,
corresponds to the attenuation of the Au and Ag electrons due to the SAM and follows the

relationship,

—dsam )
ex
p (ASAM(KEUPD) * cos @

Coam = —doan
ex
<ASAM(KEAu) * COS @>

(5.2)

where Agam (ki ,,) = 40 A and AsamkEypp) = 34 A and are the attenuation strengths of

photoelectrons of kinetic energy, KE, from the Au or Ag layers through the SAM.>® The
thickness of the SAM, dg 4y, is taken from the ellipsometry measurements.

Raman spectroscopy of the bulk alkanethiols was performed using a home-built
TIR Raman spectrometer, which is detailed elsewhere.*® The solid bulk alkanethiols were
stored in glass vials, and the scattered light was collected with a spectrograph combined
with a CCD camera (Andor iDus; Andor Technology) and resolved by high-frequency and
low-frequency transmission gratings. The spectra were collected for 5 minutes each from
1000-2300 cm™ and 2750-3100 cm™ to probe the C—F and C-H stretching regions,

respectively.
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Attenuated total reflection infrared spectroscopy (ATR-IR) of the bulk alkanethiols
was measured using a Thermo Scientific Nicolet iS10 FT-IR spectrometer with an ATR
accessory using a diamond window. Alkanethiol spectra were collected with a resolution
of 2 cm™! from 600-4000 cm™! for 128 scans.

Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS)
of the SAMs was measured under a constant nitrogen purge using a Nicolet Nexus 670
Fourier transform spectrometer equipped with a Hinds Instruments PEM-90 photoelastic
modulator adjusting a ZnSe window to modify the IR polarization. The spectra were
collected with a mercury-cadmium-telluride (MCT) detector in reflection geometry at an
IR beam incident angle of 80° from the surface normal. Sample spectra were collected
with a resolution of 2 cm™ in the C—F stretching region, from 1000-1500 cm™!, for 1024
scans and the C—H stretching region, from 28003100 cm™!, for 512 scans.

Sum frequency generation (SFG) spectroscopy of the SAMs was measured using a
home-built spectrometer for which the details can be found elsewhere,?” and in Chapter 2.
Briefly, a pulsed, 20 Hz, 1064 nm beam from an EKSPLA Nd:YAG laser is used to pump
a LaserVision optical parametric generation and amplification system (OPG/OPA) to
produce a tunable-frequency infrared beam as well as a 532 nm visible beam. The two
beams, with corresponding incidence angles of 60° and 50° with respect to the surface
normal, were spatially and temporally aligned at the sample surface to produce a new beam
with a frequency equal to the sum of the two input frequencies. This sum frequency
generation (SFG) beam was filtered for wavelength purity, collected using a PMT,
processed using a boxcar integrator, and the resulting averaged data points were plotted

using a LabView program. The same Nd:YAG laser was used to pump a separate
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OPG/OPA system fitted to generate infrared frequencies between 1000-2000 cm™ and
which was used for the low-frequency SFG instrument as detailed in Chapter 2. The
samples were scanned in the C—F (1100-1400 cm™) and C—H (2800-3050 cm™') stretching
regions using ppp and ssp polarization combinations, where the letters denote the
polarization of the SFG, visible, and IR beams, respectively. The final spectra are the
average of at least 5 scans and have been normalized to the corresponding bare gold SFG
spectrum to account for the gold response over the scanned IR frequencies.

A cell was designed and built for the solid-liquid SFG experiments and is described
in Chapter 2. The cell consisted of a Teflon (PTFE) body into which the gold slide
containing the SAM was placed. A cleaned glass pipette was used to place a few drops of
contacting liquid onto the gold slide and a cleaned BaF2 window was placed on top. A
small Kalrez o-ring under the gold slide helped to press the sample against the window so
as to minimize the amount of liquid between the slide and the window. A metal flange
covered with Teflon tape was fastened over the window by tightening nuts at the bottom
of the cell to press all the components together, as shown in Figure 2.15 in Chapter 2. The
spectra were monitored for IR absorption with the reference channel of the SFG
spectrometer, and, as expected, were found to have no absorption by the bulk liquid above
the monolayer.

The theory of sum frequency generation spectroscopy has been thoroughly
described by several groups,®®“° and is detailed in Chapter 2. Briefly, SFG is a coherent
second-order nonlinear process that under the electric-dipole approximation is only
allowed from media that are non-centrosymmetric. Therefore, molecules in an isotropic

bulk environment will not produce SFG signal, but interfacial molecules will because they
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are at the boundaries where the centrosymmetry of the system is broken. The intensity of
the SFG signal, Isg;, is related to the intensities of the incident beams I (w,;s) and I (w;g)

at the frequencies w,,;s and w;p of the visible and infrared beams, respectively, as well as

the effective second order nonlinear susceptibility, )(S%c, via the following relationship,*®

2
Ispg )(ch I(wyis)I(wrr) (5.3)

The susceptibility is the sample system’s response to the optical fields probing it and is

described by the sum of )(,E,ZIQ, the vibrationally non-resonant component coming from the

interaction of the metal surface with the intense light fields, and the vibrationally resonant

component, )(I(2 ), which contains molecular ensemble information and is maximized when

the frequency of the IR beam is the same as the frequency of a normal mode. As described
in Chapter 2, the resulting relationship between the intensity of the SFG beam and the

susceptibility can be reduced to,

A

Ispc o [A eif+z T (5.4)
SFG NR 4 g — g — i,

where A,, wg, and I; are the amplitude, frequency, and line-width of the q™ vibrational
mode. Equation 5.4 was used to fit the SFG spectra, and the intensities of the resonances
were calculated. The intensity ratio between to resonances in the same spectrum (i.e. for
the C—H spectra of the SAMs) was compared to the simulated curves that relate intensity

to functional group tilt angle, as described in detail in Chapter 2.
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5.3.  Results and Discussion
5.3.1. Substrate Characterization

Stripping voltammetry was used to determine the coverage, in monolayers, of silver
deposited onto the polycrystalline gold slides.*® The deposited layer(s) of Ag were
removed from the Au by oxidizing the sample with cyclic voltammetry and calculating the
amount of Ag using the calculations described below. Two different methods of UPD Ag
substrate preparation were stripped in order to determine whether or not there was a change
in the coverage of Ag when the slide was removed from the deposition solution while it
was held at the UPD potential. The first method was performed as described in the
experimental section, in which the Ag was deposited onto the bare Au, and the slide was
taken out of solution while still under potential control. The UPD Ag slide was then placed
back into the cell filled with purged, pure electrolyte, and the stripping scan commenced.
The second method used the cell depicted in Figure 5.2 to flow fresh electrolyte solution
into the cell while the slide was held at the UPD potential so that the slide never left the
solution; the slide was held at the potential for two minutes in the Ag solution before the
N2 purged, pure electrolyte solution was introduced. Once the electrolyte had been
replenished, over five times, the Ag stripping voltammetry scan begun. Representative
cyclic voltammograms for the bare Au, Au in Ag solution, and UPD Ag stripping are
shown in Figure 5.4A. Figure 5.4B showed that as the number of cycles increased, the
current density of the Ag stripping peak decreased, due to removal of the silver from the
gold substrate and its diffusion into the bulk solution.

The initial positive sweep of the Ag stripping voltammogram was analyzed to

determine the UPD Ag coverage on the Au slides. The stripping voltammograms were
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first normalized to the corresponding bare Au doublelayer current shown in Figure 5.4.
The Ag stripping peak was then integrated and the area was divided by the scan rate and
the geometric surface area of the slide to determine the Ag charge density. The charge
density was then divided by the literature value of 222 pC/cm? for the charge density of a
full monolayer of Ag on Au (111), which corresponds to ¢ pp = 0.8.>**! This value was
chosen because it corresponds to an epitaxial layer of Ag on Au and because the evaporated
gold used in this study is considered to be mostly (111) in character.*

The results from the stripping voltammetry are listed in Table 5.1. This analysis
served two purposes. The first was as an indirect probe of oxide formation; the stripping
voltammetry does not remove metal oxides, therefore if the silver coverage calculated from
the flow cell experiment is higher than the coverage on the slide pulled out of solution, the
formation of a layer of oxide on the UPD Ag after removal of the slide from the solution
is likely. The second purpose was to determine coverage of the Au surface in order to
conclude if the sulfur of the adsorbates could be binding to the Au as well as the Ag atoms.
The results showed that the coverage of silver on the slides removed from solutions was
higher than that for the slide that remained in the flow cell throughout the duration of the
experiment. Such a low coverage (¢ypp = 0.14 = 0.01) on the slides in solution was
possibly due to the experimental conditions used during the flow of fresh electrolyte.
Although the slides prepared by the second method were treated in the same manner as
those from the first method, replacement of the silver solution with pure sulfuric acid
required stirring to completely remove the silver solution as the pure electrolyte was added,
due to the design of the cell. The discrepancy in surface coverage by silver could then be

attributed to fluctuations in the liquid level of the cell causing unavoidable variances in the

181



surface area covered by electrolyte, thereby preventing the silver from adhering on the gold
electrode.

In terms of the samples taken out of solution, the UPD Ag coverage was 0.51 +
0.03 which, within experimental error, agrees well with the literature.>* However, the
coverage determined from the voltammetry falls short of the ¢ypp = 0.8 for a full
monolayer of silver on gold. Part of this discrepancy could be due to the calculation for
the surface area of the gold slide; since the surface roughness before and after the
voltammetry was unknown, no correction factor could be applied to account for it, yielding
a smaller value for the coverage. Laibinis et. al. noted that coverages determined by
coulometric measurements can underestimate surface coverage,*® requiring a more surface-

sensitive approach to be able to fulfill the second purpose of this experiment.
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Figure 5.4. A) Overlapped voltammograms: Au in H2SO4 (black dot), Au in Ag solution
(red dash), and the first scan of Ag stripped from Au (blue solid line). B) Stripping
voltammetry of the UPD Ag monolayer from the Au surface. The blue solid line is the
first scan while the black dash-dot lines are scans 2—20, showing a decrease in the current

density of the Ag stripping (oxidation) peak as the number of scans increases.




Elemental analysis with XPS was used to determine the coverage of UPD Ag on
Au using the method outlined by Laibinis.*® The high resolution Au 4f and Ag 3d XPS
spectra for the bare UPD Ag and HSAM-covered UPD Ag substrates are given in Figure
5.5. Since XPS quantifies both the Ag metal and its oxide, higher coverage values can be
expected from the XPS analysis than the voltammetry. A comparison of the values in Table
5.1 show that the coverage of UPD Ag on Au calculated from the XPS data is almost double
of that derived from the stripping voltammetry, and is at a full monolayer within
experimental precision. Although these results indicate that the Au surface is fully
terminated with silver atoms, studies have shown that the silver does not form a
commensurate layer over the Au, but rather fills bridge sites as well as top-sites, creating
an incommensurate surface.*’ If the Ag atoms are not close-packed to fully cover the Au
surface, the sulfur headgroup of the alkanethiol could be bound to both Ag and Au atoms
at the UPD Ag/Au substrate.

A study to determine the binding characteristics of propanethiolates on UPD Ag-
modified Au found a preference for binding to Ag.** Sellers et. al. noted that there are two
chemisorption modes (giving surface-S-C angles of 109° and 180°) of similar stability for
the SAMs on Au (111) and it is possible for both modes to exist in small clusters that make
the surface homogeneous on a macroscopic level.> Considering that this study uses
polycrystalline substrates, the probability of such a phenomenon is high. Since "odd-even"
effects in the wettability and the orientation of the terminal functional groups are evident
(vide infra), the relative homogeneity of the samples observed on the macroscopic scale
could be due to the preference of one chemisorption mode over another.? Within the

resolution of the surface characterization techniques used in this study, the SAMs were
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considered homogeneous, and the true nature of the bonding of the thiols to the metals
remains undefined. However, since the literature agrees that alkanethiols bind to UPD Ag,
the forthcoming discussion will follow that conclusion.

