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ABSTRACT

This dissertation investigates the development of new nanoscale coatings in the form of
self-assembled monolayers (SAMSs) used as surface wettability modifiers. The aim of this research
is to use SAMs to mimick polymer surfaces (PE and PTFE), alter the interfacial properties of gold

surfaces, and microstructure GaAs substrates for transistors and solar cells.

In the first study, the synthesis of two cyclohexyl-terminated alkanethiols (HCyHNnSH; n
= 10 and 11) and their fluorinated analogs CeF11(CH2)aSH (n = 10 and 11; FCyHnSH) was
performed. These ring-terminated adsorbates were used to generate self-assembled monolayers
(SAMs) on gold surfaces to serve as model polymeric interfaces on metal substrates. Comparison
of the contact angles of a wide range of contacting liquids on these SAMs and their polymeric
analogs, polyethylene (PE) and polytetrafluoroethylene (PTFE), found that these liquids exhibited
similar wettability on the HCyHnSH SAMs and PE surfaces, and separately on the FCyHnSH

SAMs and PTFE surfaces.

The second study investigates two types of mixed self-assembled monolayers (SAMs)
derived from adsorbates having cyclohexyl and phenyl tailgroups mixed with their perfluorinated
analogs, respectively. The XPS results suggest that the relative solubility and steric bulkiness of
the tail group moiety are two major contributions to the observed preferential adsorption.
Moreover, the homogeneously mixed surfaces and precise-controlled surface composition were
achieved by the mixture of adsorbates terminated with the phenyl tailgroup and its perfluorinated
analog, which show a linear relationship between the mole fraction on the surface and the mole

fraction in solution.



In the third study, we investigate six different monodentate and bidentate alkanethiols on
GaAs surfaces, used for surface passivation. The results show the bidentate alkanethiols exhibit
excellent stability and can be used as a new type of material for the surface passivation of GaAs.
Finally, we developed a new microstructuring method for GaAs substrates, reverse patterning
lithography (RPL), which combines the use of microcontact printing (JUCP) of a custom-designed
fluorinated adsorbate on GaAs and the deposition of a polymeric resin as a wet-etching resist.
Positive pattern formation on GaAs wafers of various designed shapes with sharp edges were
obtained using the RPL technique. The RPL method benefits from being cost-effective and time-
efficient compared to conventional photolithography and has the potential for use in the fabrication
of various GaAs devices, including photovoltaics, light-emitting diodes, and microwave and radio-

frequency transistors.
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Chapter 1:  Crosslinked Self-Assembled Monolayers: Formation and

Applications

1.1. Introduction

The discovery of the spontaneous adsorption of organic alkane disulfides to metal
substrates, such as gold, in 1983 by Nuzzo and Allara as the first example of self-assembled
monolayers (SAMs) and the subsequent use of alkanethiols has led to the wide spread use SAMs.*-
3 Over the past few decades, SAMs have been widely used as a robust surface modification method
in various industrial fields, such as in microelectromechanical system (MEMS) devices,*
antifouling coatings for biomaterials,® and microcontact printing.>” Compared to conventional
polymer coatings, such as polytetrafluoroethylene (PTFE), SAMs applied onto a surface can be
controlled to reach thicknesses in the nanometer range with high uniformity and hydrophobicity.®-
% For example, silane-based SAMs are routinely applied as nanocoatings in MEMS devices due

to their ability to decrease adhesion and friction leading to enhanced performance.!-1?

Compared to normal silane SAMs, which only bind to metal oxides and silicon, thiol-based
adsorbates are more compatible toward the surfaces of metal, such as gold, silver, and copper, or
111-V compounds, such as GaAs.*® As a well-known system, stability has been the major issue
that has hindered thiol-based SAMs for further applications. Compared to N-heterocyclic carbenes
(NHC)-based SAMs on gold or silane-based SAMSs on silicon, which form strong covalent bonds
between the adsorbates and substrates, the S-Au interaction is less stable in ambient conditions.'*
15 Previous research has shown that normal alkanethiol SAMs organized by van der Waals (vdW)
interaction are sensitive to temperature and desorb from gold surfaces at 70 .2 In addition,

strong oxidizing reagents damage thin films and produce disulfides in a short period of time.
1



To broaden the application of SAMs, researchers have put in great effort to develop a more
stable SAM system on gold that shows good resistance to high temperature and harsh chemical
conditions. Intermolecular crosslinking is one of the effective methods to enhance the thermal and
chemical stability of SAMs. It is noted that SAM molecules consists of three key parts: the
headgroup binding to the corresponding substrate; the methylene spacer, which provides vdW
interchain interaction; and the tailgroup.” Theoretically intermolecular crosslinking can occur in
all three parts of SAMs. However, unlike the natural formation of a polymerized network for the
silane headgroup, the bonding nature of sulfur atoms of thiols determines that crosslinking at the

headgroup for thiol-based SAMs is not achievable.'81°

This chapter focuses on the crosslinking process of corresponding adsorbates, and their
applications in materials science. The crosslinked SAMs introduced in this chapter are divided
into six categories: (1) aromatic thiol-based SAMs, (2) olefinic- and acetylenic-based alkanethiols,
(3) other aliphatic alkanethiols, (4) silane-based alkanethiols, (5) boronic acid-based alkanethiols,

and (6) crosslinked SAMs realized by hydrogen bonding (see Figure 1.1).

@ (b) (c)

8- %808
(d) (e) )
ch-)‘sro‘;')iljo‘sggﬂ =0 =0 =0

Au Au Au



Figure 1.1. Six different types of crosslinked SAMs: (a) Aromatic thiol-based SAMs, (b)
acetylenic-based alkanethiols, (c) other aliphatic alkanethiols, (d) silane-based alkanethiols, (e)
boronic acid-based alkanethiols, and (f) crosslinked SAMs realized by hydrogen bonding

1.2.  Aromatic Thiol-Based SAMs

In 1999, Geyer et al. discovered that biphenyl-4-thiol (BPT) can crosslink laterally upon
low energy electron irradiation at 50 eV.2° Additionally, Angelova et al. found that not only a BPT
SAM, but various kinds of SAMs based on aromatic thiols or thiolates can also undergo similar
intermolecular crosslinking, which turns the original system into a crosslinked aromatic SAM

system (see Figure 1.2).%

O: ‘OO
(O~ )
<>

Figure 1.2. Structures of the precursors used for crosslinked aromatic thiol-based SAMs. Adapted
from references 21, copyright 2013 American Chemical Society.

Figure 1.3 summarizes electron-induced crosslinking of aromatic thiol-based SAMs with
three different tailgroups, compared to alkanethiol with alkyl chain. In contrast to BPT SAM
forming a crosslinked 2D network under electron irradiation (Figure 1.3b), normal alkanethiol with
alkyl chain partially desorb from gold surfaces and form double bonds randomly, as shown in
Figure 1.3a.? Figure 1.3c shows that compared to hydrocarbon aromatic SAMs, nitro-terminated
aromatic SAMs not only show crosslink upon electron irradiation but also have their nitro groups

reduced to amino groups.?® In addition, Zharnikov and coworkers discovered that crosslinking of



biphenylthiol SAMs terminated with CH2NO> reduce to SAMs terminated with CH2NH: upon

electron irradiation , as shown in Figure 1.3d.%*

W,
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Figure 1.3. Electron induced crosslinking of (a) aliphatic SAMs; (b) aromatic SAMSs; (c) nitro-
terminated aromatic SAMs; (d) nitrile-terminated aromatic SAMs. Adapted from reference 25,
copyright 2012 American Chemical Society.

1.2.1. Formation

Taking BPT SAM as an example, the formation for the crosslinking can be summarized as
a dissociative electron attachment (DEA) process (see Figure 1.4).%8 First, under the impact of
irradiation such as electrons and X-rays, a gold substrate emits secondary electrons, as shown in
Figure 1.4a and 1.4b.2” The dissociative primary and secondary electrons lead to C-H bond
cleavage of phenyl rings with hydrogen atoms left behind, which yields transient negative ions
(TNI), as shown in Figure 1.4¢.?® In this process, the electron affinity of the phenyl radical is 1.1
eV, which is higher than that of hydrogen (0.75 eV).?® Thus, the dissociative electron attaches to
the phenyl fragment ion instead of hydrogen. The DEA process for benzene is expressed in

Equation 1.

e + CeHs—H — CsHs" + H 1)

The key factor for lateral crosslinked product is the stability of the aromatic backbones,
leading to the formation of single and double bonds between the phenyl rings, followed by the
release of hydrogen. At the end of the reaction, the lateral crosslinking is terminated by the self-
quenching of electron tunneling to the gold surface (see Figure 1.4d).2® In addition, researchers
found that crosslinking of aromatic SAMs also occurs upon exposure to other sources of irradiation
such as X-rays (10-100 eV),% helium ion beam (HIM, 35 keV),% and extreme UV (EUV, 92.5
eV).32 These results further confirmed that primary electrons originating from the incoming
electron beam are not necessary, and that, instead, secondary electrons emitted from the gold

surface play a more important role in the crosslinking process.



Figure 1.4. Schematic representation of the different steps involved in the crosslinking of
aromatic SAMs: (a) irradiation, (b) emission of secondary electrons, (c) dissociation of C-H bonds,
(d) self-quenching. Reprinted with permission from reference 26, copyright 2009 American
Chemical Society.

In addition to irradiation energy, another key parameter for crosslinking aromatic SAMs is
the electron dose, which is used to measure the quantity of charge per unit area upon irradiation.
Interestingly, there is only a slight difference in crosslinking conditions (electron energy and dose)
between extensive SAM precursors. To determine the optimal conditions for irradiation-induced
crosslinking, scientists have used the cross section ¢ as a parameter when a rate reaches saturation
behavior.®®* The cross section for the electron irradiation involves a balance between the
crosslinking degree of the SAMs and the damage to the gold interface, which is determined as the
primary electron energy of 50 eV.? Recently, Koch and coworkers investigated the crosslinking
efficiency of halogenated biphenyl thiols.3* The authors found that iodide-substituted biphenyl
thiol showed more efficient electron-induced crosslinking than fluorine- or bromine-substituted
species. Moreover, the electron dose determines the degree of crosslinking, and the crosslinking
degree of the SAMs increases with the electron dose, reaching a maximum of ~90% at an electron
dose of ~50 mC/cm? and above, as determined from X-ray photoelectron spectroscopy (XPS).*®
However, complete 100% crosslinked SAMs are not achievable because of the steric effect of the
biphenyl structure.?® Upon irradiation at higher doses, no further change to the resulting film itself

is observed, but the gold interface is damaged and crosslinked films are desorbed from surfaces.®



Compared to the pristine BPT SAM, infrared (IR) spectra for the crosslinked product show
that two peaks due to the C-H stretching vibration of the pristine phenyl ring at 3046 cm™ and
3038 cm* disappear after electron irradiation. Figure 1.5 shows the XPS spectra for the C 1s and
S 2p regions of (a) biphenyl-terminated SAMs and (b) terphenyl thiol SAMs following electron
irradiation (50 eV, 60 mC/cm?).2! In the C 1s region, the integrated C 1s peak decreases in both
of the SAMs investigated after crosslinking. The carbon content in the biphenyl-terminated SAM
with hydrocarbon chains is decreased by 16%, and the calculated thickness is decreased from 12
Ato 10 A, as determined from XPS. To explain these results, Schnack and coworkers performed
a molecular dynamics simulation for crosslinking various biphenyl-terminated SAMs, which
indicated that partial dissociation of the aromatic rings takes place to maximize the 2D molecular
network.% In the XPS spectra obtained for S 2p, pristine SAMs exhibit a characteristic peak due
to the bound thiols (red lines), which is a doublet and attributed to S 2ps;2 and S 2p12 at binding
energies of 162.0 eV and 163.0 eV, respectively.®” The new peak appearing at 163.5 eV for the
crosslinked SAMs suggests the formation of unbound sulfur species or disulfides because of the
cleavage of S-Au bonds after irradiation, as shown by the green line obtained by spectral
deconvolution. The results obtained from low-energy electron diffraction (LEED) and a scanning
tunneling microscope (STM) also indicate loss of long-range order in the crosslinked aromatic

SAMs.