Table 5.1. Coverage Calculations from Stripping Voltammetry and XPS Measurements®°

from Strippin
bupp pping bupp from XPS

Voltammetry
Surface ' Sample
Sample in
Flow Cell Remove<.i
from Solution
Au 0.14 +0.01 0.51 £0.03 0.79 +0.04
H17SH - - 0.65 +0.03
H18SH - - 0.67 +£0.01
H19SH - - 0.69 +0.07
H20SH - - 0.63 £0.03
F1H16SH - 0.63 £0.02
F1H17SH - - 0.63 £0.01
F1H18SH - - 0.61 £0.03
F1H19SH - - 0.63 £0.01
H1F6H10SH - - 0.66 +0.01
H1F6H11SH - - 0.64 +0.05
H1F6H12SH - - 0.63 £0.04
H1F6H13SH - - 0.63 £0.05

aCoverage calculations using the XPS data were performed using the bare metal substrates as well as SAM-
covered substrates to determine if there was a change in the Ag coverage with the addition of the monolayer.
The standard deviations were determined from three separate sets of experiments.
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Figure 5.5. A) Representative high-resolution XPS spectra in the Au 4f and Ag 3d regions
for bare samples of UPD Ag on Au. B) The Au 4f and Ag 3d spectra for the alkanethiol
SAMs on UPD Ag substrates, as shown in a previous report.>*
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The XPS spectra in Figure 5.5 confirm the presence of the Au and Ag expected in
each film and show the binding energies of the Ag 3ds» peaks at 368.0 eV for all the
substrates studied, including the bare UPD Ag, which agrees with literature values.*® The
surface coverages determined from the XPS data for the bare UPD Ag substrates were
higher by ~0.15 monolayers than the SAM covered surfaces, which seems to indicate a
loss of Ag atoms with the adsorption of the monolayer. This is in contrast to the
observations of Jennings and Laibinis who saw no change in the coverage of the Ag with
the formation of a SAM.>* However, it is possible that the lower Ag coverages of the
SAMs were due to the electron screening model used to derive Equation 5.2 not being
suitable for these experiments, or due to inhomogeneities in coverage** from surface
reconstruction upon the adsorption of the SAMs onto the sample substrates* rather than
the removal of bound Ag from the Au. To analyze this further, samples were made by the
electrochemical deposition of Ag in the "bulk" region of the voltammogram (denoted by a
number 3 in Figure 5.3). Using laser confocal microscopy combined with differential
interference contrast microscopy, Azhagurajan et. al. found that this potential region
deposited the second and third monolayers of Ag onto Au (111).3> The samples were found
to have surface coverages of ¢ypp = 0.79 £ 0.08 for an HI8SH SAM on UPD Ag and
¢upp = 0.83 £ 0.04 for the bare UPD Ag surfaces. By stripping voltammetry, the "bulk"
Ag surfaces were calculated to have a surface coverage of ¢ypp = 0.47 = 0.04 of a
monolayer. Since the XPS and CV-determined coverages are the same for the monolayer
and "bulk" regions of the Ag deposition, it is possible that due to the polycrystalline nature
of the Au slides the surface Ag atoms merely became more close-packed and

homogeneously distributed.
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5.3.2. Vibrational Mode Assignments

Prior to analyzing the structure of the self-assembled monolayers, generated from
the alkanethiols shown in Figure 5.1, from the point of view of surface-sensitive vibrational
spectroscopies, PM-IRRAS and SFG, the complex vibrational modes of the fluorinated
adsorbates must be assigned. The Raman and ATR-IR spectra for the bulk alkanethiols
are presented in Figures 5.6 and 5.7 for the C—H stretching region and Figures 5.8 and 5.9
for the C—F stretching region, and were used to assign the peaks for the vibrational modes
observed in this study. The resonance frequencies observed for the fully hydrocarbon
alkanethiols (HnSH) are listed in Table 5.2, while Table 5.3 lists the frequencies for the

CFs-terminated alkanethiols (F1HnSH).
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Figure 5.6. Raman spectra of the bulk A) HnSH alkanethiols and B) F1HnSH
alkanethiols in the C—H stretching region, 2800-3050 cm™'.
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Figure 5.7. ATR-IR spectra of the bulk A) HnSH alkanethiols and B) F1HnSH
alkanethiols in the C—H stretching region, 2800-3050 cm™'.
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Table 5.2. Observed Vibrational Mode Frequencies and their Assignments for the Fully
Hydrocarbon Alkanethiols.

. -1
Resonance Position (cm )

Assigned Mode**47

IR Raman
2848 2850 SSH ?, CH, symmetric stretch
2870 - SSH *, CH,; symmetric stretch
2888 2887 f,jf ?, CH, antisymmetric stretch

- 2909 VFRZ, CH, Fermi resonance
2916 2923 f,jf ?, CH, antisymmetric stretch
2942 2934 vg?‘, CH, symmetric stretch split by Fermi resonance
2956 - f,jf *, CH, antisymmetric stretch out-of-plane
2962 2960 f,jf *, CH, antisymmetric stretch, in-plane
1130 1131 vi¢, C—C stretch (trans conformation)*48

1282-1300 1296 Ve 2, CH, wag™®
1375 1371 61, symmetric CH, bend*s
1435 1441 812, CH, bend®!
1461 1462 8%23, antisymmetric CH, bend**
852, CH, bend*®>°

1472 ] 8§H3, antisymmetric CH, bend*>?

CH; 48,50-51,53
8¢ %, CH, bend

The Raman spectra for the HnSH adsorbates in Figure 5.6A are in agreement with

literature spectra of hydrogenated alkanethiols in crystal form,*6-!

with the two strongest
resonances corresponding to the highest concentration of functional groups, the methylene

(CH>) stretching modes. The lowest frequency band in the C—H stretching region, at 2850

cm’!, corresponds to the symmetric methylene stretch, vz and is followed by the band

SS’
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at 2900 cm™!, which is assigned to the symmetric stretch split by Fermi resonance with the

overtone of the methylene bending mode, vin?.*” Figure 5.6B shows the Raman spectra

of the F1IHnSH adsorbates. Along with exhibiting the VSSH > and vggz modes, the

antisymmetric stretching vibration, vgf 2, at 2920 cm’! for the longer-chained F1HnSH
adsorbates, blue-shifts to ~2925 cm™ for FIH16SH and F1H17SH, likely due to the liquid-
like nature of shorter-chain length compounds; note, the F1IH16SH and F1H17SH
appeared to melt at room temperature while the spectra were gathered.”! The broad nature
of the bands can also be attributed to the melting of the compound, since less crystalline
compounds have a greater contribution to inhomogeneous broadening on the peak shape.
The aforementioned resonances are typical stretching frequencies for CHz2 groups
in a hydrocarbon environment, however, the CF3-terminus present in this set of adsorbates
clearly affects the resonances, blue-shifting the CHz band frequencies higher than 2925 cm’
!, Infrared and Raman spectroscopic studies of small fluorinated molecules, such as
CF3CH3,** CF3CH2CF3,% CF3CH20CH3,°® CF3CH2CH2Cl,*” as well as a CF3(CH2)3SH,*®
have shown dramatic blue-shifts in the frequency of the CH: stretching modes due to their
proximity to a fluorocarbon. Therefore, the resonances observed in Figure 5.8B at 2875
cm! and ~2950 cm™! were assigned to the symmetric and antisymmetric stretching modes

of the methylene closest to the CF3 group (denoted as *CH,), respectively.’®>"

Moreover, the infrared spectra of the HnSH adsorbates shown in Figure 5.7A clearly show
the resonances belonging to the CH3 group, while they are absent for the F1IHnSH

adsorbates, see spectra in Figure 5.7B. These resonances include the methyl symmetric

stretching, VSSH ®,at 2870 cm’!, the symmetric stretch split by its Fermi resonance interacting
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with the overtone of the methyl bending mode, vlc:g3, at 2934 cm’!, and the methyl

antisymmetric stretch, vﬁ? ®,at 2962 cm’.
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Figure 5.8. Raman spectra of the bulk A) HnSH alkanethiols and B) F1HnSH
alkanethiols in the C-F stretching region, 1100-1500 cm™.
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Figure 5.9. ATR-IR spectra of the bulk A) HnSH alkanethiols and B) F1HnSH
alkanethiols in the C-F stretching region, 1100-1500 cm.
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Table 5.3. Observed Vibrational Mode Frequencies and their Assignments for the CFs-
terminated Alkanethiols.

.. -1
Resonance Position (cm )

Assigned Mode
IR Raman
2849 2847-2855 SSH 2, CH, symmetric stretch®
- 2859 vee'?, CH, symmetric stretch*
2873 ] Eg:z *CH, symmetric stretch
Ve 2, *CH, Fermi resonance’
£888 £882-2903 Sf ?, CH, antisymmetric stretch
VFRZ, CH, Fermi resonance’
2915 2923-2928 S:I 2, CH, antisymmetric stretch®
2952 2948 "Mz %CH, antisymmetric stretch, trans>-57-%
1114-1119 1114-1120  v§¢, C—C stretch®
1153-1159 1160 (vw)  ver®, CF, symmetric stretch®-5560
1172 1175 (vw)  ver®, CF, symmetric stretch®660-6!
1247-1255 1260 (vw)  vee®, CF, antisymmetric stretch™°
1272-1291 - ver?, CF, antisymmetric stretch60-¢!
1289-1308 1298 ver3, CF, stretch with vy ® bend®?
852, *CH, bend
1393 - Ve, Cc-C stretch 37
vorz *CH, wag™®
1438 1443 812, *CH, bend>
1471 1467 55H2 CH, bend*:53

§ Assignments taken from references

46-47

T Assignments taken from references>®-’

(vw) denotes bands that have very weak intensities

The low-frequency spectra presented in Figures 5.8 and 5.9 were used to assign the
main vibrational modes of the CF3 group. The assignments for the HnSH adsorbates in

this study were limited to the bands that were observed in both IR and Raman, consisting
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of chain stretches, CH2 wagging and bending, the CH3 symmetric (~1370 cm™), and CH3
antisymmetric bending (~1460 cm™') modes (see Table 5.2). The low-frequency modes for
the F1HnSH adsorbates were assigned based on available studies of similar molecules and
observed similarities to the HnSH adsorbate spectra. There is disagreement in the
literature about the assignment of the symmetric and antisymmetric vibrations of the CF3
group, with some studies showing that the symmetric stretch is higher frequency than the

5462 and others showing the opposite.®*

antisymmetric,

In a study involving perfluoroalkanes of different chain lengths, Shimoaka
concluded that in C—F vibrations, the fluorine remains relatively unmoved, due to the
lighter mass of carbon compared to fluorine, resulting in coupling of the vibration to the
oscillation of the C—C backbone.®* Since the CF3 stretching Raman bands are weak, the
bands at 1114-1120 cm™ were assigned to C—C stretching®® vibrations, due to the
increasing peak frequency as the number of carbon atoms increases. The bands at 1150
cm™ and 1175 cm™ were not found in the HnSH spectra, and therefore were assigned to
the CF3 symmetric stretching -- albeit the mode is strongly coupled to C—C stretches.”® The
bands at ~1250 cm™ were assigned as a mixture of CF3 antisymmetric character and CHa
twists and rocks.”®>’ The band at 1271 cm!, observed only in the IR spectra, was assigned
to the CF3 antisymmetric stretch, although Li et. al. recorded potential energy distributions
that indicate this mode is coupled to the antisymmetric CF3 bend and the C—C stretches.>®
56,59

The band ~1300 cm™! was assigned to CF3 stretching in conjunction with CF3 bending,

while the bands at ~1393 cm™ and ~1440 cm™ were attributed to *CH, bending®’*° modes,

see Table 5.3 for assignments.
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The FT-IR transmission spectra for the HIF6HnSH adsorbates was provided in a
previous report,'* however, the authors were not able to assign the stretches associated with
the CHs. A deuterated analog, DIF6H10SH, was synthesized, according to the procedures
outlined in Chapter 3, for the purposes of assigning the CH3 stretching peaks and is
discussed below. The C—H, C-D, and C—F stretching regions of the vibrational spectra are
plotted in Figures 5.10-5.12. Their peak assignments are listed in Table 5.4. The IR and
Raman spectra plotted in Figure 5.10 show a comparison between the HIF6H10SH and
D1F6H10SH adsorbates, as well as a comparison to the CF3-terminated analog,
F1H16SH, and the normal alkanethiol, H17SH. Although the infrared spectra of the
H1F6H10SH and D1F6H10SH adsorbates are similar, the Raman spectra clearly display
the stretching frequencies of a CH3 group adjacent to a fluorinated carbon chain (labeled

as *CH,) at 2961 and 3024 cm™'. Upon deuteration of the terminal methyl group, the bands

at 2961 and 3024 cm™! disappear, indicating that they belong to the methyl group and not
the methylenes in the chain below the fluorinated moiety. The methyl stretching
frequencies of the HIF6H10SH adsorbate are shifted to higher values than those of
alkanethiols, H17SH, due to proximity of the methyl group to the electron-withdrawing
fluorocarbons.5265 Moreover, the broad bands in the Raman spectrum and the shifted vo. 2
resonance frequency at 2920 cm™!, compared to 2915 cm! for the solid alkanethiols, are
indicative of the liquid-like nature of the molecules at the time the spectra was collected;

we note that the compounds are waxy solids at room temperature.