Pristine SAMs Cross-linked SAMs

E: cis | [ x7 S2p . X7
O L 5

LB , . |
('“:))

g . L | I

-

T

T

- -

M; —wfo&lmm

202 288 284 280 168 164 160 292 288 284 280 168 164 160

Binding energy/eV

Figure 1.5. XPS data for pristine and crosslinked SAMs. XPS spectra for C 1s and S 2p regions
of pristine (in yellow) and electron irradiated (50 eV, 60 mC/cm?) monolayers (in blue) of (a)
biphenyl-terminated SAM, (b) terphenyl thiol SAM. Adapted from reference 21, copyright 2013
American Chemical Society.

1.2.2. Electron-Beam Lithography

In the modern semiconductor industry, lithography is one of the basic processes used for
transferring a designed pattern onto semiconductor substrates, followed by an etching or metal
deposition process to fabricate microelectronic devices.®® Mainstream lithography techniques
include photolithography, electron-beam (e-beam) lithography, and ion-beam lithography.>® In
the case of e-beam lithography, surface patterning is achieved by directly controlling an electron
beam to write onto a resist-coated surface.*® There are two types of e-beam resist in e-beam
lithography: positive and negative. With a positive resist, the areas exposed to the e-beam are
removed by a developer solution in the next step, to expose the bare substrate. In contrast, for a
negative resist, only the areas of the resist exposed to the e-beam remain, while the other areas are

removed.*! To fabricate a high resolution and high aspect ratio pattern on a surface, the negative
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resist used in e-beam lithography needs to have high sensitivity to electrons, small molecular size,

and low thickness.*?

When the crosslinked BPT SAM was first discovered by Geyer and coworkers in 1999, the
authors noted that the crosslinked SAM showed good resistance to chemical etching solution.?
Compared to a conventional polymeric resist such as PMMA, crosslinked aromatic SAMs have
the potential to be used as negative resists in e-beam lithography. To test BPT SAMs for use as
negative resists, Hinze and coworkers patterned BPT-coated gold substrates with an e-beam.
Then, the patterned SAM-coated surface was placed into a 0.2 M KCN/1 M KOH solution for
chemical etching, also called a wet etching process. After wet etching, the gold surface with
crosslinked SAMs remained while the other pristine SAM areas were etched away, which showed

clear patterns with a depth of 20 nm and small width of down to 10 nm.*3

Subsequently, Yildirim and coworkers investigated the lithography properties of
crosslinked aromatic SAMs containing one, two, and three phenyl rings.>® The BPT SAM exhibits
the best performance as a negative resist, as the phenyl thiol fails to form a highly crosslinked
network and the pristine terphenyl thiol SAMs are hard to remove by wet etching. Fluorinated
SAMs (FSAMs) have been used for surface modification thanks to the excellent hydrophobic and
low surface friction properties of fluorinated materials.** However, FSAMs are vulnerable to
radiation damage by low-energy electrons.*®* To solve this issue, Terfort and coworkers
investigated crosslinked perfluoroterphenyl-terminated SAMs exposed to low-energy electrons
with a low dose (10 eV, 30 mC/cm?).¢ Note that the cleavage of C-F bonds observed upon
irradiation follows the behavior of hydrocarbon aromatic SAMs. Additionally, the crosslinked

FSAMs can be used as e-beam resists and hydrophobic coatings.



In summary, BPT SAM and its derivatives have been widely used in e-beam lithography.?®

Chemical etching, direct laser patterning,*” thermodesorption,*® and SAM exchange®**° can be
used to remove pristine SAMs on a surface to form a pattern. All the methods mentioned above

utilize the high stability of crosslinked SAMs compared to pristine SAMs.

1.2.3. Surface Functionalization

Surface functionalization plays an important role in biotechnology applications. By
modifying a surface with different chemical functional groups, researchers can immobilize and
detect biomolecules efficiently.®® In 2007, Turchanin and coworkers crosslinked 4'-Nitro-4-
biphenylthiol (NBPT) by EUV through a stencil mask to fabricate a patterned amino-terminated
SAM, as shown in Figure 1.6a.32 XPS spectra show that after irradiation, the peak in the N 1s
region shifts from 405.5 eV to 399.2 eV and the peak intensity in the O 1s region decreases
significantly, which represent the fully reduction of amino functional groups from nitro functional

groups, as shown in Figure 1.6b.
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Figure 1.6. Irradiation-induced crosslinked NBPT SAM. (a) Schematic representation of the
EUV irradiation process, (b) XPS spectra for NBPT on gold before and after EUV irradiation.
Reprinted with permission from reference 51, copyright 2016 Wiley.

In a follow-up study, a NBPT SAM was used for the fabrication of a protein microarray

for biodetection applications.>>>* The NBPT SAM on gold was crosslinked by e-beam irradiation

through a stencil mask. The remainder of the pristine NBPT SAM was exchanged with protein-
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resistant SAMs terminated with an ethylene glycol (OEG) segment.> Finally, a chelator was
added to the surface, followed by drop casting of a protein solution. Thanks to the strong binding
between amino groups and the target protein, only the electron-irradiated areas were covered with
proteins that showed strong fluorescence.®? Nitrile-terminated aromatic SAMs, which also reduce
to amino-terminated crosslinked SAMs upon irradiation, have been investigated by Zharnikov and
coworkers.?* Researchers found that compared to the NBPT SAM, cyanobiphenyl thiol (CBPT)
forms less dense amino groups on the surface after irradiation, due to partial defragmentation of
tailgroups. For the aforementioned crosslinked perfluoroterphenyl-terminated SAMs, researchers
have adopted this system for metal deposition for electronic applications, which utilize crosslinked

films to prevent intercalation of metal atoms.>®

1.2.4 Surface-Initiated Polymerization

Surface-initiated polymerization (SIP) shows promise for protective coating applications,
such as antifouling and anticorrosion.®® Recently, the NBPT SAM has attracted more and more
attention in this application because of its precise control of polymer growth in selective areas with
nanometer resolution.®*® In this method, NBPT SAM was patterned by e-beam lithography,
resulting in a stable crosslinked amino-terminated SAM, as shown in Figure 1.7a and Figure 1.7b.
Next, the amino tailgroups were converted to diazo initiators in a diazotization process, as shown
in Figure 1.7c. Finally, as shown in Figure 1.7d, the polymerization was started by adding styrene
monomer and catalyst in solution. After photo polymerization, electron-irradiated SAM areas
yielded polystyrene (PS) brushes with a minimum thickness of 10 nm.*® In a follow-up study, by
combining a crosslinked NBPT SAM and various monomers, researchers grew homogeneous
polymer brushes with thicknesses ranging from 10-300 nm precisely, which respond to pH changes

and can be used for building microsensors.>®
12
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Figure 1.7. Schematic representation of polymer brush fabrication. Reprinted with permission
from reference 58, copyright 2007 Wiley.
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1.2.5 Carbon Nanomembranes (CNMs)

In 2005, Gdzh&user and coworkers fabricated the first carbon nanomembranes (CNMs)
from crosslinked aromatic SAMs.%° As shown in Figure 1.8b, after crosslinked aromatic SAMs
were formed on a gold surface, a transfer medium, PMMA, was coated on top of the SAM. Then,
the gold surface was etched as a sacrificial substrate to release the crosslinked films. Finally,
CNMs were transferred onto other substrates, such as metal grids, Si, and graphene, followed by

dissolution of the PMMA, as shown in Figure 1.8c and 1.8d.

(b)

(c) (d)

1) Dissolve Au

2) Transfer

Figure 1.8. Schematic representation of the transfer of CNMs onto other surfaces such as metal
grids. Adapted from reference 25, copyright 2012 Elsevier.

Since CNMs are converted from aromatic SAMs, their physical properties, such as
thickness, rigidness, and porosity, can be tailored by using different SAM precursors.®* Figure 1.9
shows helium-ion microscopy (HIM) images of CNMs obtained from six different SAMs after

being transferred onto TEM grids. From Figure 1.9a to 1.9c, the thickness of the pristine SAMs
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increases from 0.6 nm to 2.4 nm, resulting in the final thickness of the CNMs to increase
accordingly. Moreover, while the use of BPT SAM leads to hole-free CNMs, bulkier molecules
form less-ordered SAMs and create more porous CNMs (Figure 1.9e and 1.9f) due to lower
packing densities and intermolecular stacking.?* Additionally, it is simple to pattern CNMs with

uniform nanoholes as nanosieves using e-beam lithography.®?

tunable thickness
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Figure 1.9. HIM images of CNMs converted from various pristine SAMs and then transferred
onto TEM grids. The upper left insets show the pristine SAMs. Adapted from reference 21,
copyright 2013 American Chemical Society.

Furthermore, CNMs are easily chemically functionalized by using SAM precursors with
different functional groups, as used for coupling biomolecules and polymers.?® After amino-

terminated CNMs are released from gold, the thiol group on the opposite site of the CNM can

couple with Au nanoparticles or other functional groups such as maleimide to form a Janus
15



nanomembrane.%34 After years of rapid development, CNMs prepared from crosslinked aromatic
SAMs have various applications in many fields such as graphene manufacturing,®® nanofiltration,®

and microdetectors.57-68

In 2013, Turchanin and coworkers grew single-layer graphene on Cu by annealing CNMs
at above 800 <TC for 2 h, as shown in Figure 1.10a.%° The authors continued this research and
fabricated patterned graphene from CNMs by using e-beam lithography.”® From XPS spectra
shown in Figure 1.10b, a doublet was observed at a binding energy of 161.2 eV (blue line), which
was attributed to copper sulfides, and a doublet due to bound thiolate (red line) was found to
completely disappear after annealing. Interestingly, the S 2p signal in the XPS spectra completely
disappeared after transferring graphene to a Si-wafer, which indicated S-C bond cleavage and that
sulfur atoms were left on the Cu substrate. After annealing BPT CNM into graphene, the Young’s
modulus was found to increase from 10 GPa to 48 GPa, indicating a significant increase in the

mechanical strength.”
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Figure 1.10. Conversion of BPT SAMs into graphene on copper substrates: (a) Schematic
representation, (b) XPS spectra for the products in each step. Adapted from reference 69, copyright

2013 Wiley.

For separation, thin membranes, which combine high permeability and high selectivity, are

desirable in the water treatment industry.”> CNMs and graphene can be fabricated into layers as

thin as 1 nm, with a nanoporous structure and excellent mechanical strength, which make them

excellent candidates for nanofiltration.”®”* Furthermore, researchers have used amino-terminated
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CNMs to stack graphene to fabricate CNM/graphene field-effect transistors (FETS), as an

alternative for graphene functionalization for biosensors and gas sensors.®’-8

1.3.  Olefinic- and Acetylenic-Based Alkanethiols

Beside crosslinked aromatic thiol-based SAMs, crosslinked SAMs from olefinic- and
acetylenic-based alkanethiols have been well studied by scientists. Additionally, polydiacetylene
materials are a type of conducting polymer with special optical properties that have extensive
applications in photonics, nanoelectronics, and biosensors.”> When polydiacetylene materials
couple with chemical and biological stimuli, their characteristic absorption peak shows a redshift.
Therefore, they have a sensitive chromic response to microorganisms, virus, and proteins, which

is attractive for biosensing applications.®

1.3.1 Formation

Crosslinked SAMs containing polydiacetylene were first reported by Batchelder et al. in
1994.”" The authors deposited polymeric monolayers from diacetylene-containing disulfide onto
Au (111) surfaces, as shown in Figure 1.11. Similar to diacetylenes in the solid-state, the chain
polymerization of diacetylene thiolates (DATS) on surfaces follows some spatial conditions: the
distance of the adjacent thiolates is 4.7-5.2 A, and the distance between the C1 carbon of one
diacetylene group to the C4 carbon of the adjacent diacetylene group (black arrow in Figure 1.11)

is 3.4-4.0 A."®7° In contrast, diacetylenes undergo both 1,2- and 1,4-polymerization in solution.
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Figure 1.11. Schematic representation of the polymerization process of DATs on Au. Adapted
from reference 78, copyright 1999 American Chemical Society.

The mechanism for 1,4-photopolymerization of diacetylenes is illustrated in Figure 1.12.7°
First, the initiation is started by UV irradiation of DAT monomers, which generates a diradical
monomer, as shown in Figure 1.12b. After that, addition reaction occurs at both ends of the
diradical monomer, as shown in Figure 1.12c. Finally, chain propagation at both sides is followed
by termination of reactive radicals, as suggested by the blue circles in Figure 1.12e. The
polydiacetylene backbone contains alternating double and triple bonds, which are represented in a

resonance structure of three cumulative double bonds, as shown in Figure 1.12e.
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Figure 1.12. Mechanism for 1,4-photopolymerization of diacetylenes. (a) Array of diacetylene
molecules. (b) An excited diradical monomer (red circles). (c) Coupling of the neighboring
monomer (red arrows). (d) Diradical dimer. (e) Chain propagation reaction toward both sides until

termination of reactive radicals (blue circles). Reprinted with permission from reference 79,
copyright 2019 American Chemical Society.
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In a following study, Cai et al. investigated the influence of ultraviolet (UV) exposure time
on the crosslinked product.”® They used resonance Raman spectroscopy to monitor the
polydiacetylene backbone in crosslinked SAMs as a function of UV exposure time, which showed
that the effective conjugation length in crosslinked DAT SAMs reached a maximum at 7 min
before decreasing. This might be due to the increase in the hybridization strain in the
polydiacetylene backbone as well as in the methylene chains with prolonged UV exposure. Batteas
and coworkers studied the properties of crosslinked dodeca-4,6-diyne-1-thiol (C3-DATSs).%
Figure 1.13a shows the ATR-FTIR spectra obtained for C3-DATs and C3-poly-DATs on Au (111)
surfaces. In both spectra for C3-DATs and C3-poly-DATs, the peaks at ~2923 cm™ and ~2854
cm are attributed to a methylene asymmetric and symmetric stretching band, respectively. After

polymerization, a decrease in both peak intensities is observed, without the peak position shifting,
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which is due to the decrease in the tilt angle of the alkyl chains. As shown in Figure 1.13b, two
new peaks at ~1875 cm™ and ~2450 cm™ for C3-poly-DATs are observed in the Raman spectra.
These two peaks can be attributed to the new double and triple bonds formed in the product films,

which further confirms the polymerization of the DAT SAMs.
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Figure 1.13. (a) ATR-FTIR and (b) Raman spectra for C3-DATs and C3-poly-DATs on Au (111)
surfaces. Adapted from reference 80, copyright 2020 American Chemical Society.

In separated study, Menzel et al. studied the effect of the diacetylene functional group
position on crosslinked DAT SAMs.® They discovered that moving the diacetylene moiety closer

to the thiol headgroup increases the hybridization strain in the alkyl chain, which reduces the
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conversion of polymerization. In addition, with carboxylic acid-terminated DATs on Au (111),
researchers were able to convert carboxylic acid into acid chloride, followed by coupling with
other DATS to fabricate double and multilayer polydiacetylene coatings.®? By using this method,
scientists utilized carboxylic acid-terminated DATSs as scaffolds to build polydiacetylene thin films
layer-by-layer, up to a thickness of 6 layers. The authors subsequently synthesized DAT SAMs
on Au (111) with terminal methyl, hydroxyl, and carboxyl acid functional groups.®> Compared to
normal alkanethiol SAMs or pristine DAT SAMs on Au surfaces, all crosslinked DAT SAMs
showed excellent stability toward repeated electrochemical cycling, high temperatures of up to

200 <C, and exposure to hot base solutions.

Another type of crosslinked SAM derived from olefinic-based alkanethiols is
mercaptomethyl styrene (MMS), which was discovered by Schlenoff and coworkers in 1996,
shown in Figure 1.14.8* In this case, polymerization of the absorbates was initiated by immersing
the substrate in an azo initiator solution at 58 <C or by irradiating with a green laser. Time-resolved
SERS spectra showed a peak at 1625 cm™ that disappears after crosslinking, which was attributed

to the double bonds of the pristine SAM.
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Figure 1.14. Schematic representation of the polymerization of mercaptomethyl styrene on Au.
Adapted from reference 84, copyright 1996 American Chemical Society.
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1.3.2 Photolithography

Although polydiacetylene materials have shown excellent properties in biosensors,
crosslinked DAT SAMs have not been used in particular sensing applications because of their
small thickness.”® Crosslinked DAT SAMs provide an ideal model to study the structure of
diacetylenes on surfaces. Additionally, they have many applications in photolithography, SAM-
coated nanoparticles, and single-layer polydiacetylene fabrication. Photolithography is one of the
most widely used techniques in semiconductor fabrication, which transfers patterns by exposing
photoresist-coated surfaces to UV through a photomask.3® In 1995, Crooks and coworkers applied
UV irradiation to a DAT SAM-coated Au (111) to fabricate patterned polydiacetylene thin films.8
The uncrosslinked portion of the DAT SAM was stripped using electrochemical desorption,
followed by KCN/KOH solution etching. STM depth profiles indicated that a clear negative
pattern was formed on the Au (111), which was approximately 7-8 nm in depth. These results
validated the use of DAT SAMs as ultra-thin photoresists, which crosslink under UV and protect

the underneath surfaces.

1.3.3 SAM-Coated Nanoparticles

In addition to application as a negative resist in photolithography, crosslinked DAT SAMs
are valuable in SAM-coated nanoparticles in biomedical applications. In 2014, Jiang and
coworkers coated gold nanoparticles with SAMs containing diacetylene to test their stability in
different complex media, as shown in Figure 1.15.2 The carboxybetaine functional group is one
of the zwitterions that are used for antifouling coatings.8” The authors designed and synthesized
carboxybetaine-terminated alkanethiol with photocrosslinkable diacetylene in the alkyl chain
spacer, and then crosslinked it on gold nanoparticles using UV irradiation to enhance the

antifouling property. The crosslinked SAM-coated gold nanoparticles showed high resistance to
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protein fouling from blood serum and decreased cell uptake. Additionally, they were stable at
low/high pH and a high temperature of 80 <C.
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Figure 1.15. A schematic showing cross-linked gold nanoparticles with CBSH-X. Reprinted with
permission from reference 86, copyright 2014 American Chemical Society.

1.3.4 Single-Layer Polydiacetylene Fabrication

Recently, Yu et al. invented a new strategy to fabricate single-layer polydiacetylene thin
films using a SAM-coated gold electrode as a template, shown in Figure 1.16.88 The authors
deposited a functionalized gold electrode with dodecanethiol (DT), followed by the assembly of
pentacosa-10,12-diynoic acid (PCDA) via an electrode potential, which formed a well-ordered
second monolayer on the DT. After photo-polymerization by UV, the polymerized monolayer of
polydiacetylene was desorbed by application of an opposite electrode potential, which worked

repeatedly to produce 2D polydiacetylene thin films.
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Figure 1.16. Schematic representation of the fabrication of single-layer polydiacetylene through
coassembled PCDA and DT double layers. Reprinted with permission from reference 88,
copyright 2017 Elsevier.

1.4.  Other Aliphatic alkanethiols

In contrast to the crosslinking of aromatic thiol-based SAMs, aliphatic thiol-based SAMs
undergo decomposition and disordering upon electron irradiation.?%% Interestingly, in the case of
4-cyclohexylcyclohexanethiols (CCHT), a cyclic aliphatic thiol-based SAM on Au (111), the
irradiation-induced crosslinking process was found to be dominant over defragmentation and

desorption.®

1.4.1 Formation

Until now, the only study of irradiation-induced crosslinking of cyclic aliphatic thiol-based
SAMs was reported by Zharnikov and coworkers in 2012.% The authors found that both SAMs
generated from trans- and cis-conformations of 4-cyclohexylcyclohexanethiols (CCHT)

crosslinked upon exposure to ionizing radiation, as shown in Figure 1.17. This contrasts with the
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linear aliphatic thiol-based SAMs, which were severely damaged when exposed to quite low

irradiation doses (5-8 mC/cm?).
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Figure 1.17. The formation of a crosslinked SAM of CCHT via electron irradiation. Reprinted
with permission from reference 93, copyright 2012 American Chemical Society.

Under electron irradiation conditions, the C-H bonds are cleaved to generate radical
moieties, which are relatively stable because of the nature of the cyclic skeletons of CCHT before
crosslinking to other absorbates to from a 2D molecular network. Compared to the linear aliphatic
thiol SAMs, the presence of cyclic rings is the key for the dominance of crosslinking over
fragmentation and desorption processes. For cases where the C-C bonds belonging to the cyclic
rings are cleaved, both fragments are still attached to the molecule matrix, which, then,
subsequently form cross-linked bonds with neighboring molecules. Hence, the desorption of
fragments is suppressed. The newly formed 2D network by crosslinking also hinders the cleavage

of the headgroup-substrate S-Au bonds.

1.4.2 Electron-Beam Lithography

Similar to aromatic SAMs, crosslinked CCHT SAMSs have been used as negative resists in
e-beam lithography.®® Figure 1.18 shows the SEM images of gold surfaces patterned using SAMs
as resists: a) cis-CCHT, b) trans-CCHT, and c) dodecanethiol (DDT). While the crosslinked SAMs

composed of cis- and trans-CCHT were found to protect the irradiated areas and the nonirradiated
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areas were efficiently etched, the irradiation-induced damage to the DDT-based SAMs allowed

preferred etching of the irradiated areas.

20 mC/cm? 20 mC/cm?

Figure 1.18. The SEM images Au surfaces patterned using SAMs as resists: a) cis-CCHT, b)
trans-CCHT, and c) DDT. Reprinted with permission from reference 93, copyright 2012 American
Chemical Society.

1.5. Silane-Based Alkanethiols

Another important type of crosslinked SAMs are silane-based alkanethiols, which can be
used in surface-initiated polymerization (SIP),* surface passivation,® and anti-corrosion
coating.®"%® The crosslinked silane network forms a dense film to prevent oxygen or moisture
diffusing into interfaces, which provides for long-term surface passivation. Additionally, the high
thermostability of the crosslinked SAMs helps one to grow polymer brushes at high temperature

in applications involving SIP.%

1.5.1 Formation

As a pristine molecule for crosslinked silane-based alkanethiols, (3-
mercaptopropyl) trimethoxysilane (MPTMS) has been well studied and widely adopted in the
aforementioned applications. Taking MPTMS SAM as an example, as shown in Figure 1.19, the

formation of a crosslinked MPTMS SAM can be concluded in 3 steps: (1) MPTMS molecules are
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deposited onto a gold surface in anhydrous conditions to avoid self-polymerization; (2) hydrolysis
of the silane converts the methoxy group (-OCHz) connected to Si to hydroxyl groups (-OH) in the
presence of water; (3) at the same time, intermolecular condensation leads to the Si-O-Si structure
forming a crosslinked polysiloxane network.®®-1% |t should be noted that the trimethoxy silane
group is less reactive to water than the trichlorosilane group, making it easier to control the
polymerization of the silane on a surface.'® In this stage, with silanol groups present on the surface,
one can generate thick self-polymeric films,®® or enable grafting onto other silanes with specific

functional groups.®*
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Figure 1.19. Schematic representation of crosslinked MPTMS SAM formation on Au. Adapted
from reference 99, copyright 2016 American Chemical Society.

1.5.2 Surface-Initiated Polymerization

In 1994, Aramaki and coworkers coated hydroxyl-terminated alkanethiols onto a copper
surface, followed by deposition of alkyltrichlorosilane.!®* The hydroxyl groups coupled with alkyl
trichlorosilane resulted in a film with a crosslinked polysiloxane network. In 2011, Baker and
coworkers used silane-based alkanethiols to fabricate crosslinked ATRP initiators to grow polymer
brushes on gold, as shown in Figure 1.20.% After the crosslinked MPTMS SAM was formed on
Au to provide a hydroxylated surface, another silane terminated with initiator was grafted onto the
MPTMS SAM, which formed a second layer of crosslinked interchain polysiloxane. After adding
methyl methacrylate (MMA) monomer and catalyst, the system was heated up from 50 <C to

100 <C to initiate polymerization of PMMA from Au surfaces.
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Figure 1.20. Surface-initiated polymerization of PMMA from crosslinked ATRP initiators on Au.
Reprinted with permission from reference 94, copyright 2011 American Chemical Society.

The authors found that normal alkanethiols with ATRP initiator on gold led to the growth
of thinner polymers compared to silane SAMs with ATRP initiator on a SiO> substrate, due to the
poor thermostability of uncrosslinked initiators. In contrast to a crosslinked polysiloxane primer
layer, polymer brushes grown from ATRP initiators on Au reached the same thickness as on a SiO»
substrate, as shown in Figure 1.21. Thanks to the highly stable Si-O bond of crosslinked silane-
based SAMs, the novel ATRP initiator allowed SIP at higher temperatures of up to 100 <C, which

provides polymer growth from less reactive monomers such as styrene and vinyl pyridine.