195



&

SS

H1F6H10SH 7]

F1H16SH -

D1F6H10SH

Offset % Transmittance
Intensity (a.u.)

H1F6H10SH

F1H16SH

- CH ol
Vel Vo H17SH
| y T T T I . T ¥ T U
2800 2900 3000 2800 2900 3000 3100
x . -
Wavenumber (cm™) Raman Shift (cm™)

Figure 5.10. A) ATR-IR and B) Raman spectra of the bulk alkanethiols H17SH,
F1H16SH, H1F6H10SH, and D1F6H10SH in the C—H stretching region between 2750—
3100 cm™.

The CDs stretching region between 2000-2300 cm’!, shown in Figure 5.11, reveals
the methyl stretches of the D1IF6H10SH molecule, with the symmetric stretching peak
appearing at 2140 cm’! and the antisymmetric stretch at 2270 cm™.%¢ Note, the stretches
of the D1IF6H10SH adsorbate appear at higher frequencies than the methyl stretching
frequencies of deuterated octadecanethiol which appear at 2060 cm™ and 2212 cm™,
respectively.*’ The peaks for the CF3-capped molecule in the C—D region are attributed to
overtones and combination bands of the C—C skeletal and CF3 stretching modes.®” The
ATR-IR percent transmittance spectra shown in Figure 5.11 in the C-D stretching region
fail to show resonances for the D1IF6H10SH molecule. The absence of the CDs stretching

bands is attributed to a low IR cross-section, considering that the methyl bands in the
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H1F6H10SH counterpart already have low intensities compared to the methyl group of
fully hydrocarbon molecules,'* (as shown by the spectra in Figure 5.10A) which is possibly
due to the methyl group’s proximity to the electron-withdrawing fluorocarbons.®® If the
CHj3 bands in the partially-fluorinated alkanethiol have such low intensities, then the CD3
bands would be below the detection limit of the IR spectrometer. Finally, the C-F
stretching region, shown in Figure 5.12, indicates that the IR and Raman spectra are similar
due to the only difference being the deuterated terminal group of the D1F6H10SH
adsorbate. Use of the DIF6H10SH adsorbate aided in assigning bands observed in the
low-frequency IR spectra plotted in Figure 5.12A. Specifically, the band at 1395 cm™ in
the HIF6H10SH spectrum can be unequivocally assigned to the methyl group bending
mode, however since the band at 1383 cm™! appears in both spectra, it can be attributed to
the either CF2 or CHy; the peak at 1375 cm™! in the FIH16SH IR spectra may then also be
attributed to the CF3 or CH2> modes, or a combination of modes from the two functional

groups.
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Figure 5.11. A) ATR-IR and B) Raman spectra of the bulk alkanethiols H17SH,
F1H16SH, H1F6H10SH, and D1F6H10SH in the C-D stretching region, 20002350 cm’
!, The percent transmittance IR spectra are offset for clarity and are plotted with the same
y-axis scale as the corresponding IR spectra in Figure 5.10.
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Table 5.4. Observed Vibrational Mode Frequencies and their Assignments for the CHs-

terminated Alkanethiols.

.. -1
Resonance Position (cm )

Assigned Mode
IR Raman

2852 2859 vee'?, CH, symmetric stretch?
587 VSSH ?, *CH, symmetric stretch

vggz, *CH, Fermi resonance’
5889 2003 Vs -, CH, antisymmetric stretch

vggz, CH, Fermi resonance®
2620 2032 vggz, *CH, Fermi resonance 32

;s 2, CH, antisymmetric stretch?®
2952 2961 Ver's, *CH, symmetric stretch66.68
- 3024 Vees, *CH, antisymmetric stretch32668

1133 - ver 2, CF, symmetric stretch®
1162 1167 v, CF, stretch®®

vS , CH3—CF» C—C stretch®?
1203 1198 as R CF antisymmetric stretch

s CH; rock®
1232 - g 2, CF, symmetric stretch®
2 CH, twist™

1295 1303 VSCCEC —C stretch

O~ CCC bend

Va2 CF; wag®
1344 1347 CH: or CF2
1384 - CH: or CF2
1396 - 8.3, *CH, bend*>%¢
1437 1439 6:M2, *CH, bend®"
1472 - 812, CH, bend*®

§ Assignments taken from references
+ Assignments taken from references

46-47
56-57
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5.3.3. Monolayer Characterization

Previous studies on alkanethiol films on Au'* and UPD Ag®! as well as probing the
same films used here with PM-IRRAS, XPS and ellipsometry revealed that the HSAMs on
Au and UPD Ag were well-ordered, with the SAMs formed on UPD Ag being more densely
packed and ~3 A thicker than the corresponding HSAM on Au.* The CFs3-terminated
SAMs faired similarly well, with comparable packing densities and relative crystallinity to
the corresponding-length HSAMs. As with the HSAMs, the thicknesses for the FSAMs
were found to be higher on the UPD Ag substrates than the Au.>* The CH3-FSAMs were
found to be thinner and less densely-packed than the CF3-terminated SAMs,'* and as was
the case for the other two sets of SAMs, the CH3-FSAMs formed thicker and more densely-
packed monolayers UPD Ag.3* Because the Au surfaces can be roughened during cyclic

voltammetry,’! reliable contact angles were unable to be obtained for the CH3-FSAMs.

5.3.3.1. Determination of Monolayer Structure with PM-IRRAS

The bulk structure of the self-assembled monolayers was probed with surface
infrared  spectroscopy. Polarization-modulation  infrared reflection-absorption
spectroscopy (PM-IRRAS) modulates the polarization of the input light from p-polarized
to s-polarized with respect to the surface normal and takes the differential surface

reflectivity

AR _ R, =R
R~ R, +R,

(5.5)

of the sample (taken at a grazing angle to the surface normal) to generate a surface IR
spectrum of the molecules with the full bulk information of the thin film.*7? This is useful

in characterizing the relative structural order (crystallinity) of the films and relative chain
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orientation and can be tested by examining the frequency of the antisymmetric methylene

CH
stretch, v, 2

. The peak for the methylene antisymmetric stretch, shown in Figures 5.13—
5.15, is at 2918 cm’!, which suggests that the alkane chains are well-ordered and trans-
extended, making crystalline-like surfaces.> This peak has been shown to shift to higher

frequencies when the monolayer is "liquid-like" and disordered, and shifts to lower

frequencies when the monolayer is ordered and more crystalline in nature. A decrease in
the full width at half maximum (FWHM) of the broad peak attributed to vggz and VSSH %in
the IR has also been noted to indicate more crystalline-like monolayers.®>”* Therefore, if

the FWHM and V;::l 2 peak position in the FT-IR spectra correspond to the molecules in a
crystalline state, then the closer the PM-IRRAS peak is to the frequency of the FT-IR peak,
the more crystalline the molecules are on the surface.5>7

As with any linear absorption spectroscopy, the intensity of PM-IRRAS resonances
can be partially attributed to the concentration of functional groups contributing to that
vibrational mode, however, the modulation of the polarization can also contribute to the
final intensity of the peaks.”” Therefore, the relative intensity of the resonance bands in
the spectra is used and is described as the ratio of two bands in the same spectrum.”> This
ratio is related to the tilt of the molecule with respect to the surface because of the metal
surface selection rule which states that transition dipole moments with a component
perpendicular to the surface (aligned with the surface normal) will be enhanced, while

those with a component parallel to the surface (tilted away from the surface normal) will

be screened.’”
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The spectra in Figure 5.13 for the HSAMs on Au and UPD Ag in the C—H stretching

region show a visible "odd-even" effect in the relative ratio of the methyl (CH3) symmetric

and antisymmetric stretches, VSSH 3 VSS 3, corresponding to the orientation of that functional

group. The methyl peak ratio for the odd-numbered chain length SAMs (i.e., H17SH and
H19SH) on Au is ~1:2, while for the even-numbered chain length SAMs (i.e., H18SH and
H20SH) the ratio is ~1:1, as observed in other studies.'*!®!" Changing the substrate to
which the thiols bind produced a change in the ratio of intensities of the CH3 symmetric
and antisymmetric stretches in the IR spectra of the HnSH monolayers, as shown in Figure

5.13. The HnSH SAMs on UPD Ag have the opposite methyl intensity ratios, with the

CH3
as

odd SAMs having a VSSH v, ° ratio of ~1:1 and the even SAMs having a ratio of ~1:2.
These changes in the trends for the relative ratios of the intensities are directly related to
the orientation of the methyl group with respect to the surface normal.

Since the transition dipole moment for the antisymmetric stretch of the methyl
group of an alkanethiol is perpendicular to the terminal C—C axis, the CH3 antisymmetric
stretch will be enhanced when the functional group is tilted away from the surface normal.
Therefore, for the HnSH SAMs on Au, this means that the odd SAMs will be tilted away
from the surface normal, while the even SAMs will be more upright, with respect to the
surface normal. On the other hand, the HnSH SAMs on UPD Ag have methyl groups
pointed upright for the odd SAMs and tilted away from the surface normal for the even
SAMs. "Odd-even" effects in the IR spectroscopy of HSAMs on Au have been observed
before.” A study by Chang et. al. on aromatic-derivatized alkanethiols deposited onto Au

and Ag surfaces demonstrated the same trends in the "odd-even" behavior of the methyl

stretching resonances shown by IR spectroscopy.’ Studies of molecules with alkanoic acid,
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rather than thiol, headgroups self-assembled onto Ag surfaces?”-” have also exhibited the
same "odd-even" effects in the structure of the tail group. These changes in structure led
to changes in the physical properties of the films, as expanded upon in the wettability
section.

The binding of the adsorbates to the UPD Ag surface had one more consequence -
- the relative intensity between the methylene symmetric and antisymmetric stretches
changed. The intensity ratio of those two resonances for the HnSH SAMs on Au is close
to 1:2, whereas for the UPD Ag surface, the ratio is closer to 2:3. This can also be explained
according to the surface selection rule. Previous studies have noted that SAMs formed on
silver have lower chain tilt angles than the same SAMs on gold.'* Therefore, as the
chains tilt upright, aligning with the surface normal, the transition dipole moment for the
methylene antisymmetric stretch, which is normal to the carbon backbone plane,'” aligns
more parallel to the surface, decreasing its peak intensity.>! This dramatic decrease in the
intensity ratio between the methylene stretching modes could be attributed to an overall
upright orientation for the alkanethiol chain on the UPD Ag surface in comparison to the

Au surface.
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Figure 5.13. PM-IRRAS spectra of the HnSH SAMs on A) Au and B) UPD silver
substrates in the C—H stretching region, 2800-3050 cm™'.

Figure 5.14 shows the PM-IRRAS spectra in the C—H stretching region for the
F1HnSH SAMs on Au and UPD Ag. The FSAM spectra clearly show that there are no
methyl (CH3) stretches, in agreement with the molecular structure of the adsorbates. As in

the case of the HnSH SAMs, all of the FSAMs have their methylene antisymmetric stretch,

CH,

as 5> at 2918 cm’!, indicative of well-ordered, trans-extended chains.® Moreover, the

\Y
relative ratio in the CH2 symmetric and antisymmetric stretching frequencies increases for

the adsorbates on the UPD Ag surfaces, indicating, as was the case for the HnSH SAMs

on UPD Ag, that the FSAMs are tilted more upright on the UPD Ag than the Au surface.
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Figure 5.14. PM-IRRAS spectra of the FIHnSH SAMs on A) Au and B) UPD silver
substrates in the C—H stretching region, 2800-3050 cm™'.

Figure 5.15 shows the PM-IRRAS spectra for the H1F6HnSH adsorbates
assembled onto Au and UPD Ag surfaces in the C—H stretching region. The blue-shifted
methyl stretching resonances are small but visible in the spectra at 2963 cm™! and 3023 cm"
!, corresponding to the symmetric and antisymmetric modes, respectively. Figure 5.16
expands this region for better observation of these bands. From these spectra it is clear that

the hydrocarbon chain below the fluorocarbon moiety is well-ordered on both surfaces, due

to the position of the vg{ 2 at 2918 cm’'; note that the vgf ? of the SAMs appeared at a lower
frequency than the bulk IR spectra taken when the molecule was in a liquid-like state. A

discussion of the relative order at the termini of the monolayers will be discussed later in

CH,
SS

the SFG section. As with the HnSH and F1IHnSH SAMs, the ratio of vgg ?:vgg © 1s larger
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for the monolayers on Au than the UPD Ag, indicating that the carbon chains are tilted

more upright and away from the surface on UPD Ag compared to the Au surface.
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Figure 5.15. PM-IRRAS spectra of the HIF6HnSH SAMs on A) Au and B) UPD silver
substrates in the C—H stretching region, 2800-3050 cm™'.
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Figure 5.16. Expanded PM-IRRAS spectra of the HIF6HnSH SAMs on A) Au and B)
UPD silver substrates in the C—H stretching region, 2950-3050 cm™.

The low-frequency PM-IRRAS spectra in the C-F stretching region of the
F1HnSH SAMs and H18SH, which serves as a reference, are plotted in Figure 5.17.
Although the Raman and IR spectra of the bulk materials exhibited bands in the low
frequency region for the HnSH adsorbates, no resonances were within the detection limit
of the PM-IRRAS, thus, only a representative spectrum for H18SH is provided. The band

labeled on the spectra in Figure 5.17 is attributed mainly to the CF3 symmetric stretching

CF;

mode, v °,

however, the band is also coupled to skeletal stretching and CH2 wagging

modes. The band at ~1400 cm™! is attributed to a bending/wagging mode coupled to C—C
stretching for the CHz adjacent to the CF3 group, SZCHZ. The spectra in Figure 5.17 display

an "odd-even" effect in the relative ratio between the intensities of the VSSF > and SZCHZ
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modes. For the FSAMs on gold, the odd FSAMs (F1H16SH and F1H18SH) have a higher

ratio than the even SAMs (F1H17SH and F1H19SH). The opposite effect is observed for

the FSAMs on UPD Ag, where the odd SAMs have a lower vg 3 SZCHZ intensity ratio than
the even SAMs. However, due to the coupled nature of the bands, the relative ratios cannot
be used to determine the terminal CF3 group orientation of the FSAMs. Therefore, a
previous study used molecular modeling to determine the tilt angle of the terminal C—C

bonds of the FSAMs with respect to the surface normal, and calculated tilt angles of ~17°

for the even FIHnSH SAMs, and ~58° for the odd F1HnSH SAMs. !4
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Figure 5.17. PM-IRRAS spectra for the FIHnSH SAMs and HI18SH on A) Au and B)
UPD silver substrates in the C—F stretching region, 1100-1450 cm™.

The low-frequency PM-IRRAS spectra shown in Figure 5.18 for the HIF6HnSH
FSAMs failed to exhibit surface-driven orientational differences between the odd and even

SAMs. Although the ratio in the relative intensity of the bands at 1140 cm™ and 1200 cm™
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I'appears to change between the odd and even SAMs, previously reported bulk IR spectra'*
showed the same effect, implying that the change is due to chain packing and not chain
orientation on the surface.

The assignment of the resonances in Figure 5.18 can be determined by comparison
of the low-frequency PM-IRRAS of several fluorinated molecules. Figure 5.19 shows the
PM-IRRAS spectra taken in the C—F stretching region, for certain FSAMs tested in this
dissertation, H18SH, F1H17SH, H1F1H16SH, as well as those generated from
CF3(CF2)7(CH2)1:1SH (F8H11SH), the HC—FC dipole molecule, HIF6H11SH. Figures
5.18 and 5.19 show that the resonances at ~1330 and ~1375 cm’!, typically attributed to
the axial CF stretching modes (dipole moment parallel to the helical axis) are absent in
the spectra of the HIF6H11SH SAM.”7%77  Fluorocarbon moieties of more than five
fluorinated carbon atoms in SAMs are known to have upright orientations (~16° from the
surface normal),>’8 therefore, if the transition dipole moment is parallel to the helical axis,
it will be perpendicular to the surface and will be enhanced due to the IR surface selection
rules for metals.!”

Colorado et. al. noted an increase in the wavenumber of these bands as the number
of fluorocarbons in the chain increased, however, the analysis was performed exclusively
on adsorbates with a CF3-terminus.”” The HIF6HnSH SAMs, with six CF2 groups, should
also exhibit two strong bands between 1320-1330 and 1365-1370 cm™,'%” however, the
absence of these bands in the PM-IRRAS spectra confirm that the bands are predominantly
composed of CF3 stretching vibrations, in molecules with more than five fluorinated carbon
atoms, as previously assigned by others.?*8! Nonetheless, the small resonances at ~1340
and ~1384 cm™ -- attributed to a CHz, CF2, or coupled vibration — present in the PM-IRRAS
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spectra of the HIF6HnSH SAMs lead to the possibility that those frequencies are due to

the axial CF2 vibrations shifted in frequency due to the absence of a terminal CF3 group.
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Figure 5.18. PM-IRRAS spectra for the HIF6HnSH SAMs and on A) Au and B) UPD
silver substrates in the C-F stretching region, 1100-1450 cm'.
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Figure 5.19. PM-IRRAS spectra for a perfluorocarbon-capped (F8H11SH), CHs-
terminated partially fluorinated (H1F6H11SH), buried CF. (H1F1H16SH), CF3-
terminated (F1H17SH), and fully alkanethiol (H18SH) SAMs on gold substrates in the C—
F stretching region, 1100-1450 cm™'.

5.3.3.2. Terminal Group Orientation at the Solid-Air Interface with SFG

To selectively probe the interfacial interactions between SAMs and contacting
liquids we employed sum frequency generation (SFG) spectroscopy in the C—H and C—F
stretching regions. Sum Frequency Generation spectroscopy uses powerful lasers at two
different input wavelengths to cause a change in the polarization of the surface molecules,
which in turn causes the emission of a beam with a frequency that is the sum of the input
frequencies. The intensity of this SFG beam is dependent on the structure of the molecules;
the functional group orientation information is contained in the susceptibility term of
Equation 5.3. This relationship can be used to determine the orientation of any part of the

molecule that is non-centrosymmetric, as that is one of the selection rules of the technique.
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Signal from the vibrational normal modes probed by SFG can only be obtained when the
modes are both Raman and IR active.

SFG signal is also dependent on the order of the system due to the relationship
between the number density of oriented chromophores, N, and the SFG intensity, as shown
in Equation 2.21 in Chapter 2. A decrease in the order of the system results in a decrease
in the SFG signal, so that only well-oriented functional groups, such as the terminal methyl

1.8 For the systems

groups of densely-packed trans-extended SAM, give strong SFG signa
analyzed in this study, SFG signal would be expected from the terminal functional group
of the adsorbate (CH3 or CF3) and the methylene directly below it. However, the bulk of
the methylene chains display a local centrosymmetry that will disable the chain from
emitting SFG signal, unless the symmetry is broken as in the case of loosely-packed or
disorganized alkanethiol monolayers that have gauche defects at the tail end of a trans-
extended chain.®?

The solid-air interface spectra, shown in Figures 5.20-5.22 for the C—H stretching
region and 5.24 for the C—F stretching region, were included to provide contrast with the
solid-liquid spectra as well as a reference for peak positions and functional group

orientations. The SFG spectra shown in Figure 5.20 for the fully hydrocarbon SAMs

generated from HnSH on Au and UPD Ag, show the typical methyl stretching resonances,

CH; _CH; _CHj

ss > VER > Vas » at 2875, 2936, and 2965 cm’!, respectively, as dips in the ppp SFG

\Y%

spectra. The ssp spectra, Figures 5.20c and 5.20d, show only the symmetric stretches and

CH,

H
2 and vgg?, at

the appearance of methylene symmetric and Fermi resonance modes , VSS
2850, and 2900-2920, respectively, especially in the SAMs formed on UPD Ag, indicating

the presence of gauche defects at the terminus of the chain. The oxidation of the UPD
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silver surface is not suspected to play a role in the apparent disorder of the chains due to
the finding by Laibinis et. al. who showed that oxidized bulk silver contained little to no
silver oxide after SAM formation.?® Defects in the structures of the SAMs could then be
due to surface roughness of the substrates, however, surface Raman studies have shown
that SAMs generated from long-chain alkanethiols form well-ordered surfaces even on
electrochemically roughened Ag surfaces.®> Similar studies on rough Au' and Agd*®
surfaces have concluded the same. Therefore, the complexity in the thiol-metal bonding
chemistry causing a mismatch in the ideal lattice parameters for the alkyl chains versus the

3 Because the chains

substrate-bound head groups could be the source of chain disorder.
are long (more than 12 carbon atoms), the van der Waals interactions between molecules
are strong enough to sustain the overall crystalline-like structure of the chain,> however,
they may not be enough to prevent the formation of kinks at the end of the chain due to
heterogeneous binding of the molecules to the substrates.

Since the methyl groups of these SAMs point away from the Au surface and
produce dips in the spectra, the terminal groups (CF3 and *CH3) in the other sets of

monolayers are expected to do the same. The F1HnSH adsorbates have small resonances

in the C—H stretching region, shown Figure 5.21, attributed to the methylene group below

the fluorinated segment,®? and are assigned as the VZS Hz, v;(f{HZ, vQSHZ, at 2875, 2900, and

2950 cm’!, respectively. Literature on semi-fluorinated alkanes with > 6 fluorocarbons
noted the ability of methylene groups to rotate about their chain axis under a bulky
fluorinated chain due to a lower packing density (greater spacing between chains) than for
normal alkanes.”” The methylene groups in the chain of the HnSH monolayers (tilted away

from the surface normal to maximize van der Waals interactions) have been found to lack
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free rotation around the molecular axis due to a high energy barrier for rotation.* A study
by Pflaum and coworkers,*® supports the notion that the methylenes adjacent to a bulky
CFs-terminus on a fluorinated alkanethiol have enough molecular mobility to break the
local centrosymmetry of the chain causing for the *CH: vibrational modes to have blue-
shifted stretching frequencies and become SFG active. Figure 5.21 shows an apparent
"odd-even" effect in the relative amplitude of the methylene peaks that is opposite when
the substrate is changed from Au to UPD Ag; this could due to the methylene modes
reorienting (twisting) under the CF3-terminus to achieve a lower surface energy,'* which
can cause changes in the intensity of the SFG peaks.