Compared to the aromatic thiol-based SAMs discussed in Section 1.2.3, homogeneous SIP
from crosslinked silane-based alkanethiols is cost-efficient because it does not need an expensive

e-beam lithography system for the crosslinking process. However, it is difficult to pattern silane-
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based SAMs since it has been reported that silanes are not compatible with microcontact printing
techniques.®®
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Figure 1.21. Temperature-dependent surface-initiated polymerization of MMA from various
initiators; ¢ PMMA grown from a standard initiator; ¢ PMMA grown from the crosslinked initiator;

and O PMMA grown from a silane initiator on SiO,. Reprinted with permission from reference
94, copyright 2011 American Chemical Society.

1.5.3 Surface Passivation

GaAs is a promising I11-V semiconductor material that is widely used in devices such as
photovoltaics (PV), light-emitting diodes (LED), photonics and radio frequency (RF) transistors,
thanks to its high electron mobility and direct bandgap.19%1% To date, GaAs solar cells have shown
record-breaking conversion efficiencies, ~29% for single-junction cells.'® However, GaAs can
become oxidized in the ambient environment and the oxide layer formed on GaAs can significantly
decrease the solar cell efficiency.l® Hence, surface passivation of GaAs devices to prevent
oxidation and corrosion is the key for enhancing the durability and performance of GaAs devices.
Because sulfur species can bind to both Ga and As atoms to passivate unsaturated binding sites
and form a thin protective layer on a GaAs surface, scientists have attempted to use several sulfur

compounds to passivate a GaAs surface such as (NH4)2S, NazS, and normal alkanethiols.106-17
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However, when GaAs is treated with the first two inorganic salts, toxic H.S is produced.
Moreover, passivation layers on the GaAs surface formed by all three kinds of compounds are less
than 2 nm thick, which means that oxygen can still diffuse into the protective film to oxidize the

GaAs surface after 2 days. %

In 1997, Kauffman and coworkers discovered that MPTMS SAM was a good candidate for
GaAs surface passivation.®® After years of development, MPTMS has been widely used in GaAs
devices such as solar cells and GaAs-based sensors, and the process used for surface passivation
has become efficient and mature.®® As shown in Figure 1.22c, after hydrolysis in solutions of more
concentrated MPTMS and NH4OH, the MPTMS monolayer formed on GaAs is crosslinked with
other MPTMS molecules in the solution phase, which forms a 3D polysiloxane network. Finally,
a relatively thick polymeric layer on the GaAs surface is generated, with the thickness for the
resulting films ranging from 15 nm to 33 nm, which is controlled by varying the concentration of
the MPTMS and NHsOH solutions.® The results show that GaAs devices with MPTMS coatings
show long-term stability in air or aqueous environments for at least 10 days, without sacrificing

their original performance.
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Figure 1.22. Schematic representation of a MPTMS coating on the surface of GaAs: (a) cleaned

and etched GaAs sample, (b) primary layer formation, and (c) polymer formation. Reprinted with
permission from reference 99, copyright 2016 American Chemical Society.

Moreover, in 2002, Seitz and coworkers achieved polymerization of MPTMS in a solution
sol-gel process for GaAs surface passivation.1® In the follow-up research, this process was further
developed to be used as an anti-corrosion coating for copper by Sui et al.®® Unlike the method
introduced above, a polysiloxane network was formed by the polymerization of MPTMS in

solution before being coated onto the copper surface.

1.6.  Crosslinked SAMs realized by hydrogen bonding

In addition to crosslinking with covalent bonding, another important type of crosslinked
SAMs are SAMs with noncovalent interaction such as hydrogen bonding. Generally, the hydrogen
bonding within these crosslinked SAMs arises from the amide functional group or carboxylic acid
group in the tailgroups. In 1994, Rablot and coworkers synthesized semifluorinated amidethiol,

which was the first reported crosslinked SAM with hydrogen bonding, as shown in Figure 1.23a.1%°
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In a follow-up study, Whitesides and coworkers continued this research and synthesized series of
amidethiol SAMs, which were terminated with different functional groups, such as CHz, OH, CF3,
COOH, etc., as shown in Figure 1.23b.11° In 1997, Sastry et al. prepared a 4-carboxythiophenol
SAM, with the carboxylic acid moieties forming a hydrogen-bonding network at low pH, as shown
in Figure 1.23c.*™ In 2005, Kim et al. synthesized SAMs with a urea moiety on gold, which

formed a hydrogen-bonding network, as shown in Figure 1.23d.1%2
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Figure 1.23. Structures of 4 different crosslinked SAMs realized by hydrogen bonding.%%-112

When SAMs containing carboxylic acid, amide, and urea groups are absorbed on gold,
hydrogen-bonding networks are formed spontaneously. In the case of the SAM containing a urea
moiety in Figure 1.23d, infrared reflection-absorption (IRRA) spectra obtained for the SAM on
gold show almost no amide I band, which appears at 1621 cm™ in the spectra obtained for the bulk
molecules.!*? This result proved that hydrogen-bonding exists in the SAM network, which is
composed of N-H and C=0 bonds parallel to the surface, since only vibrations aligned with the
surface normal appear in the IRRA spectra due to the metal-surface selection rule. In 2016,
Thomas et al. used scanning tunneling microscopy (STM) to map the hydrogen bonding networks
formed in SAMs with an amide group.'** The submolecular-resolution STM images showed a
linear pattern of molecule orientation (tilts) affected by hydrogen bonding, which further

confirmed the existence of hydrogen bonding in the SAM network.
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In the follow-up research, Liedberg and coworkers studied the thermal stability of SAMs
influenced by hydrogen bonding, as measured by temperature-programmed desorption (TPD).*4
They noted that SAMs with amide moieties show better thermostability compared to their normal
alkanethiols analogs, with a temperature difference of 25 K for the thermodesorption, due to the
hydrogen bonding. Moreover, Sastry et al. studied the effect of a 4-carboxythiophenol SAM on
the selective binding of Cd and Pb cations at a surface using a Quartz Crystal Microbalance
(QCM).1 As shown in Figure 1.24, at low pH, the carboxylic acid groups at the interface are
pronated and form a hydrogen-bonding network. They deprotonate and bind to cations in the form
of Cd(OH)* or Pb(OH)*, through an ion-exchange process. In addition, Rotello and coworkers
investigated the position of the amide group in the alkyl chain in SAM-coated gold
nanoparticles.!*> Their results showed that when the amide group is near the SAM interface,

intermonolayer hydrogen bonding leads to the aggregation of nanoparticles.
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Figure 1.24. Schematic representation of 4-carboxythiophenol SAM on Au at low pH, and ion
adsorption (M* = Cd(OH)* or Pb(OH)*) at high pH. Adapted from reference 111, copyright 1997
American Chemical Society.

1.7. Boronic Acid-Based Alkanethiols

In 1994, Whiteside and coworkers utilized boronic acid-based alkanethiols to fabricate a
crosslinked boronic anhydride surface.!® Although this research was focused on boronic acid-

based SAMs,'!" subsequent research for boronic acid-based SAMs for crosslinking is limited.
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Additionally, there exists only limited research about the application of this kind of crosslinked

SAM system.

A crosslinked boronic anhydride surface was first fabricated by the condensation of 11-
mercaptoundecanyl-I-boronic acid, HS(CH2)nB(OH). in dry hydrocarbon solvents, such as
isooctane, or under vacuum, as shown in Figure 1.25.11% This reaction is reversible, and the
crosslinked film can be converted back into a pristine monolayer in aqueous ethanol. The author
also found that in dry hydrocarbon solvents, HS(CH2),B(OH). molecules in the solution phase
reversibly turn into trimers that adsorb onto gold and form a hydrophobic boroxine bilayer. The
resulting hydrophobic bilayer can be converted into a hydrophilic monolayer again in aqueous
ethanol. Similar to hydroxyl-terminated SAMs, both the HS(CH2).B(OH). SAM and its

crosslinked film can couple with alkyltrichlorosilanes irreversibly, turning into a borosilicate

network.
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Figure 1.25. Schematic representation of a crosslinked boronic anhydride surface. Adapted from
reference 116, copyright 1994 American Chemical Society.

The thermodesorption result shows that the crosslinked boronic anhydride SAM is 5 times

more stable compared to the structurally analogous 11-hydroxyundecane-I-thiol at 147 <C.
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However, it is difficult to tune the thickness or crosslinked area of crosslinked boronic acid-based
SAMs. Moreover, the formation of crosslinked boronic anhydride surface is reversible. These
drawbacks hinder the application of crosslinked boronic acid-based SAMs compared to other

crosslinked systems such as aromatic thiol-based SAMs.

18 Summary

This review examines a variety of crosslinked SAMs: (1) aromatic thiol-based SAMs, (2)
olefinic- and acetylenic-based alkanethiols, (3) other aliphatic alkanethiols, (4) silane-based
alkanethiols, (5) boronic acid-based alkanethiols, and (6) crosslinked SAMs realized by hydrogen
bonding. Their formation including the conditions for crosslinking, the structures of the
crosslinked product, and interfacial properties were discussed. Furthermore, we highlighted the
applications of such crosslinked SAMs in materials science, such as the fabrication of carbon
nanomembranes, lithography, protective coatings, surface functionalization, and surface-initiated
polymerization. In addition, this review offers insight into the structure-property relationships of
crosslinked SAMs, as well as inspiring researchers toward the development of new types of SAMs

with enhanced stabilities.
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Chapter 2: Mimicking Polymer Surfaces Using Cyclohexyl- and

Perfluorocyclohexyl-Terminated Self-Assembled Monolayers

*Chapter previously published as:

Yu, T.; Marquez, M. D.; Zenasni, O.; Lee, T. R. Mimicking the Surface of Polymers Using

Cyclohexyl-Terminated Organic Thin Films. ACS Appl. Nano Mater. 2019, 2, 5809-5816.

2.1. Introduction

Polymer coatings are widely used as protective layers in industrial settings for devices
working under a wide range of conditions.!!® The flexibility, ease of application, and their
lightweight properties render polymer coatings attractive for use as a protective layer on various
types of surfaces to protect against corrosion and/or mechanical damage.*'® The most commonly
used polymers for coatings in industry are polyethylene (PE) and polytetrafluoroethylene (PTFE).
Since its discovery in 1941, PTFE has been used in diverse applications due to its excellent
properties, which include low surface friction,!*® high chemical and thermal stability,*?! high
hydrophobicity and oleophobicity;'?? these characteristics have allowed PTFE to become the
candidate of choice in certain coating applications.'? Regarding the microstructure of PTFE, the
polymer chains adopt two types of morphologies that coexist: crystalline and amorphous.*?1% |n
the crystalline region of PTFE, the helical chains align themselves parallel to each other, while in
the amorphous region, their arrangement is random.*?¢12” Crystalline PTFE undergoes rapid and
complicated phase transitions near room temperature.*?812° Compared to rigid materials, such as
inorganic crystals, polymers behave more like viscous liquids than solids due to the relatively weak

van der Waals interactions between the polymer chains.'® This characteristic is particularly true
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for PTFE, as PTFE exhibits significant wear under sliding conditions and cold-flow behavior under
stress.llg'm

To construct nanoscale PE and PTFE thin films, an understanding of the microstructure of
polymeric interfaces becomes essential in coating applications. Among the numerous analytical
techniques available, the measurement of contact angles is an inexpensive tool for investigating
the interfacial properties of organic thin films.1323 |n a common coating method, small particles
of the polymer are sprayed onto an uncoated surface followed by sintering to form a polymer
film.13* However, it is difficult to control the homogeneity of polymer surfaces on the nanoscale.
In addition to being rough, polymer surfaces are sensitive to surface reconstruction under changing
conditions.™®® When a liquid is in contact with a polymer surface, the liquid can intercalate
between the polymer chains and cause reconstruction of the surface, also known as swelling.**
Polymers that swell under the influence of a contacting liquid exhibit a decrease in the contact
angle and an increase in the hysteresis value.**"13® Notably, the study of structure-property
relationships of polymeric surfaces, particularly for nanotribology purposes, continues to receive
attention. The aforementioned shortcomings and the continuing miniaturization of devices are
driving the need to develop an ideal model to better understand polymer interfaces, without surface
reconstruction, and subsequently the development of improved nanoscale low friction polymer
coatings.3%-141

Since Nuzzo and Allara published their work on the monolayer assembly of organic
adsorbates on gold substrates,* self-assembled monolayers (SAMs) have been used in a variety of
fields, including corrosion prevention,’*? electronic applications,*** microelectromechanical
systems (MEMS) devices,'® biomaterial coatings,'** and biosensors.'*> Researchers have also used
SAMs as model systems to investigate structure-property relationships due to the ability to
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synthetically alter the adsorbate to impart selected packing densities or expose specific terminal
functionalities.**® For example, the Wysocki group utilized ion-surface collisions to characterize
organic thin films derived from alkyl- and fluoroalkyl-terminated SAMs on gold.'*” Moreover,
the ability to tailor the terminal functionality of an adsorbate allowed for the use of fluorinated
SAMs (FSAMs) to generate functionalized surfaces with low wettability and coefficients of
friction.**®15! In related work, Barriet and co-workers used cyclopropyl-terminated SAMSs to
mimic the structural and interfacial properties (i.e., wettability) of polyethylene (PE)-based
films.® The resemblance in the wettability data of cyclopropyl-terminated SAMs and PE-based
surfaces provided insight into the relationship between the interfacial properties and nanostructure
of polymer interfaces.