The SFG spectra for the monolayers generated from the HIF6HnSH adsorbates,

shown in Figure 5.22, have resonances, VZSHZ , v;%HZ , attributed to the methylene below the

*CH3

fluorocarbon chain at 2875 and 2900-2920 cm™!, and v:_g " and Vas

at 2960 and 3024 cm™
!, respectively, for the terminal methyl group. Interestingly, the ssp spectra, known to only

display the symmetric C—H stretching modes for non-functionalized alkanethiols, have a

clear upward-pointing peak for the *CH3 antisymmetric stretch.
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Figure 5.20. Solid-air SFG spectra in A/B) ppp and C/D) ssp polarization combinations
for the HnSH SAMs on A/C) Au and B/D) UPD Ag in the C—H stretching region, 2800—
3050 cm’!. Solid lines in A/B are the fits to the spectra.
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Figure 5.21. Solid-air SFG spectra in A/B) ppp and C/D) ssp polarization combinations
for the FIHnSH SAMs on A/C) Au and B/D) UPD Ag in the C—H stretching region, 2800-
3050 cm’!. Solid lines in A/B are the fits to the spectra.
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Figure 5.22. Solid-air SFG spectra in A/B) ppp and C/D) ssp polarization combinations
for the HIF6HnSH FSAMs on A/C) Au and B/D) UPD Ag in the C—H stretching region,
2800-3050 cm™.
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Using the assignments taken from Tables 5.2—-5.4, the SFG spectra in Figures 5.20—
5.22 and 5.24 were fit using Equation 5.4, and the calculated resonance intensities were
compared to simulated curves for the intensity ratio versus functional group tilt angle, as
described in Chapter 2. The orientation of the functional groups is defined by the tilt angle,
0, of the Cs-axis with respect to the surface normal. The parameters obtained from the
spectrum fits for the C—H spectra of the SAMs generated from the HnSH and HIF6HnSH
adsorbates are tabulated in Tables 5.5-5.6. Figure 5.23 shows the fitted spectra of the
H1F6HnSH SAMs.

Table 5.5. Fitting Parameters for the C—H SFG Spectra of the CH3-Terminated SAMs
(HnSH and H1IF6HnSH) on Au

Adsorbate Ratio
As (CH3) TI'ss(CH3)  Aa (CHa) I'as (CH3)
On Au Lss/Tas
H17SH 0.39+0.02 5.01+0.24 046+0.05 5.46+0.38 1.06 +0.31
H18SH 0.35+0.01 4.01+£0.15 0.21+£0.03 4.12+0.44 4.50+1.66
H19SH 044+0.02 6.86+0.41 052+0.16 6.15+0.86 0.88 £ 0.61
H20SH 044+0.02 4.65+0.21 033+0.14 531+1.09 3.53+3.36
H1F6H10SH 0.35+0.01 8.10+0.23 0.83+0.08 43.04+341 10.12+2.56
H1F6H11SH 0.37+0.02 7.75+0.29 0.44+0.14 49.88+12.13 67.59+60.95
H1F6H12SH 0.38+0.01 8.06+0.31 1.83+0.11 43.70+1.98  525+2.55
H1F6H13SH -0.37+0.02 5.01+0.33 -0.17+0.04 999+2.29 18.83+12.80

The ratio of peak intensities for the HnSH SAMs was multiplied by a factor of 1.24 to account for the Fermi

resonance contribution to the symmetric stretch peak at 2875 cm™!.3%-40
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Table 5.6. Fitting Parameters for the C—H SFG Spectra of the CH3-Terminated SAMs

(HnSH and H1IF6HnSH) on UPD Ag.

Adsorbate Ratio
As (CH3) TI'ss(CH3)  Aa (CHa) I'as (CH3)
on UPD Ag Lss/Xas
H17SH 0.31+£0.02 4.69+0.23 0.09+£0.02 3.60+0.59 10.6 £6.10
H18SH 0.26+0.01 420+0.15 024+£0.02 442+032 2.11+0.52
H19SH 0.30+£0.03 4.71+£041 0.14+£0.04 4.08+0.76  5.02+3.67
H20SH 040+0.03 6.69+0.21 0.34+0.04 5.77+0.51 1.79 £ 0.60
H1F6H10SH -0.71+0.05 8.15+0.56 -0.44+0.06 9.99+124  3.97+1.65
H1F6H11SH -0.50+0.02 6.08+0.27 -0.10£0.02 7.32+1.75 35.82+22.81
H1F6H12SH -0.48+0.02 6.44+035 -0.11£0.04 10.01 +3.69 50.17+50.05
H1F6H13SH -0.29+0.01 5.06+0.29 -0.15+0.03 11.37+2.37 18.59+11.02

The ratio of peak intensities for the HnSH SAMs was multiplied by a factor of 1.24 to account for the Fermi

resonance contribution to the symmetric stretch peak at 2875 cm!.3%-40
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Figure 5.23. Fitted solid-air SFG spectra in A/B) ppp and C/D) ssp polarization
combinations for the HIF6HnSH FSAMs on A/C) Au and B/D) UPD Ag in the C-H
stretching region, 2800-3050 cm™'. Symbols denote the experimental data, and the solid
lines denote the best fits to the spectra.
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The fluorinated monolayers were scanned in the C—F stretching region to probe the
relative orientation of the fluorinated functional groups on the surface, and the resulting

spectra are plotted in Figure 5.24. The HnSH SAM SFG spectra in the low-frequency

region inconsistently showed a peak at 1385 cm™!, attributed to the 8§H3, symmetric CH,

bend.*®3% However, due to the irreproducibility in displaying the 8§H3, as shown by Figure
5.24, the resonance was excluded from the current discussion. As in the PM-IRRAS
spectra, the low-frequency SFG spectra show many bands in both ppp and ssp polarization
combinations. Calculated potential energy distributions for the CF3 stretching modes of
similar molecules have shown that the modes are coupled strongly to other vibrations in
the chain and cannot be separated.’*>%>7>° Since the CFs bands are coupled to skeletal
modes, the strongest band in the SFG (which has been assigned to mostly CF3 symmetric
stretching character) was fitted in both ssp and ppp polarization combinations to try to
determine the orientation of the CF3 group.

Since SFG intensities are the product of both the IR and Raman intensities for the
transition in question, the small intensities for this mode in the Raman data (Figure 5.8)
present a plausible reason for the low SFG intensities of the CF3 stretches in the F1IHnSH
SAMs, Figure 5.24. Unfortunately, the low intensity and poor signal to noise ratio of the
spectra did not allow for fitting within reasonable error limits, however, the relative
intensities listed in Tables 5.7 and 5.8 were noted for the purpose of highlighting the "odd-
even" effect in the amplitudes of the resonance designated as the CF3 symmetric stretch, at
1175 cm™'. The parameters obtained from the spectrum fits for the F1IHnSH monolayers

are provided in Tables 5.7-5.8 for the Au and UPD Ag substrates. Figure 5.25 shows the
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fittings to the experimental spectra of the FIHnSH monolayers. The SFG spectra in the

C—F stretching region failed to exhibit resonances for the HIF6HnSH SAMs, possibly due

to the local centrosymmetry present in the six-fluorocarbon moiety.

Table 5.7. Fitting Parameters for the C—F SFG ssp and ppp Spectra for the FIHnSH SAMs
on Au at the CF3 Symmetric Stretching Frequency of ~1175 cm™.

At Aw(CF)  Twp(CF)  Amp(CF) Ty CF) L/l

F1H16SH -0.86+0.07 10.78+091 -1.02+0.06 10.84+0.52 0.71=+0.19
FIH17SH -0.22+0.10 499+2.60 -094+0.08 1592+1.02 0.54=+0.77
F1H18SH -0.76+0.17 9.99+2.18 -0.79+0.05 9.20+0.53 0.77+0.50
F1IH19SH -0.50+0.03 539+0.32 -1.03+0.10 1499+1.26 0.15+0.14

Table 5.8. Fitting Parameters for the C—F SFG ssp and ppp Spectra for the FIHnSH SAMs
on UPD Ag at the CF3 Symmetric Stretching Frequency of ~1175 cm™.

Adsorbate
on UPD Assp (CF3) Fssp (CF3) Appp (CF3)  T'ppp (CF3) Lssp/Tppp
Ag
F1H16SH -0.82+0.17 9.85+1.50 -1.71+0.10 19.94+0.91 0.95+0.51
F1H17SH -0.50+024 6.17+3.22 -0.65+0.03 7.89+043 0.95+1.35
F1IH18SH -0.39+0.32 8.00+£5.50 -0.75+0.05 13.49+0.75 0.76+1.63
F1IH19SH -043+0.27 6.00+3.78 -0.65+0.02 8.70+0.34 090=+1.62
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Figure 5.24. Solid-air SFG spectra in A/B) ppp and C/D) ssp polarization combinations
for the F1IHnSH SAMs on A/C) Au and B/D) UPD Ag in the C—F stretching region, 1150—
1400 cm™.
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Figure 5.25. Fitted solid-air SFG spectra in A/B) ppp and C/D) ssp polarization
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are the fits to the spectra.
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Figure 5.26 was generated using the intensity ratio results obtained from the fits to
the SFG spectra to show the CH3 and CF3 orientations at the solid-air interface. For the
simulation of the orientation curves, the refractive index of the surface was assumed to be
that of evaporated gold for both the bare Au and UPD Ag surfaces, since the UPD Ag
surface is covered by only a monolayer of silver and will not have the same optical
properties as bulk silver. However, it is important to note that the refractive indices
determined using ellipsometry at 632 nm for the Au and UPD Ag were on average 0.16 +
3.451and 0.15 £ 3.41, respectively. Therefore, some error intrinsic to the orientation curves
was introduced due to the small differences in optical constants of the surfaces.
Nonetheless, Figure 5.26A shows a clear "odd-even" effect in the orientation of the
terminal groups of the HnSH SAMs on Au; where the methyl groups of the odd SAMs are
tilted away from the surface normal, while the methyl groups of the even SAMs are more
upright, in agreement with the PM-IRRAS results and previous SFG studies on the
orientation of CHs groups of alkanethiols on Au.?” The trend is reversed when the HnSH
SAMs are on the UPD Ag substrates, indicating that the terminal groups of the odd SAMs
are more upright than the even SAMs.

Figure 5.26B shows the CF3 tilt angles determined using the intensity ratio between
the symmetric stretch in the ssp and ppp polarization combinations. Due to the high error
from the fits to the spectra, a trend is not evident in the orientation of the CF3 groups.
Beyond signal-to-noise ratio issues, a reliable simulated curve for the orientations of the
CF3 groups could not be obtained by the current analysis. This was due to the inability to
determine the true hyperpolarizabilities for the symmetric stretching vibration due to its

coupling to other vibrational modes.
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Nonetheless, the value of the hyperpolarizability ratio, R, was varied between 1 and
4 to produce curves that complied with the intensity ratios from the experimental results
(not shown). The simulated curves matched the experiment for values of R >3.4. A value
of R = 3.4 was applied to generate the curve used to calculate the CF3 tilt angles plotted in
Figure 5.26B. A simulation of CF3 orientations by molecular modeling,'* has shown that
the F1IH16SH SAM should have a terminal C—C tilt angle of ~ 58° -- this was not the case
with the SFG orientation analysis using the Issp/Ippp ratio for the CF3 symmetric stretching
vibration. Despite the shortcomings with the intensity ratios, there is a visible "odd-even"
effect in the amplitudes of the CF3 symmetric stretch shown in Figure 5.24A and 5.24B,
and if the hyperpolarizability, Bcce, is known, the intensities for the mode can be directly
related to the tilt angle of the functional group in order to determine the general trend for
the orientation of the CF3 group in air and under contacting liquids.