In the present study, we designed cyclohexyl- and perfluorocyclohexyl-terminated
monolayer films on gold to serve as mimics to the surfaces of the commercially relevant polymers
PE and PTFE, respectively. These films were generated from the cyclohexyl-terminated
alkanethiols (HCyHNnSH; n = 10 and 11) and their fluorocarbon analogs CsF11(CH2)nSH (n = 10
and 11; FCyHnSH) (see Figure 2.1). This study is based on the premise that HCyHnSH-based
films would expose an interface comprised of CH:2 groups, which can mimic the surface/backbone
of PE films; conversely, we anticipated that FCyHnSH-based films would expose an interface

comprised of CF2 groups, which can mimic the surface/backbone of PTFE films (see Scheme 2.1).

39



HS HS HS HS
HCyH10SH HCyH11SH FCyH10SH FCyH11SH

Figure 2.1. Molecular structures of the cyclohexyl-terminated thiols used in this study.

Scheme 2.1. lllustration of the investigated SAMs, HCyHnSH (left) and FCyHnSH (right), on
gold that mimic PE and PTFE interfaces.
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Studies of these films will allow us to evaluate the interfacial properties of solely CH. and
CF, termini, which closely resemble polymeric backbones, without the facile surface

reconstruction found in polymer-based films. Importantly, the FCyHnSH SAMs offer a rare
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system in which the van der Waals forces of CF.-based interfaces can be unambiguously evaluated.
Prior studies of fluorinated SAMs and related thin films have been limited to systems in which the
interface is comprised in whole or in part by CFs moieties, which are quite distinct from PTFE-
based surfaces. 143150153154 Additionally, we envisioned that the permanent dipole at the FC-HC
junction in FCyHnSH SAMs would be buried underneath the bulky perfluorocyclohexyl group,
which would eliminate its effects on the interfacial energy of the SAM, 48153154 rendering this
system similar to the surface of PTFE. Furthermore, the cyclohexane terminus suffers from little
ring strain and is more flexible than our previously studied cyclopropyl system,*>? which allows
all carbon atoms in the cyclohexyl system to adopt sp® hybridization as in linear PE chains.
Similarly, and given the synthetic challenges associated with the perfluorocyclopropyl group, we
chose the perfluorocyclohexyl tailgroup to generate CF, interfaces. As a whole, these
considerations compelled us to pursue SAMs with cyclohexyl termini to model and study PE and
PTFE surfaces.

In this study, ellipsometry (to evaluate the thickness of the films), X-ray photoelectron
spectroscopy (XPS, for elemental analysis), and polarization modulation reflection-absorption
infrared spectroscopy (PM-IRRAS, to evaluate the orientation and conformational order of the
films) were used to characterize the investigated SAMs formed from the cyclohexyl-terminated
adsorbates and octadecanethiol (H18SH), which served as a reference standard. The interfacial
wettability of the SAMs, PE, and PTFE films were characterized using contact angle

measurements.
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2.2.  Experimental Procedures

2.2.1. Materials and Methods

Tetrahydrofuran (THF — Avantor Performance Materials), dichloromethane (DCM —
Macron Chemicals), and diethyl ether (Et2O — J.T. Baker), along with toluene from Sigma Aldrich,
were dried by distilling over calcium hydride (Sigma Aldrich). The other solvents, methanol
(MeOH), hexanes, and acetone (from Avantor Performance Materials); ethyl acetate (Sigma
Aldrich); and ethanol (EtOH — Aaper Alcohol and Chemical Co.), were either used as received or
degassed by purging with nitrogen gas. Cyclohexylmagnesium chloride, methanesulfonyl chloride
(MsCl), 2,2'-azobis(2-methylpropionitrile) (AIBN), lithium aluminum hydride (LiAlIH4), borane
tetrahydrofuran complex (BH3z-THF), triethylamine (EtsN), p-toluenesulfonic acid (PTSA), and
3,4-dihydro-2H-pyran (DHP) were all purchased from Sigma Aldrich and used as received. 9-
Decen-1-ol (TCI America); iodoperfluorocyclohexane (TCI America); 10-undecen-1-ol (both
from Oakwood Chemical) and potassium thioacetate (KSAc — Sigma Aldrich) were used as
received. The lithium copper chloride (Li2CuCls) solution was prepared from lithium chloride
(LiCl) and copper (II) chloride (CuCly), which were each obtained from Acros Chemicals.
Hydrochloric acid (HCI); sulfuric acid (H2SO4 — both from J.T. Baker); hydroiodic acid (HI) and
zinc dust (Fischer); potassium iodide (KI — EMD Chemicals); glacial acetic acid (AcOH) and
ammonium chloride (NH4CI — both from Mallinckrodt Chemicals), were all used as received. The
adsorbate 1-octadecanethiol (H18SH) was purchased from Sigma-Aldrich. Chloroform-d was
purchased from Cambridge Isotope Laboratories and used to collect all NMR spectra. Silica gel

for column chromatography was obtained from Sorbent Technologies.
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2.2.2. Synthesis of the Adsorbates

10-Cyclohexyldecane-1-thiol (HCyH10SH) and 11-cyclohexyl-undecane-1-thiol
(HCyH11SH) were prepared following the synthetic route outlined in Scheme 2.2 below. 10-
(Perfluorocyclohexyl)decane-1-thiol (FCyH10SH) and 11-(perfluorocyclohexyl)-undecane-1-

thiol (FCyH11SH) were synthesized following the procedure depicted in Scheme 2.3 (vide infra).

Scheme 2.2. Synthetic route for the preparation of 10-cyclohexyldecane-1-thiol (HCy10SH) and
11-cyclohexylundecane-1-thiol (HCyH11SH).
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10-lododecan-1-ol (1a). 10-Bromodecan-1-ol (1.00 g; 4.22 mmol) was dissolved in 100
mL of acetone, and potassium iodide (7.01 g; 42.2 mmol) was added to the mixture. The reaction
was refluxed for 24 h. After cooling to rt, excess potassium iodide was filtered, and acetone was
removed by rotary evaporation. The reaction mixture was redissolved in Et2O (200 mL). The
organic phase was washed with water (100 mL), followed by brine (100 mL), and then dried over
MgSOs. After filtration, the solvent was removed by rotary evaporation and dried under vacuum
to afford 10-iododecan-1-ol in 93% yield. *H NMR (400 MHz, CDCls): & 3.64 (t, J = 6.64 Hz,

2H), 3.19 (t, J = 7.10 Hz, 2H), 1.81 (q, J = 7.21 Hz, 2H), 1.54-1.59 (m, 2H), 1.24-1.40 (m, 12H).
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11-lodoundecan-1-ol (1b) in 93% yield. *H NMR (400 MHz, CDCls): & 3.64 (t, J = 6.64
Hz, 2H), 3.19 (t, J = 7.10 Hz, 2H), 1.81 (g, J = 7.21 Hz, 2H), 1.54-1.59 (m, 2H), 1.24-1.42 (m,
14H).

2-((10-iododecyl)oxy)tetrahydro-2H-pyran (2a). 10-iododecan-1-ol (1.10 g; 3.87 mmol)
and dihydropyran (0.488 g; 5.81 mmol) were sequentially added to 100 mL of dichloromethane
containing PTSA (0.074 g; 0.387 mmol). The reaction mixture was stirred at rt for 4 h. The
mixture was then diluted with hexanes (200 mL) and washed twice with brine (2 <100 mL) to
remove the PTSA. The organic phase was dried over MgSOs, and the solvent removed by rotary
evaporation to give 2-((10-iododecyl)oxy)tetrahydro-2H-pyran, 2a, which was then dried under
vacuum and carried to the next step without further purification. *H NMR (400 MHz, CDCl5):
§4.56 (m, 1H), 3.85-3.90 (m, 1H), 3.70-3.75 (m, 1H), 3.48-3.51 (m, 1H), 3.36-3.40 (m, 1H),
3.19 (t, J = 7.10 Hz, 2H), 1.78-1.88 (m, 4H), 1.51-1.60 (m, 4H), 1.21-1.27 (m, 14H).

2-((11-iodoundecyl)oxy)tetrahydro-2H-pyran (2b) *H NMR (400 MHz, CDCls): & 4.56
(m, 1H), 3.84-3.89 (m, 1H), 3.70-3.75 (m, 1H), 3.48-3.51 (m, 1H), 3.36-3.40 (m, 1H), 3.18 (t, J
= 7.05 Hz, 2H), 1.78-1.88 (m, 4H), 1.51-1.60 (m, 4H), 1.21-1.27 (m, 16H).

10-Cyclohexyldecan-1-ol (3a). In a 2-neck round-bottomed flask equipped with an
addition funnel, iodide 2a was dissolved in 100 mL of dry THF under nitrogen. To that solution,
3.9 mL of a 0.10 M solution of Li>CuCls (0.39 mmol) in THF were added. The mixture was then
cooled to -78 <C, and a 2.0 M solution of cyclohexylmagnesium chloride solution in THF (4.8 mL;
9.7 mmol) was added dropwise over 15 min. The reaction was then warmed to rt and stirred under
nitrogen for 12 h. The reaction was quenched with 25 mL of saturated NH4ClI, followed by 25 mL
of water. The mixture was extracted with Et,O (3 > 100 mL), and the combined organic layers
were washed with brine (1 <100 mL) and dried over MgSO.4. The solvent was removed with a
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rotary evaporator, and the crude product used without further purification. The crude product was
dissolved in 100 mL of ethanol containing PTSA (0.074 g; 0.387 mmol) and stirred at 55 <C for 3
h. After this interval, the ethanol was removed by rotary evaporation, and the residue redissolved
in Et2O (200 mL), washed with half-saturated brine (3 <100 mL), and dried over MgSOa4. The
solvent was evaporated to dryness by rotary evaporation. The crude alcohol was purified by silica
gel chromatography using hexanes/ethyl acetate (80/20) as the eluent to give 10-cyclohexyldecan-
1-ol in 85% yield. *H NMR (500 MHz, CDCl3): & 3.64 (t, J = 6.64 Hz, 2H), 1.60-1.72 (m, 4H),
1.54-1.59 (m, 3H), 1.10-1.38 (m, 20H), 0.81-0.90 (m, 2H).

11-Cyclohexylundecan-1-ol (3b) in 85% yield. *H NMR (500 MHz, CDCls): § 3.64 (t,J =
6.64 Hz, 2H), 1.60-1.72 (m, 4H), 1.52-1.59 (m, 3H), 1.09-1.35 (m, 22H), 0.80-0.91 (m, 2H).

S-(10-Cyclohexyldecyl) ethanethioate (4a). 10-Cyclohexyldecan-1-ol (0.600 g; 2.50 mmol)
was dissolved in anhydrous THF under nitrogen, and the solution was cooled to 0 <T in an ice bath.
Triethylamine (1.00 mL; 7.50 mmol) was added slowly, and the resulting mixture was stirred for
30 min at 0 <C. After that, MsClI (0.74 mL; 10 mmol) was added dropwise. The reaction was
warmed to rt and stirred for 6 h and subsequently quenched with 50 mL of water. The product
was extracted with EtoO (3 > 100 mL), and the combined organic phases were washed with
1M HCI (1 <100 mL), water (1 <100 mL), and brine (1 <100 mL). The organic layer was dried
over anhydrous MgSOas, followed by removal of the solvent by rotary evaporation. The crude
product was dried under high vacuum overnight then dissolved in 100 mL of absolute ethanol
(previously degassed) under a flow of nitrogen. A portion of KSAc (0.502 g; 4.40 mmol) was then
added to the solution, and the mixture was refluxed for 6 h. After cooling the reaction to rt, water
was added (100 mL), and the product was extracted with Et,O (3 <100 mL). The organic phases
were combined and washed with water (1 > 100 mL), brine (1 <100 mL), and then dried over
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MgSOs. Removal of the solvent was done by rotary evaporation. The crude product was purified
by silica gel chromatography using hexanes/ethyl acetate (95/5) as the eluent to give S-(10-
cyclohexyldecyl) ethanethioate in 90% yield. *H NMR (500 MHz, CDCls): § 2.86 (t, J = 7.45,
2H), 2.32 (s, 3H), 1.50-1.73(m, 7H), 1.08-1.40 (m, 20H), 0.81-0.90 (m, 2H).

S-(11-Cyclohexylundecyl) ethanethioate (4b) in 92% yield. *H NMR (500 MHz, CDCls):
§2.86 (t,J = 7.35, 2H), 2.32 (s, 3H), 1.50-1.73 (m, 7H), 1.08-1.38 (m, 22H), 0.80-0.90 (m, 2H).

10-Cyclohexyldecane-1-thiol (HCyH10SH). LiAlIH4 (0.0760 g; 2.01 mmol) was placed
into a dry round-bottom flask. Then, dry THF (10 mL) was added to the flask at 0 <TC to create a
slurry. The thioacetate (0.200 g; 0.671 mmol) was dissolved in dry THF (50 mL) and added
dropwise to the LiAIH4slurry. The reaction was then stirred at rt for 6 h under nitrogen and then
quenched at 0 <C using water (25 mL, previously degassed); the resulting solution was then
acidified with 1M H2SO4 solution (previously degassed). This mixture was extracted with Et,O
(3 <100 mL). The combined organic phases were washed with water (1 <100 mL) and brine (1
%100 mL), dried over MgSQg4, and evaporated to dryness by rotary evaporation. The crude thiol
was purified by column chromatography on silica gel (hexanes) to give 10-cyclohexyldecane-1-
thiol (HCyH10SH) as a colorless oil in 88% yield. *H NMR (600 MHz, CDCls): § 2.51 (q, J =
7.33 Hz, 2H), 1.57-1.74 (m, 7H), 1.31 (t, J = 7.56 Hz, 1H), 1.12-1.40 (m, 20H), 0.81-0.87 (m,
2H). 3C NMR (151 MHz, CDCls): § 37.7, 37.6, 34.0, 33.4, 30.0, 29.8, 29.7, 29.6, 29.6, 29.5, 29.0,
28.4,26.9,26.7,26.4,24.6. HR-GC-MS, m/z: 256.2217 (C16H31SH*), 255.2146 (M*-H), 254.2064
(M*-2H), 253.1991 (M*-3H).

11-Cyclohexylundecane-1-thiol (HCyH11SH). Colorless oil in 85% yield. *H NMR (600
MHz, CDCls): § 2.50 (q, J = 7.56 Hz, 2H), 1.55-1.72 (m, 7H), 1.31 (t, J = 7.56 Hz, 1H), 1.11—
1.38 (m, 22H), 0.81-0.87 (m, 2H). 3C NMR (151 MHz, CDCls): § 37.7, 37.5, 34.0, 33.4, 30.0,
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29.7,29.6, 29.5, 29.6, 29.0, 28.4, 26.9, 26.7, 26.4, 24.6. HR-GC-MS, m/z: 270.2368 (C17H33SH™),

269.2307 (M*-H), 268.2224 (M*-2H), 267.2149 (M*-3H).

Scheme 2.3. Synthetic Route for the Preparation of 10-(Perfluorocyclohexyl)decane-1-thiol
(FCyH10SH) and 11-(Perfluorocyclohexyl)undecane-1-thiol (FCyH11SH)

F F
OH F F
W _ ZniAOH _ E
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F F F F
F F F F
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9-lodo-10-(perfluorocyclohexyl)decan-1-ol (5c). lodoperfluorocyclohexane (2.00 g; 4.90
mmol), AIBN (0.080 g; 0.490 mmol), and 9-decen-1-ol (0.688 g; 4.41 mmol) were added to a 100-
mL pear-shaped Schlenk flask. The system was degassed using three cycles of a standard freeze-
pump-thaw procedure. After warming to rt, the reaction mixture was heated to 85 <C for 8 h.
After cooling the reaction to rt, the crude mixture was purified by column chromatography over
silica gel using hexanes/ethyl acetate (80/20) as the eluent system to give 5c in 90% vyield.
IH NMR (500 MHz, CDCl3): & 4.41 (m, J = 4.20 Hz, 1H), 3.65 (t, J = 6.41 Hz, 2H), 2.89-3.10 (m,

2H), 1.71-1.87 (m, 2H), 1.52-1.60 (m, 4H), 1.20-1.43 (m, 10H).
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10-lodo-11-(perfluorocyclohexyl)undecan-1-ol (5d) in 90% yield. *H NMR (500 MHz,
CDCl3): § 4.41 (m, J = 4.35 Hz, 1H), 3.65 (t, J = 6.41 Hz, 2H), 2.88-3.10 (m, 2H), 1.70-1.87 (m,
2H), 1.53-1.61 (M, 4H), 1.20-1.42 (m, 12H).

10-(Perfluorocyclohexyl)decan-1-ol (6¢). 5c (2.50 g; 4.43 mmol) and zinc dust (2.30 g;
35.4 mmol) were suspended in 70 mL of glacial acetic acid under the flow of argon at rt. The
reaction mixture was stirred for 40 h in the dark and then filtered through a bed of Celite. The
Celite pad was then washed with 200 mL of Et.O. The filtrate was washed with water (3 <100
mL), saturated aqueous NaHCO3 (1 <100 mL), and brine (1 <100 mL). The organic layer was
then dried over MgSOg , and the solvent was removed by rotary evaporation. The crude alcohol
was purified by column chromatography over silica gel using hexanes/ethyl acetate (80/20) as the
eluent system to give 6¢ in 65% yield. *H NMR (500 MHz, CDCls): § 3.64 (t, J = 6.30 Hz, 2H),
2.11-2.19 (m, 2H), 1.54-1.66 (m, 4H), 1.27-1.39 (m, 12H).

11-(Perfluorocyclohexyl)undecan-1-ol (6d) in 67% yield. *H NMR (500 MHz, CDCls): §
3.64 (t, J = 6.55 Hz, 2H), 2.11-2.19 (m, 2H), 1.54-1.66 (m, 4H), 1.24-1.40 (m, 14H).

S-(10-(Perfluorocyclohexyl)decyl) ethanethioate (7¢). Alcohol 6¢ (1.20 g; 2.65 mmol) was
dissolved in anhydrous THF under nitrogen, and the solution was cooled to 0 <C in an ice bath.
Triethylamine (0.803 g; 7.95 mmol) was added slowly to the resulting mixture and stirred for
30 min at 0 T. After that, MsClI (1.21 g; 10.6 mmol) was added dropwise. The reaction was
warmed to rt, stirred for 6 h, and subsequently quenched with 50 mL of water. The product was
extracted with Et2O (3 <100 mL), and the combined organic phases were washed with 1M HCI
(1 <100 mL), water (1 > 100 mL), and brine (1 <100 mL). The organic layer was dried over
anhydrous MgSOs, followed by removal of the solvent by rotary evaporation. The crude mesylate
was dried under high vacuum overnight and redissolved in 100 mL of absolute ethanol (previously
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degassed) under a flow of nitrogen. A portion of KSAc (0.582 g; 5.11 mmol) was then added to
the solution, and the mixture was refluxed for 6 h. After cooling the reaction to rt, water was added
(100 mL), and the product was extracted with Et2O (3 =< 100 mL). The organic phases were
combined and washed with water (1 > 100 mL) and brine (1 =< 100 mL), and then dried over
MgSOas. The solvent was removed by rotary evaporation. The crude product was purified by silica
gel chromatography using hexanes/ethyl acetate (95/5) as the eluent to give 7c in 96% yield.
IH NMR (500 MHz, CDCls): § 2.86 (t, J = 7.56 Hz, 2H), 2.32 (s, 3H), 2.12-2.18 (m, 2H), 1.53—
1.65 (m, 4H), 1.25-1.39 (m, 12H).

S-(11-(Perfluorocyclohexyl)undecyl) ethanethioate (7d) in 95% yield. *H NMR (500 MHz,
CDCla): 6 2.86 (t, J = 7.21 Hz, 2H), 2.32 (s, 3H), 2.12-2.18 (m, 2H), 1.53-1.65 (m, 4H), 1.27—
1.38 (m, 14H).

10-(Perfluorocyclohexyl)decane-1-thiol (FCyH10SH). LiAlH4 (0.046 g; 1.2 mmol) was
placed into a dry round-bottom flask followed by the addition of dry THF (10 mL, previously
degassed) at 0 <C. The thioacetate (0.200 g; 0.403 mmol) was dissolved in dry THF (50 mL,
previously degassed) and added dropwise to the LiAIH4 slurry. The reaction was then stirred at
0 <C for 6 h under the flow of nitrogen. The reaction was quenched at 0 <C using water (25 mL,
previously degassed), and the resulting solution was then acidified with 1M H>SOa4 solution
(previously degassed). The mixture was then extracted with Et,O (3 <100 mL). The combined
organic phases were washed with water (1 <100 mL) and brine (1 <100 mL), dried over MgSOa,
and evaporated to dryness by rotary evaporation. The crude thiol was purified by column
chromatography on silica gel (hexanes) to give FCyH10SH as a colorless oil in 55% yield. H
NMR (500 MHz, CDCls): § 2.50 (t, J = 7.56 Hz, 2H), 2.11-2.18 (m, 2H), 1.57-1.65 (m, 4H), 1.30
(t, J = 7.54 Hz, 1H), 1.28-1.38 (m, 12H). 3C NMR (151 MHz, CDCls): § 105.5-112.3, 91.6 (d,
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J=201.1Hz), 34.0, 29.8, 29.4, 29.3, 29.1, 29.0, 28.3, 25.7 (d, J = 20.7 Hz), 24.6, 21.3. F NMR
(376 MHz, CDClz): & -118.4 (d, J = 296.4 Hz, 2F), -122.6 (d, J = 282.3 Hz, 2F), -124.2 (d,
J =285.0 Hz, 1F), -132.9 (d, J = 295.9 Hz, 2F), -139.5 (d, J = 283.9 Hz, 2F), -142.3 (d, J = 282.8
Hz, 1F) -185.8 (s, 1F). HR-GC-MS, m/z: 454.1169 (C1sH20F11SH"), 453.1109 (M*-H), 452.1026
(M*-2H).

11-(Perfluorocyclohexyl)undecane-1-thiol (FCyH11SH) as a colorless oil in 56% yield.
IH NMR (500 MHz, CDCls): § 2.52 (t, J = 7.48 Hz, 2H), 2.10 (m, 2H), 1.55-1.67 (m, 4H), 1.31
(t, J=7.56 Hz, 1H), 1.25-1.42(m, 14H). 3C NMR (151 MHz, CDCls): & 105.5-112.3, 91.6 (d,
J=201.1Hz), 34.0, 29.8, 29.4, 29.3, 29.1, 29.0, 28.3, 25.7 (d, J = 20.7 Hz), 24.6, 21.3. *F NMR
(376 MHz, CDCls): 6 -118.2 (d, J = 385.8 Hz, 2F), -122.5 (d, J = 344.1 Hz, 2F), -124.1 (d,
J=158.2 Hz, 1F), -132.9 (d, J = 300.7 Hz, 2F), -139.5 (d, J = 299.1 Hz, 2F), -142.3 (d,
J=421.6 Hz, 1F), -185.8 (s, 1F). HR-GC-MS, m/z: 468.1336 (C17H2oF11SH*), 467.1274 (M*-H),

466.1188 (M*-2H) 465.1118 (M*-3H).