The previously determined CFs tilt angles of ~58° for odd SAMs and ~17° for even
SAMs,'* were used as a starting point to back-calculate the hyperpolarizability, Bcce, and
hyperpolarizability ratio, R, from the experimental data. Unfortunately, varying the values
failed to exhibit such trends in the tilt angle, but rather gave the opposite trend; no matter
what value for R or Bccc was used in the simulation, the intensities determined from the
experimental SFG spectra for the odd SAMs on Au gave lower tilt angles than the even
SAMs on Au. The plot shown in Figure 5.27 shows the simulated intensity in the ppp
spectrum versus orientation curve and the experimentally-determined intensities of the CF3
symmetric stretching peaks for the FSAMs on Au. The discrepancy in "odd-even" trends
indicates that the model used to determine the orientations from the SFG has faults and

will need further analysis before it can be used. Undetermined correction factors may need
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to be applied to account for the change in the local fields at metal surfaces in the low-
frequency IR region. Despite the failure with the quantitative orientation analysis of the
CFs groups, the data is reliable (due to its reproducibility) so that the amplitudes of the
peaks can be trusted to provide qualitative information about the functional group
orientation. If the trends observed with molecular modeling hold true, then the peaks in
the SFG spectra with larger amplitudes correspond to CF3 groups that are more tilted on
the surface, while the lower amplitude peaks correspond to CF3 groups that are more
upright. In SFG, a decrease in the intensity of a mode typically implies an increase in the
tilt angle with respect to the surface normal, thereby, lower SFG intensity is indicative of
a more slanted functional group.

It is possible that the assignment of the peak at 1175 cm™! to a symmetric stretching
mode is not accurate, and the band is instead related to the antisymmetric stretching of the
CFs group. Several studies incorporating Raman and IR have shown that CF3-terminated
propylsilanes have a band at 1143 cm™! that is assigned to the CF3 antisymmetric stretch,
while a band at 1271 cm’' contains symmetric stretching character.®®° If those
assignments are to be followed, then the larger amplitudes of the CF3 bands in the odd
FSAMs can be reasonably related to an increase in the tilt of the CF3 group, as is the case
for the higher CH3 antisymmetric stretching peak intensity an odd alkanethiol SAM (in
comparison to the vgg * intensity for an even SAM), corresponding to a greater tilt of the
CH3 with respect to the surface normal. Notwithstanding the disagreement in the literature
for peak assignments of the CF3 group, the fact that the "odd-even" effect in the amplitude

of the CF3 stretching mode inverts between the Au and UPD Ag surfaces indicates that the
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orientation of the terminal group in the SAMs changes depending on the substrate to which

the molecules are bound.
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Figure 5.26. Solid-air average terminal functional group orientations calculated from the
SFG spectra of the CH3 in the HnSH SAMs, CF3 in the FIHnSH SAMs, and CH3 in the
H1F6HnSH SAMs.

228



0014 === F1H16SH
| R RO F1H17SH
0012 -+ =F1H18SH
g - F1H19SH
>
5 00104
; i
g 0008- ~
-
= 0006
c
i
£ 0004
= ool
'S
® 0002
0.000 . ‘ ' '

CF, Tilt Angle (Degrees)

Figure 5.27. Simulated curve (black solid line) for the SFG intensity of the CF3 stretching
vibration at 1175 cm™! as a function of its average tilt angle for the FIHnSH SAMs on Au.
The lines with error bars represent the SFG intensities calculated from the fits to the
experimental spectra for the FIHnSH SAMs on Au. The top two intensities belong to the
odd SAMs, while the bottom two are for the even SAMSs.

The HIF6HnSH SAMs on Au and UPD Ag exhibit an "odd-even" trend in the
terminal methyl group tilt angle matching that of the HnSH SAMs on Au and UPD Ag,
respectively, and is shown in Figure 5.26C. Although there seems to be a reversal in "odd-
even" trends for the HIF6HnSH SAMs on Au versus UPD Ag, three of the SAMs on UPD
Ag fail to show a difference in the overall CH3 tilt angle, within error. The upright
orientation of the methyl groups in the three aforementioned SAMs indicate that the SAMs
on UPD Ag lack an "odd-even" effect for the average tilt angle, possibly due to the fact
that the chains as a whole are aligned to the surface normal.’ In other words, if the overall
tilt of the alkyl chains is more upright on the surface, the terminal methyl groups will adopt
the same average orientation, regardless of overall chain length, as shown by the

H1F6HnSH SAMs.
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5.3.4. SFG Spectroscopy of the Solid-Liquid Interface
5.3.4.1. The Solid-Liquid Interface of the HnSH SAMs

SFG signal can only be obtained from functional groups in an environment of non-
centrosymmetry, such as at an interface, therefore, this technique was chosen to probe the
interface between the liquids and the terminal groups of the SAMs to examine how the
SAM structure changes when in contact with acetonitrile-d3 (CD3CN) and perfluorodecalin
(PFD). Orientation analysis was performed on the SFG spectra of the SAMs under the
liquids to offer detail about the structure of the SAM at the liquid interface. The fitted data
were then used to deduce the orientation of each functional group -- denoted as the tilt
angle, 0, of the Cs-axis with respect to the surface normal -- by using the intensity ratio
between the symmetric and antisymmetric methyl stretching vibrations in the ppp SFG
spectra. The simulated orientation curves were also corrected for the change in Fresnel
factors at the solid-liquid interface. SFG spectra were obtained for all the monolayers
before, during, and after contact with the wetting liquids. The spectra taken before and
after contact with a wetting liquid were exactly the same, revealing the reversibility of the
structural changes induced by interactions between the SAMs and the liquids, and
confirming reports that contact with wetting liquids prompt structural changes isolated to
the tail groups of monolayers, while the main methylene backbone retains its relative
crystallinity.33!
Acetonitrile is a small polar aprotic molecule which has been used to test the

contribution of dipole interactions at SAM surfaces.'*

Figure 5.28 contains the
experimental SFG spectra for the solid-liquid interfaces between the SAMs generated from

the HnSH adsorbates and the contacting liquids, acetonitrile and pefluorodecalin. The fits
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to the spectra in Figure 5.28 were used to determine values for the intensity ratios of the
methyl symmetric and antisymmetric stretches of the HnSH SAMs and HIF6HnSH
FSAMs (vide infra) on Au and UPD Ag, which were then used to calculate the average
CH3 tilt angles at the solid-liquid interface. The ratios and corresponding average CH tilt
angles are listed in Table 5.9. These tilt angles, along with their asymmetric error bars,
denoting the range of tilt angles based on the error in the intensity ratios, are plotted in
Figure 5.29A for the HnSH SAMs on Au and UPD Ag in contact with acetonitrile. A
comparison between the tilt angles of the CH3 group for the HnSH SAMs at the solid-air
interface in Figure 5.26A and those for the HnSH SAMs in contact with acetonitrile in
Figure 5.29A shows that the methyl groups in the SAMs are tilted more upright when in
contact with the wetting liquid. This decrease in the tilt angle of the terminal group is
likely caused by the methyl groups reorienting to accommodate the penetration of the liquid
into the monolayer.

A PM-IRRAS study by Anderson et. al.”! on the structural changes of alkanethiol
monolayers on Au in contact with CD3CN concluded that acetonitrile partially solvates the
monolayers, increasing the fluidity of the alkyl chains and causing them to reorient into a
perpendicular alignment relative to the substrate. A partial rotation of the methyl group
due to solvent-monolayer interactions with CD3CN has been noted previously,” and is

shown by distinguishable broadening of the higher frequency band corresponding to the

CHj

Vas

mode. The spectra in Figure 5.28 clearly display this broadening of the antisymmetric
methyl stretching mode. The intercalation of the small CD3CN molecules into the SAM

causes an increase in the disorder of the terminal functional groups, as shown by comparing

the spectra in Figure 5.28A and 5.28B for the solid-liquid interfaces with those of the
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corresponding solid-air interfaces in Figure 5.20. The spectra in Figure 5.28 show an
increase in the intensities of the methylene stretching vibrations, indicating gauche
conformations present at the interface.”” The peak frequencies of the HnSH SAMs in
contact with acetonitrile red-shifted by ~5 cm!, closer to the peak frequencies of the bulk
molecules collected from IR and Raman spectroscopy. This is consistent with previous
reports that attributed the red-shift of the methyl peaks from H18SH in contact with
CDs3CN to the change in the environment of the methyl groups from air (where they are
able to rotate freely) to a bulk-phase, more dense, environment, where their movement can
be restricted by dispersive interactions between the methyl group of the liquid and the
hydrocarbon monolayer.”>*?

There is experimental evidence in the literature that suggests the methyl-to-methyl
interaction between hydrocarbon SAMs and acetonitrile.®***% Ward et. al.*>*¢ studied
various surfactants adsorbed onto a D18SH on Au surface and noted that the surfactants
preferred to orient with their terminal methyl group pointing toward the D18SH terminal
methyl. Finally, although the "odd-even" effect in the orientation of the methyl group of
the HnSH SAMs on Au stays intact, even when in contact with the liquid, for the HnSH
SAMs formed on UPD Ag the "odd-even" effect is lost, and the methyl groups of the
different chain-length monolayers have nearly the same tilt angle, within error. This could
be due to the more perpendicular alignment of the chains to the UPD Ag substrate, causing

the terminal methyl groups of the SAMs to be oriented with the same tilt as was the case

for the *CH3 groups of the HIF6HnSH SAMs at the solid-air interface.
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Figure 5.28. Solid-liquid SFG spectra in the ppp polarization combination for the HnSH
SAMs formed on A/C) Au and B/D) UPD Ag in contact with A/B) CD3CN and C/D) PFD
in the C-H stretching region. The solid lines are the fits to the spectra, and the symbols

represent the experimental data.
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Table 5.9. The Intensity Ratios and Methyl Group Tilt Angles Derived from the SFG
Fitting Analysis for the HnSH and HIF6HnSH SAMs on Au and UPD Ag in Contact with
CDsCN.

Au UPD Ag
Adsorbate
Ratio Is/Ias* Tilt angle® Ratio Is/Ias" Tilt angle®
H17SH 4,63 £2.77 24° 23.81 £15.62 15°
H18SH 30.25+10.93 14° 14.70 £5.68 17°
H19SH 10.87 +£3.18 19° 6.77 £4.53 22°
H20SH 19.55+8.42 16° 4.84 +2.77 24°
H1F6H10SH 1.41+£1.16 26° 0.33+0.25 43°
H1F6H11SH 1.42+1.18 26° 0.85+0.71 31°
H1F6H12SH 0.36 +£0.32 48° 0.55+0.48 36°
H1F6H13SH 0.46 £ 0.20 10° 0.39+0.15 40°

The ratio of peak intensities for the HnSH SAMs was multiplied by a factor of 1.24 to account for the Fermi

resonance contribution to the symmetric stretch peak at 2875 cm™!.3%-40

"The error in the tilt angle is presented as a range of angles in Figure 5.29A.

Perfluorodecalin is a nonpolar liquid used in previous studies to determine the
values for the dispersive component of the surface tension of a fluorinated surface, and
eventually, the work of adhesion in order to describe the contribution of dispersive
interactions to the surface energies that dictate the interfacial properties of fluorinated
surfaces.”” The SFG spectra for the SAMs in contact with PFD, plotted in Figure 5.28C
and 5.28D, show similar disordering behavior, increase in the presence of gauche defects,

to the CD3CN/HSAM interfaces, which is revealed by the increase in methylene
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contributions to the spectra. The antisymmetric methyl stretching peaks broadened, as in
the case of the CD3CN interface, but the frequency of the resonances failed to shift,
implying that although there may be some rotation of the methyl group to accommodate
the bulky contacting liquid, the non-ideal dispersive interactions between fluorocarbons
and hydrocarbons allow for more movement in the methyl group at this interface than at
the CH3CN interface. The orientation analysis of the methyl groups under PFD, listed in
Table 5.10 and displayed in Figure 5.29B, shows that the methyl groups are upright (tilted
away from the surface normal) in comparison to their more slanted conformations at the
solid-air interface. The SAMs on gold portray an "odd-even" effect in the tilt of the methyl
groups comparable to the "odd-even" trends at the solid-air interface. However, as was the
case for the CD3CN/HSAM interface, the tilt angles for the methyl groups of SAMs on

UPD Ag failed to showed changes, within the error of the fitting.
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Table 5.10. Intensity Ratios and Tilt Angles Derived from the SFG Fitting Analysis for
the HnSH and HIF6HnSH SAMs on Au in Contact with PFD.