2.2.3. Preparation and Characterization of the SAMs

Gold shot (99.999%) was purchased from Kamis Incorporated. Chromium rods (99.9%)
were purchased from R. D. Mathis Company, and polished single-crystal Si(100) wafers were
purchased from Silicon Wafer Enterprises. The gold substrates were prepared by thermal

evaporation onto Si(100) wafers under vacuum at a pressure < 6 %107 torr. Chromium (100 A)

was initially deposited at rate of 0.5 A/ s to aid the adhesion of the Au layer, then 1000 A of Au
was deposited at rate of 0.5 A/s. Immediately after vapor deposition, the substrates were cleaned
with ultra-pure nitrogen gas. Solutions of the thiols at 1 mM concentration in absolute ethanol

(previously degassed) were prepared in 40 mL vials that had been previously cleaned with piranha
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solution and rinsed thoroughly with deionized water, followed by absolute ethanol. Two cut Au
slides (2 cm =<1 cm) were then immersed into each of the thiol solutions and allowed to equilibrate
for 48 h at rt in the dark. Before characterization, all films were rinsed with THF followed by
absolute ethanol, and dried with ultra-pure nitrogen gas.

Thickness measurements were collected on a Rudolph Auto EL I11 ellipsometer equipped
with a He-Ne laser (632.8 nm) at an incident angle set to 70 “and the refractive index was set to
1.45. The reported thickness values are an average of 18 measurements (9 measurements per slide).

X-Ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 5700
X-Ray photoelectron spectrometer with a monochromatic Al Ko X-ray source (hv = 1486.7 eV)
incident at 90 “relative to the axis of the hemispherical energy analyzer. The takeoff angle from
the surface was set at 45°with a pass energy of 23.5 eV. The Au 4f7;, peak at 84.0 eV was used
as a reference peak, with each spectrum set to align with that reference.

PM-IRRAS spectra were collected using a Nicolet Nexus 670 Fourier transform
spectrometer equipped with a mercury-cadmium-telluride (MCT) detector and a Hinds Instrument
PEM-90 photoelastic modulator. The collected spectra were from surfaces mounted at an incident
angle of 80<for the p-polarized light with respect to the surface normal. For each sample, we
collected 1024 scans at a resolution of 2 cm™.

Contact angle data were obtained using a compact high-resolution CMOS camera
(DCC1645C) and 12X zoom lens (MVL12X12Z) working with a Matrix Technologies micro-
Electrapette 25 dispensing liquids from a disposable pipette tip. Contacting liquids were of the
highest purity available at the time of their purchase and were dispensed at a speed of 1 pL/s to
obtain advancing contact angles (¢-) and withdrawn at the same speed to obtain receding contact

angles (¢r). The specific method used to collect the contact angle data was the dynamic sessile
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drop procedure (where the liquid dispensing pipette remains in contact with the drop), with images
taken during the dispensing and withdrawal of the contacting liquid, maintaining the pipette tip
centered on the drop. The reported contact angle data represent the average of at least 12
measurements from 3 different locations for each SAM-coated slide. Adobe® Photoshop® was
used to measure the angles on each side of the dispensed droplets. The following polar protic,
polar aprotic, and nonpolar aprotic contacting liquids were used: water (W — Millipore water with
a resistivity of 18.2 MQ €m), formamide (FM — Sigma Aldrich), methyl formamide (MF — Sigma
Aldrich), dimethylformamide (DMF — Sigma Aldrich), acetonitrile (ACN — Sigma Aldrich),
sgualane (SQ — Sigma Aldrich) and hexadecane (HD — Aldrich).

Films of two polymers -- polyethylene (HDPE; linear, 2 mil thick film from Blueridge
Films, Inc) and polytetrafluoroethylene (PTFE; Ultra Pure Virgin PTFE film, 2 mil thickness from
Scientific Commodities) -- were flattened on polished metal surfaces by pressing with a

mechanical press at 10,000 psi to produce thin sheets of PE and PTFE.
2.3.  Results and Discussion

2.3.1. Ellipsometric Thickness Measurements.

Table 2.1 displays the average ellipsometric thickness measurements of the investigated
SAMs on gold. The average thickness of the H18SH SAM was 22 A, which is consistent with the
value in the literature.? Data for the H18SH adsorbate serve as a reference standard to ensure the

quality and reliability of the evaporated Au substrates used in the study.

Table 2.1. Ellipsometric thicknesses of the H18SH, HCyHnSH, and FCyHnSH SAMs

Adsorbate Thickness (A)
H18SH 22 1
HCyH10SH 15+1
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HCyH11SH 14 +1
FCyH10SH 13 +1
FCyH11SH 12 +1

Separately, the ellipsometric thickness values for the HCyHnSH SAMs having 10 and 11
methylene groups are within the experimental error, ~14-15 A. The same trend was also observed
for the FCyHnSH SAMs, where molecules bearing 10 backbone methylene units have a thickness
of ~13 A and those with 11 hydrocarbons have a thickness of ~12 A. The high similarity of the
monolayer thicknesses, regardless of the size of the underlying hydrocarbon spacer, might be due
to the hydrocarbon chains adopting a trans-extended conformation to maximize inter-chain van
der Waals forces, which leads to similar packing densities in the fluorocarbon or hydrocarbon
films.2 Yet, we notice that the HCyHNnSH SAMs showed a slightly greater thickness than the
FCyHNnSH SAMs, Table 2.1. The observed slightly lower thickness for the FCyHNnSH SAMs
might arise from a lower number of molecules per unit area in the fluorinated SAMs as compared
to the hydrocarbon analogs. The van der Waals diameter of fluorine is 1.47 A, which is larger than
hydrogen (1.20 A), leading to bulkier termini in the FCyHNnSH SAMs.%157  Another plausible
reason for such a reduction might arise from the fluorinated films being more tilted than their
hydrocarbon counterparts, which can also be attributed to the larger chain termini in the fluorinated
films. Additionally, the reduction in thickness of the FCyHnSH SAMSs might also be attributed
to a reduction in the refractive index of fluorocarbons (1.33) compared to hydrocarbons (1.45);
note, a refractive index of 1.45 was used for all of the SAMs to calculate thickness.*8>° Further
analysis of the packing densities and conformational order of the chains in these films is detailed

below in the XPS and PM-IRRAS sections, respectively.
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2.3.2. Analysis of the Chemical Composition of the Films Using XPS.

In analyses of organic thin films, XPS is a commonly used technique for determining (1)
the chemical composition of organic films, (2) the oxidation state of elements, (3) the nature of the
bonding of adsorbates on surfaces, and (4) the relative chain packing densities of organic films.%-
161 Figure 2.2 shows the XPS spectra of the binding regions of the Au 4f, S 2p, C 1s, and F 1s core

electrons, respectively. The precise binding energies of the peaks in the spectra are provided in

Table 2.2.
Ausai (A) s2p (B) c1s (C) F1s (D)
/"I—/\/\/ H18SH
- __[H18sH - __ |HcyH108H
g g g H18SH g HCyH11SH
= |HCyH10SH <L |HcyH10sH < <
0 0 0 0
e b= £ [HcyH108H t
: 3 3 :
HCyH11SH
3 [Hey S [|HeyHt1sH S S
HCYH11SH
FCyH10SH
FCyH10SH FCyH10SH FCyH10SH
FyCH11SH FCyH11SH FCyH11SH FCyH11SH
100 96 92 88 84 80 170 168 166 164 162 160 158 300 296 292 288 284 280 700 696 692 688 684 680
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 2.2. XPS spectra of the (A) Au 4f, (B) S 2p, (C) C 1s, and (D) F 1s binding regions of the
SAMs.

Figure 2.2A shows the expected peaks for Au 4f in all of the SAMs. Spectra of the S 2p
region, shown in Figure 2.2B, can be used to evaluate the binding of the thiol-based adsorbates to
the Au surface.®"162163 The spectra in Figure 2.2B exhibit a characteristic peak with spin-orbit
splitting, which manifests as a doublet and is attributed to S 2ps;2 (~162.0 eV) and S 2p12 (163.0
eV). The peak appeared for all of the SAMs analyzed in the study and is consistent with the

presence of bound thiolate.>” Moreover, the absence of peaks at ~164 eV or 166 eV and higher
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binding energy suggests the absence of unbound or highly oxidized sulfur species, respectively, in
the investigated SAMs. Figure 2.2C shows the XPS spectra for the C 1s region; the peak positions
are given in Table 2.2. For the H18SH reference SAM, one peak with a binding energy of 285.0
eV was apparent, which we attribute to all of the carbons with attenuation of the carbon directly
attached to sulfur.®” The XPS spectra of the HCyHNnSH SAMs exhibited one peak at 284.7 eV,
which indicates all of the C 1s electrons arise from the carbons of the cyclohexyl ring, the tertiary
carbon attached to the alkyl chain, and the carbons of the alkyl chain. In contrast, the C 1s spectra
of the FCyHnSH SAMs revealed two large peaks that can be attributed to the CH2 and CF2 units
at ~284.4 eV and ~291.1 eV, respectively, with a small broad peak in between (~288.6 eV). We
believe that the broad peak at ~288.6 eV corresponds to the CF carbon of the perfluorinated
cyclohexyl ring attached to the alkyl chain, which is expected to have a lower binding energy than
the more highly fluorinated CF, carbons.®* As for the F 1s region, the FCyHnSH SAMs both
exhibited a sharp peak at 688.4 eV, while the other SAMs showed no peaks in the F 1s region,

which is consistent with the chemical structures of the adsorbates.

Table 2.2. XPS Binding Energies (eV) and Relative Chain Packing Densities of the investigated
SAMs.

Cls C1ls S S

Adsorbate  C 15 (CH2) (CF) (CFp  RelativePacking —,, — , ~F1s
(eV) (eV) (&V) Density (%) V) (eV) (eV)
H18SH 285.0 - - 100 162.0 163.0 -
HCyH10SH 284.7 - - 72+5 161.9 163.0 -
HCyH11SH 284.7 - - 71+8 162.0 162.9 -
FCyH10SH 284.4 288.6 291.1 64 +6 161.8 163.0 688.4
FCyH10SH 284.5 288.7 291.1 63+ 6 161.8 163.0 688.4

A gquantitative analysis of the relative packing density can also be obtained from the XPS

spectra. To evaluate the relative chain packing densities in the SAMs, we utilized the integrated
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intensities of the S 2p and Au 4f core electrons from the XPS spectra to calculate the S/Au ratio.'®®

In our analysis, the HI8SH SAM was used as a reference for a system with 100% chain packing
density. Further, since the attenuation of electrons by hydrocarbons and fluorocarbons is
indistinguishable, the packing density of all SAMs was calculated in the same manner.*®® Table
2.2 shows the relative chain packing densities of all of the investigated SAMs.

Note that for cyclohexyl SAMs within the same series (i.e., for SAMs derived from
HCyHNnSH or FCyHNnSH), all adsorbates adopted similar packing densities regardless of the
length of the methylene spacer. For example, the packing densities of the HCyH10SH and
HCyH11SH SAMs were 72% and 71%, respectively, while the FCyH10SH and FCyH11SH
SAMs exhibited packing densities of 64% and 63%, respectively. Moreover, the data also show
that the packing densities of the HCyHnSH SAMs were greater than those of the FCyHnSH
SAMs. Such discrepancies are consistent with the progressive increase in the size of the chain
termini in the H18SH, HCyHnSH, and FCyHnSH SAMs. Compared to the HI8SH monolayers,
the HCyHNnSH SAMs have larger terminal groups, which reduces the relative packing densities
of the chains to ~72%. This effect is further augmented in the FCyHnSH SAMSs, where the
perfluorocyclohexyl termini leads to a reduction in the relative packing densities of these films to
~64%. This latter decrease is plausibly due to the increase in the van der Waals (vdW) volume of
the chain termini after the replacement of hydrogen atoms (vdW radius of 1.20 A) with fluorine
atoms (vdW radius of 1.47 A),*? which makes perfluorinated cyclohexyl tailgroups more sterically
bulky (and more rigid) than their hydrocarbon analogs.