Au UPD Ag
Adsorbate
Ratio Iss/Ias? Tilt angle® Ratio Is/Ias? Tilt angle®
H17SH 9.94+5.52 20° 34.97 +23.90 14°
H18SH 27.19 +£10.49 15° 19.76 + 15.01 16°
H19SH 10.49 £3.67 19° 6.50 +=4.87 22°
H20SH 27.85+18.10 15° 13.68 +£12.30 18°
H1F6H10SH  3.52+2.34 20° 2.07 +1.87 23°
H1F6H11SH  3.67+£2.45 20° 243 +1.56 23°
H1F6H12SH  3.55+2.35 20° 0.68+0.15 33°
H1F6H13SH  0.51 +0.17 36° 0.43+0.28 39°

The ratio of peak intensities for the HnSH SAMs was multiplied by a factor of 1.24 to account for the Fermi
resonance contribution to the symmetric stretch peak at 2875 cm™.3%-40

The error in the tilt angle is presented as a range of angles in Figure 5.29B.
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5.3.4.2. The Solid-Liquid Interface of the FIHnSH SAMs

The C-H spectra of the FSAMs in contact with acetonitrile, depicted in Figures
5.30A and 5.30B, show a marked increase in the amplitude of the methylene stretches in
comparison to the solid-air interface spectra in Figure 5.21. The overall increase in the
intensities can be attributed to either an increase in the tilt of the terminal C—C bond --
which would cause the CH2 symmetric stretch transition dipole to align with the z-axis
leading to enhancement in the intensity -- an increase in gauche defects due to a
reorientation of the polar terminal groups upon interacting with the polar liquid, or to an
increase in the orientational order of the SAMs at the interface. To determine the reason,
the C—F spectra for the FSAMs in contact with acetonitrile, shown by representative spectra
of F1IH18SH on UPD Ag at the solid-air and solid-liquid interface, are presented in Figure
5.31. The solid-liquid spectra display a ~25 cm™! red-shift of the CF3 symmetric stretching
peak from 1170 cm™ to 1145 cm™. As was the case with the CD3CN/HSAM interface, the
peak shifted to the frequency observed for the bulk molecules collected from IR and Raman
spectroscopy.

Therefore, it is possible that the change in the environment of the fluoromethyl
groups from air (where they are able to rotate freely) to a dense, bulk-like environment
restricts the rotation of the CF3 group due to the strong dipole-dipole interactions between
the terminal groups of the FSAMs and the liquid molecules. To probe further, a second
polar aprotic liquid with a slightly higher dipole moment to CD3CN, deuterated
dimethylsulfoxide (ds-DMSO) was tested in the C—H and C—F regions, and representative
spectra are shown in Figure 5.32. As with the CD3CN, the interactions between the FSAMs
and ds-DMSO caused an increase in methylene intensity in the C—H stretching region and
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a red-shift of 25 cm™ in the frequency of the CFs3 stretching mode. The overall intensities
of the peaks did not change upon exposure to the liquid, implying that the terminal groups
are not necessarily reorienting. Therefore, the increase in the intensity of the methylene
modes can be attributed to an increase in the order (and therefore the number of oriented
dipoles) in the system attributed to the restricted rotation of the CF3 group interacting with
the polar liquids. Table 5.11 lists the CH2 amplitudes derived from the SFG spectra for the
FSAMs in contact with CD3CN. "Odd-even" effects in the amplitude of the methylene
stretches were visible for the CD3CN/FSAM interface spectra, however, no change in the
trends with a change in substrate, UPD Ag, were observed.

In contrast to the observations from the polar liquid atop the F1IHnSH interfaces,
the C—H SFG spectra of the FIHnSH SAMs in contact with perfluorodecalin, shown in
Figures 5.30C and 5.30D, show an almost complete disappearance of the methylene
resonances. This points to a high degree of disorder in the SAM when in contact with PFD,
possibly due to favorable interactions between the fluorinated SAM termini and the
fluorinated liquid."* Attractive forces at the interface can cause partial solvation of the tail
groups by PFD and allow for the functional groups to have greater degrees of motion,
thereby decreasing the number of oriented groups that contribute to the SFG signal
(increasing the distribution of molecular orientations as PFD molecules intercalate into the
SAMs) and decreasing the mode intensities in the spectra. Disorder in the monolayer
caused the vibrational bands to be within the noise level of the spectra so that satisfactory
fits could not be obtained for the FIHnSH SAM:s in contact with PFD. Unfortunately, due
to the overlap in the stretching frequencies for PFD and the F1IHnSH SAMs, the solid-
liquid SFG spectra in the C-F stretching region could not be tested.
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Figure 5.30. Solid-liquid SFG spectra in the ppp polarization combination for the F1HnSH
SAMs formed on A/C) Au and B/D) UPD Ag in contact with A/B) CD3CN and C/D) PFD
in the C—H stretching region.
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Table 5.11. Fitting Parameters for the CHz stretching mode at 2843 cm™ in the SFG
Spectra for the CFs3-terminated SAMs on Au in Contact with CD3CN.

Au UPD Ag
Adsorbate
Appp I'opp Ippp Appp Lppp Ippp
-0.04 + 330+ 1.5E-4 + -0.04 £ 477 £ 7.0E-5 +
F1H16SH
0.01 0.39 4.6E-5 0.01 1.24 5.0E-5
-0.27 + 7.49 + 1.3E-3+ -0.07 £ 437 £ 2.6E-4 +
F1H17SH
0.01 0.34 1.5E-4 0.01 0.39 6.3E-5
-0.09 + 4.93 + 33E-4 + -0.05 £ 5.05+ 9.8E-5+
F1H18SH
0.01 0.41 7.5E-5 0.01 0.50 2.7E-5
-0.11+ 6.62 + 2.7E-4 + -0.06 £ 3.61 + 2.8E-4 +
F1H19SH
0.01 0.66 7.3E-5 0.01 0.35 7.2E-5
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Figure 5.31. Solid-liquid SFG spectra in the ppp polarization combination for the
F1H18SH SAM on UPD Ag in contact with CD3CN in the C—F stretching region.
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Figure 5.32. Solid-liquid SFG spectra in the ppp polarization combination for the
F1HnSH SAMs on Au in contact with ds-DMSO in the A) C—H and B) C-F stretching
region.
5.3.4.3. The Solid-Liquid Interface of HIF6HnSH SAMs

Figures 5.33A and 5.33B show the SFG spectra for the solid-liquid interface
between acetonitrile and the SAMs generated from the HIF6HnSH series. A comparison
of these spectra to the solid-air interface spectra in Figure 5.22 shows a significant decrease
in the amplitude of the *CH3 symmetric stretching resonance and a decrease in the overall
signal-to-noise ratio. As with the PFD/F1HnSH SAM interface, this indicates a strong
interaction between the acetonitrile molecules and the HIF6HnSH SAMs, likely causing
a reorientation of the terminal functional groups. The intensity ratios and average
orientation angles derived from the SFG spectra of the CD3CN/H1F6HnSH interfaces are

given in Table 5.9. and the tilt angles are plotted in Figure 5.34A. The SFG results indicate
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that the *CHs tilts to a more slanted configuration under CD3CN than at the solid-air
interface, providing an explanation for the decrease in the SFG intensity. XPS analysis of
these SAMs showed that the packing density at the surface near the CHs—CF2 dipole is
lower in comparison to the fully hydrocarbon and CFs-terminated monolayers.>*
Consequently, the acetonitrile molecules will easily permeate into the monolayer and
increase the fluidity of the terminal groups.

The interaction between the HIF6HnSH SAMs and the PFD broadened the band
corresponding to the *CHs symmetric stretching resonance in Figures 5.33C and 5.33D,
but did not decrease its overall intensity. Figure 5.34B (constructed from the results listed
in Table 5.10) shows that the average orientation angles for the HIF6HnSH SAMs in
contact with PFD did not change compared to the *CH3 tilt angles at the solid-air interface
(shown in Figure 5.26). These results indicate that the interaction between bulky PFD and
the inverted dipole interfaces is one of little intercalation of the liquid into the monolayer,
although some rotation of the terminal group occurs (evidenced by the broadening of the
peak), plausibly allows for additional exposure of the CF: at the interface with the

fluorinated liquid.
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Figure 5.33. Solid-liquid SFG spectra in the ppp polarization combination for the
H1F6HnSH SAMs formed on A/C) Au and B/D) UPD Ag in contact with A/B) CD3CN
and C/D) PFD in the C—H stretching region.
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Figure 5.34. Methyl tilt angles determined from the SFG resonance intensity ratios for the
H1F6HnSH SAMs on Au and UPD Ag in contact with A) acetonitrile and B)
perfluorodecalin. Asymmetric error bars denote the range of orientations derived from the

error in the intensity ratios.

5.3.5. Comparison of Orientation and Wettability Trends
The SFG orientation analysis and amplitude ratios can be compared to previously
collected wettability data to determine if there is a correlation between the SFG results and

the advancing contact angles observed for acetonitrile and perfluorodecalin on each of the
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sets of SAMs. The advancing contact angles reported before®* are plotted in comparison
to the tilt angles, determined by analysis of the SFG data, in Figures 5.35-5.39.

The comparisons plotted in Figures 5.35 and 5.36 for the HnSH SAMs on Au show
a clear correlation between the SFG determined microscopic orientation angles and the
macroscopic advancing contact angles for the wetting liquids on the surfaces. The data in
Figures 5.35A and 5.36A show that as the tilt angle of the terminal methyl group increases
(the terminal C—C bond aligns away from the surface normal and closer to the substrate)
the contact angle decreases, indicating an increase in the wettability of the film. This is
due to the increased exposure of the CH2 group adjacent to the terminal CH3 at the interface
with the liquid, allowing for more favorable dispersive interactions between the liquids and
the monolayer. This result is in accordance with previous reports that have shown that the
structure of self-assembled monolayer has a marked effect on the wettability of the
resulting film.>!*”> For the HnSH SAMs on UPD Ag, however, this conclusion does not
hold true. The orientations of the terminal methyl groups in Figures 5.35B and 5.36B fail
to show "odd-even" effects, yet the advancing contact angles do. This discrepancy could
be due to the nuances between microscopic structure and macroscopic wetting behavior.
The solid-liquid interactions at the interface are only one parameter that can affect the
contact angle of a liquid on a SAM -- the surface energy of the solid-air interface and the
liquid-liquid interactions that make up the surface tension at the liquid-air interface must
be considered in order to form a complete representation of the factors that affect the

wettability of a surface.”’
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Figure 5.37 shows the amplitudes of the CH2 symmetric stretching vibration of the
F1HnSH SAMs in comparison to the macroscopic contact angles of acetonitrile. This
comparison gives insight into the effect of the exposure of the methylene group at the
interface to the contact angle. The amplitudes for both the SAMs on Au and UPD Ag
surfaces follow the same trend, although there is a reversal in the "odd-even" effect seen in
the wettability, implying that regardless of the degree of methylene exposure at the surface,
the wettability will change for the FIHnSH SAMs with an overall change in chain length.
This indicates that the wetting behavior of the CF3-terninated films is directly related to the
strength of the dipole at the interface and not just a change in orientation of the terminal
group. Zenasni and coworkers noted that for the odd SAMs (F1H16SH and F1H18SH),
the CF3 group is tilted away from the surface normal, making an array of head-to-tail
arranged dipoles at the interface that can compensate each other, leading to a weaker
interaction.'* The even SAMs (F1H17SH and F1H19SH) will have CF3 groups upright
(slight tilt), which will form a surface of oriented dipoles, leading to a stronger interaction.
The SFG results indicate that the strength of these dipoles plays an important role in the

final wettability of the films.
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Figure 5.37. Comparison between the methylene peak amplitudes for the FIHnSH SAMs
on A) Au and B) UPD Ag in contact with acetonitrile and the corresponding advancing
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Figures 5.38 and 5.39 show comparisons between the *CH3 tilt angles with respect
to the surface normal and the advancing contact angles for acetonitrile and

perfluorodecalin, respectively. The results from the SFG spectra found that there is no

"odd-even" effect in the tilt angle of the *CH3 for the SAMs formed on either the Au or
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UPD Ag surfaces, in contact with the acetonitrile, as shown in Figure 5.38. The wettability
data follow suit for the Au surface, showing no relationship between total chain length and
the contact angle. This was attributed to disorder in the chains because of low packing
densities and the use of a potentially electrochemically-roughened Au substrate.>
However, the SAMs formed on UPD Ag, which, due to the more upright tilt of the alkane
chain with respect to the surface, showed increased packing densities than the
corresponding SAMs formed on Au, also showed a clear "odd-even" effect in the
wettability, as shown in Figure 5.38B. This indicates that the packing density of the SAMs
played a large role in determining the wetting behavior of these films, although the
orientation of the terminal *CH3 group did not.

Similar to the acetonitrile interfaces, comparison between the *CH3s group tilt angle
and the wettability with perfluorodecalin failed to show a correlation for the HIF6HnSH
SAMs on Au, as shown by Figure 5.39A. Figure 5.39B shows that the SAMs on UPD Ag,
however, did demonstrate an "odd-even" effect in the wettability, with the lower tilt angle
for the *CH3 group in the HIF6H11SH SAM (more upright) corresponding to a higher
contact angle (less wettable surface) and the higher tilt angle (more slanted) configuration
of the HIF6H12SH SAM corresponding to a lower contact angle (more wettable surface).
This was in accordance with the results from the interfaces of the liquids and the HSAMs,
however, since only two out of the four molecules in the set could be related to the
wettabilities, the relationship cannot be generalized for the films generated from the CH3-

terminated alkanethiols.
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5.4. Conclusions
Interactions at the nanoscale solid-liquid interface can have a large impact on the

macroscopic wetting properties of thin films. As one of a limited number of techniques
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which can probe such interfaces, we have employed sum frequency generation (SFG)
spectroscopy to study the interactions between contacting liquids and model fluorinated
surfaces generated using alkanethiol monolayer self-assembled onto gold. The polar and
nonpolar liquids used in this study were used to investigate how the terminal functional
groups of a SAM reorient when exposed to different environments. Since sum frequency
generation signal is only allowed from noncentrosymmetric media, this spectroscopic
technique supplied the vibrational spectra at the solid-liquid interface between acetonitrile
or perfluorodecalin and self-assembled monolayers formed from the adsorbates HnSH (n
= 17-20), FIHnSH (n = 16-19), and H1F6HnSH (n = 11-13) onto Au and
underpotentially-deposited Ag substrates. The substrates were characterized using
stripping voltammetry and XPS to determine that a full monolayer of silver was formed on
the gold substrates. Elemental sample composition collected by XPS as well as surface-
sensitive vibrational spectroscopy (PM-IRRAS and SFG) confirmed that the SAMs formed
densely-packed, well-ordered, trans-extended chains on the gold and UPD Ag surfaces.
This study showed that there was an "odd-even" effect in the orientations of the
terminal groups on gold surfaces and an opposite trend when the SAMs were formed on a
underpotentially-deposited monolayer of silver onto gold. Namely, on the Au surfaces the
CH3 groups were tilted toward the surface for the odd-chain length SAMs, and were more
upright for the even-chain length SAMs. On the UPD Ag surfaces the trend in tilt angles
of the CH3 groups were opposite that of Au -- the CH3 groups were more upright for the
odd-numbered chain length SAMs and more tilted for the even-numbered chain length

SAMs.
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The solid-liquid interface of the SAMs and acetonitrile as well as perfluorodecalin
were probed with SFG spectroscopy to determine the effect of the contacting liquids on the
structure of the SAM terminal group. The tilt angle of the terminal methyl group in the
HnSH SAMs was shown to become more upright when in contact with both liquids,
attributed to the intercalation of the contacting liquids into the SAMs and the subsequent
reorientation of the terminal group. The CF3 group of the FIHnSH SAMs was shown to
interact strongly with both liquids, with an increased disorder at the terminus of the
monolayer. Furthermore, the aforementioned SAM exhibited a red-shift in the frequency
of the CF3 symmetric stretch when in contact with polar liquids, due to dipole-dipole
interactions.

The tilt angles of the terminal CH3 groups in the monolayers generated from the
H1F6HnSH adsorbates were shown to align toward the surface, opposite to the behavior
of the HnSH SAMs when in contact with acetonitrile. This was due to a strong dipole-
dipole interaction between the polar contacting liquids and the partially fluorinated self-
assembled monolayers causing the liquid to penetrate into the film and solvate the terminal
methyl groups.'* Although the advancing contact angles of the HnSH SAMs on Au and
UPD Ag were shown to have an "odd-even" effect dependent on the chain length of the
alkanethiol adsorbate, the SFG results showed no differences in the tilt angles of the methyl
groups of the SAMs on the UPD Ag substrate. The solid-liquid spectra for the FIHnSH
and H1IF6HnSH monolayers also showed no difference in tilt angles between odd and even
chains on Au or UPD Ag. Therefore, factors other than the structure of the monolayer

contribute to the final wettability of the films. However, the microscopic terminal group
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orientation results from the SFG analysis can provide useful information necessary to guide

the interpretation of the macroscopic contact angles.

The solid-liquid SFG spectra provided herein show the interactions between

contacting liquids and functionalized surfaces at the buried solid-liquid interface and are a

useful stepping stone for future work at this interface. It may be possible to use studies,

such as the one detailed here, to infer the wettability behavior of surfaces with different

contacting liquids.
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Chapter 6. Conclusions

The dissertation has endeavored to present how sum frequency generation (SFG)
spectroscopy can be applied to the study of solid-liquid interfaces between alkanethiol self-
assembled monolayers (SAMs) and contacting liquids. Chapters 1 and 2 gave a broad
overview of the current scientific progress and fundamental theory for the understanding
of this subject. The studies outlined in the ensuing chapters demonstrate the advantages of
using sum frequency generation spectroscopy as a tool for the furthering of the fundamental
understanding related to chemical interactions at the solid-liquid interface and their role in
determining macroscopic surface properties.

Chapter 3 presented the SFG spectroscopy of liquid acetonitrile in contact with
monolayers generated from a deuterated hydrocarbon alkanethiol, of the form
CD3(CD2)17SH, and partially fluorinated alkanethiols, of the form CF3(CH2)16SH,
CF3(CH2)17SH, and CD3(CF2)s(CH2)10SH, self-assembled onto evaporated gold substrates.
Varying the functional groups (CH3 versus CF3) and, therefore, the dipole, at the boundary
between the SAM and the polar liquid acetonitrile, produced peaks or dips for the
resonances in the SFG spectra due to the reorientation of the acetonitrile liquid when
exposed to different interfacial environments. Contributions to the SFG signal from the
CaF2/CH3CN and CH3CN/Au interfaces were shown to not affect the SFG signal from the
CH3CN/SAM interface. The construction of a custom cell for solid-liquid spectroscopy
minimized infrared absorption by the bulk liquid layer of acetonitrile atop the SAM on
gold as shown by using a reference SFG signal collected simultaneously with the sample

SFG signal. This study provided in-situ spectroscopic evidence identifying the source of

271



the interaction between polar contacting liquids, such as acetonitrile, and functionalized
surfaces composed of partially fluorinated self-assembled monolayers as a dipole-dipole
interaction.

Chapter 4 presented the SFG spectroscopy at the solid-air and solid-liquid interface
of partially fluorinated octadecanethiols with the molecular formulas CH3CF2(CHz2)16SH
(H1F1H16SH), CH3CH2CF2(CH2)1sSH (H2F1H15SH), CH3(CH2)2CF2(CH2)14SH
(H3F1H14SH), and CH3(CH2)3CF2(CH2)13SH (H4F1H13SH) adsorbed onto gold
substrates, in which the difluoromethylene group was progressively buried into the bulk of
the monolayer. The effects of the CF2 position on the alkane chain on the structure and
wetting properties of the final monolayer were described using ellipsometric thickness
measurements as well as X-ray photoelectron, polarization-modulation reflection
absorption infrared, and SFG spectroscopies. The thickness results from ellipsometry,
elemental analysis results from XPS, molecular chain conformation results from PM-
IRRAS, and the interfacial structure results from SFG showed that the HIF1H16SH
monolayer was the least ordered monolayer at the interface, and therefore, the most
wettable by each of the contacting liquids tested with contact angle measurements. The
remaining monolayers in the series, generated from H2F1H15SH, H3F1H14SH, and
H4F1H13SH, showed decreased wettability (higher contact angles) as the CF2 group was
systematically concealed by the terminal hydrocarbon moiety, with the results of the
H4F1H13SH film nearly matching those of a fully hydrocarbon monolayer.

The SFG methyl tilt angle analysis showed that the methyl groups of all the
monolayers were aligned with the surface normal (upright orientation) at the solid-liquid

interface, due to the ability of the liquids to intercalate into, and partially solvate, the

272



terminal functional groups of the alkanethiol films. The hydrocarbon moieties positioned
above the bulky CF2 group at the interface were thus shown to reorient more freely at the
solid-liquid interface in comparison to the methyl group of a fully hydrocarbon monolayer.
The SFG spectroscopy of the solid-liquid interface between monolayers with a
progressively buried CF2 moiety showed that the order of the terminal groups and their
structure at the interface have a significant effect on the macroscopic wettability behavior
of the resulting thin films.

In Chapter 5, the SFG spectroscopy of three series of molecules -- fully
hydrocarbon (CH3(CH2)sSH, HnSH, where n = 16-19), CFs-terminated (CF3(CHz2)aSH,
F1HnSH, where n = 16-19), and CHs-terminated partially-fluorinated alkanethiols
(CH3(CF2)6(CH2)sSH, HIF6HnSH, where n = 10-13) -- self-assembled onto gold and
underpotentially deposited (UPD) silver surfaces was presented. The SFG terminal group
orientation analysis at the solid-air interface showed that the adsorption of the thiols onto
different metal surfaces caused a change in the "odd-even" effects of the terminal
functional group orientation. On the Au surfaces, the terminal groups were shown to be
tilted away from the surface normal for the odd chain-length SAMs, and were more upright
for the even chain-length SAMs. On the UPD Ag surfaces the trend in tilt angles of the
CH3 groups were opposite that of Au -- the CHs groups were more upright for the odd
SAMs and more tilted for the even SAMs.

The solid-liquid interface of the SAMs and acetonitrile as well as perfluorodecalin
were probed with SFG spectroscopy to determine the effect of the contacting liquids on the
structure of the SAM terminal group. The tilt angle of the terminal groups of the SAMs
generated from HnSH were shown to become more upright when in contact with both
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liquids, attributed to the intercalation of the contacting liquids into the SAMs and the
subsequent reorientation of the terminal group. The CF3 group of the FIHnSH SAMs was
shown to interact strongly with both liquids, with an increased disorder at the terminus of
the monolayer. For the HIF6HnSH adsorbates, the tilt angles of the terminal CH3 groups
were shown to align toward the surface, opposite to the behavior of the HnSH SAMs when
in contact with acetonitrile. This was due to a strong dipole-dipole interaction between the
polar contacting liquids and the partially fluorinated self-assembled monolayers, causing
the liquid to penetrate into the film and solvate the terminal methyl groups. Although the
advancing contact angles of the SAMs on Au and UPD Ag were shown to have an "odd-
even" effect dependent on the chain length of the alkanethiol adsorbate, the SFG results
showed no differences in the tilt angles of the methyl groups of the SAMs on Au and UPD
Ag substrates. Therefore, the structure of the monolayer at the interface was shown to be
a less significant contributing factor to the final wettability of the films.

The studies of the buried solid-liquid interface detailed in this dissertation
demonstrate the interactions between contacting liquids and functionalized surfaces and
were shown to be a useful stepping stone for future work at this interface. Studies such as
these may be used in the future to infer the direction of the terminal dipole of a SAM, its
energy of interaction, and eventually the wettability behavior of the resulting thin film in

order to specifically tailor the surfaces to any desired application.
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