The C 1s binding energy region can also be used to provide a qualitative assessment of the
relative packing density for a series of structurally similar SAMs.'®” The values of the binding
energy of the C 1s core electrons generated from the CH> units corroborates the above-mentioned
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analysis of changes in the relative packing densities as a function of terminal group size. The
binding energies of the C 1s electrons originating from the CH> decrease with an increase in the
size of the chain termini. For example, the binding energy of C 1s electrons decreased from 285.0
for the H18SH SAM to 284.7 eV for the HCyHnSH SAMs. Similarly, the aliphatic C 1s binding
energy for the FCyHnSH SAMs decreased further to ~284.4 eV. This phenomenon arises due to
a final state effect, where positive charges generated from the photoelectron emission are easily
screened in films with lower packing densities (i.e., weaker insulators) than in densely packed
films, which gives rise to an increase in the energy required to eject electrons from the latter
films.®* For the SAMs within a series (i.e., HCyH10SH and HCyH11SH vs. FCyH10SH and
FCyH11SH), there was no observable difference in the binding energies, indicating the chain
length of the spacer has no effect on the packing density of the films. In summary, evaluation of
the C 1s binding energies of these films shows that the packing densities decrease in the following

order: H18SH > HCyHnSH > FCyHNnSH, which is consistent with the observed S/Au ratios.

2.3.3. Assessment of Chain Conformational Order Using PM-IRRAS.

IR spectroscopy of surfaces has proven to be a valuable tool for probing the relative

conformational order and orientation of molecules within a SAM.% In particular, the position of

the methylene antisymmetric stretching band (vas“H2) of the hydrocarbon backbone can be used to
evaluate the conformational order (i.e., crystalline nature).'®® Figure 2.3 shows the PM-IRRAS

spectra for the C—H stretching region of the current set of SAMs.
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Figure 2.3. PM-IRRAS spectra showing the C—H stretching region of the H18SH, HCyHnSH,
and FCyHnSH SAMs.

Table 2.3 presents the precise peak assignments (cm™) in the PM-IRRAS spectra of the

current set of SAMs. For well-ordered alkanethiol monolayers, such as the H1I8SH SAM, the

vasSH2 stretch has been assigned at 2918 cm™, which indicates a trans-extended crystalline
conformation.’®® However, these bands tend to blue shift in the case of poorly-ordered (liquid-

like) SAMs.2® For the purpose of peak assignment, deconvoluted spectra of the HCyHnSH

SAMs are provided in the Figure 2.4.
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Figure 2.4. Deconvolution of the peaks in PM-IRRAS spectra of (A) HCyH10SH and (B)
HCy11SH.

For the HCyHNSH series, we observed a consistent positioning of the vas“H2 stretch (2923-
2924 cm™), regardless of chain length, for both the HCyH10SH and HCyH11SH SAMs, which
is in agreement to analogously structured phosphonic acid SAMs on metal oxide surfaces.*’* In
addition, we observed broadening of both vs®H2 and vas©™2 peaks in the spectra, which might be due
to an overlap between the peaks of the methylene units of the alkyl chain and those in the
cyclohexane ring. Furthermore, the PM-IRRAS spectra of the FCyH10SH and FCyH11SH
SAMs also displayed similar characteristics despite the difference in the hydrocarbon chain length.
The vas©™2 of the FCyHNSH SAMs was located at ~2920 cm™, which indicates that the methylene

chains of the fluorinated SAMs are slightly more ordered than their hydrocarbon analogs.

Table 2.3. Peak Assignments (cm™) for the PM-IRRAS Spectra of the H18SH, HCyHnSH, and
FCyHnSH SAMs

Adsorbate Vg g Voo Vg

(cm™) (cm™) (cm™) (cm™)

H18SH 2850 2877 2918 2964
HCyH10SH 2850 (2858 ring) - 2924 (2937 ring) -
HCyH11SH 2851 (2857 ring) - 2923 (2937 ring) -
FCyH10SH 2849 - 2920 -
FCyH11SH 2850 - 2921 -
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2.3.4. Contact Angle Measurements.

The interfacial properties of the investigated SAMs and their polymer counterparts (PE and
PTFE) were probed using a variety of contacting liquids ranging from polar protic (water, W,
yov =72.0 mN/m; formamide, FA, yov=582mN/m; and methyl formamide, MF,
yLv = 38.0 mN/m), to polar aprotic (dimethyl formamide, DMF, yLv = 37.1 mN/m; and acetonitrile,
ACN yLv = 29.3 mN/m), and non-polar aprotic (squalane, SQ, yLv = 28.9 mN/m; and hexadecane,
HD yLv = 27.5 mN/m) liquids.1’2173 Table 2.4 lists the advancing contact angles (ACAs) and the
hysteresis values (difference between advancing and receding contact angles) for all probe liquids
employed on the H18SH, HCyHnSH, FCyHnSH, PE, and PTFE surfaces.

Figure 2.5 compares the ACA values obtained for all the liquids on the investigated SAMs
and the two polymer surfaces. The wettability data of the H18SH SAMs, PE, and PTFE agree
with previously reported values.!?21°116%  Fyrthermore, the wettability data for these liquids on
both the FCyHNnSH and HCyHnNSH series showed no clear evidence for an "odd—even" effect.
Overall, the wettability data for all SAMs resemble those of the polymers they were designed to
mimic. For example, the ACA of water on the HCyHnSH SAMSs, 106-107< was similar to the
ACA of water on PE, 108< Similarly, water exhibited comparable contact angle values on the
FCyHNnSH SAMs, 119-120< as on the PTFE surface, 118< Importantly, the PE surface swelled
quickly upon contact with MF, DMF, ACN, SQ, and HD, indicating that these liquids intercalate
into the PE surface, leading to reorganization of the polymer chains. To compare the ACAs of PE
with those of the HCyHNnSH SAMs, all contact angle data taken on the PE surfaces were collected
within 5 seconds of coming into contact with the above-mentioned liquids. In contrast, we
observed no significant changes in the contact angles on the PTFE as a function of time of contact

with the liquids, which is consistent with previous wettability studies of PTFE.**" Similarly, the
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contact angles for all liquids on the HCyHnSH and FCyHnSH SAMSs were constant over time,
suggesting no surface reorganization.

Table 2.4. Advancing Contact Angles (6., 9 of the Investigated SAMs and Polymers Using
Various Probe Liquids

W FA MF DMF ACN SQ HD

117 99 80 74 68 58 47

H185H (5) @) @) (6) (8) ®) @)

106 85 67 61 52 16 <10

HCYHIOSH ) @) ®) (6) @) () 0)

107 86 68 60 51 15 <10

HCYHLISH () @) @) (4) @ () ()

PE 108 85 58 51 48 20 <10

1 1 7 1 4 57

BT D S e
11 104 7 5

FCYHLISH (g @) (10) (5) (4) (10) @)

PTEE 118 102 81 76 67 60 46

(14) (22) (15) (12) (12) (21) (23)

Entries marked (-) reflect receding contact angles <10<=(commonly defined as fully wettable).
Values of hysteresis (02 — 0r, ) are given in parentheses.

All of the surfaces examined showed an increasing trend in wettability (i.e., decrease in
contact angle) as the surface tension of the liquid decreased, save for one exception involving
acetonitrile and squalene on the FCyHNnSH SAMs (vide infra). Water, with the highest surface
tension (yLv = 71.97 mN/m), showed the highest contact angle on all the surfaces followed by
formamide, methylformamide, dimethylformamide, acetonitrile, squalane, and hexadecane. As
the intermolecular forces within the liquid decrease (i.e., hydrogen bonding and van der Waals
forces), self-association of the contacting liquid also decreases, leading to increased interactions
with the interface (i.e., a lower contact angle and thus a more wettable surface).}’* Accordingly,
among the polar contacting liquids, water interacts the least with these surfaces due to its high

surface tension (yLv = 71.97 mN/m) and the absence of hydrogen bonding with the surface and the
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absence of oriented dipoles near the interface.}47152153157 Note that the ACA values of water on
the fluorinated surfaces were higher than those on the hydrocarbon ones, which supports our earlier
hypothesis that the size of the perfluorinated cyclohexyl ring would sufficiently screen and thereby

mitigate any effects due to FC-HC dipole at the ring-alkyl chain junction.

| A O H18SH | B B FCyH10SH
1 o (A) o HcyHiosH| P71 @ (B) ® FCyH11SH
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Figure 2.5. Comparison of the advancing contact angles of various probe liquids for: (A) the
HCyHNnSH SAMs and PE; (B) the FCyHnSH SAMs and PTFE. W = water; F = formamide; MF
= methylformamide; DMF = dimethylformamide; ACN = acetonitrile; SQ = squalane; HD =
hexadecane. HD fully wets the HCyHnSH SAMs and PE. The H18SH SAM is included as a
reference. Error bars that are not visible fall within the symbols.

Both squalane and hexadecane are non-polar liquids with similar surface tensions
(28.9 mN/m for squalane and 27.5 mN/m for hexadecane), which interact with all the investigated
surfaces exclusively through dispersive (van der Waals) interactions. And although acetonitrile is
polar, its surface tension (ACN yLv = 29.3 mN/m) is comparable to those of the nonpolar liquids.
This rather small difference in liquid surface tension might be responsible for the minor
discrepancy noted above (i.e., the FCyHnSH SAMs were less wettable by squalane than by
acetonitrile). We note, however, that for the investigated PTFE sample, the wettability trends

followed the expected trajectory.
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Separately, the HCyHnSH SAMs and PE surfaces were more wettable by all contacting
liquids than the reference H18SH SAM. The observed differences in the wettability are a result
of the interfacial features of the films. In the HCyHnSH and PE surfaces there is an increase in
atomic contact per unit area compared to the H18SH SAM.1517 The chain termini in the H18SH
SAM are separated by a distance of ~5.0 A.**® However, the distance between the CH> units of
the cyclohexy! rings and the PE chain is the same as the length of a C-C bond, ~1.54 A,*7® which
can plausibly give rise to stronger vdW interactions between the interface and the nonpolar
contacting liquids. 16>t

The wettability data presented in Figure 2.5 shows that the current set of SAMs offers a
suitable model for evaluating the interfacial properties of the PE and PTFE polymers. Both pure
PE and PTFE are semi-crystalline polymers at room temperature, where their crystalline regions
are composed of planes of parallel linear chains.*?®1"" However, the sliding movement between
the different planes and reorientation of the polymer chains make the direct analysis of these
polymer interfaces a challenging task. Separately, the observed agreement between the wettability
data of the FCyHNnSH and HCyHnSH SAMs with their corresponding polymer films indicate that
these surfaces have a similar density of interfacial atomic contacts. Furthermore, the hysteresis
values, shown in Table 2.4, indicate that the investigated SAMs have lower hysteresis values than
the polymer surfaces, which might be the result of surface roughness and surface reconstruction.
We note that the investigated SAMs surfaces have lower surface roughness/heterogeneity
compared to the two polymers, which is consistent with the absence of surface reconstruction in

the SAM films.
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2.4. Conclusions

Adsorbates for generating cyclohexyl-terminated SAMs (HCyHnSH) and
perfluorocyclohexyl-terminated SAMs (FCyHnSH) were synthesized and used to form
monolayers on gold that serve as interfacial polymer mimics on metal substrates. The monolayer
films were characterized using ellipsometry, XPS, PM-IRRAS, and contact angle measurements.
Analysis by XPS indicated that the FCyHNnSH SAMs exhibited lower packing densities than their
hydrocarbon analogs, and both types of SAMs exhibited lower packing densities than the H18SH
films, which correlated with the steric bulk of the chain termini in these SAMs. The PM-IRRAS
spectra showed that the chain backbones of both FCyHnSH and HCyHnSH SAMs were less
conformationally ordered than normal hydrocarbon analogs. Furthermore, the HCyHNnSH SAMs
exhibited wettabilities similar to PE, while their fluorocarbon analogs exhibited wettabilities
similar to PTFE for a wide range of contacting liquids with no evidence of surface reconstruction
in the SAMs. Therefore, SAMs on gold derived from cyclohexyl-terminated thiols can thus serve

as robust models to study the interfacial properties and reactivities of polymer surfaces.
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Chapter 3: SAMs on Gold Derived from Adsorbates Having Cyclohexyl and
Phenyl Tailgroups Mixed with their Phase-Incompatible Perfluorinated

Analogs

3.1. Introduction

Incorporating fluorine atoms into the molecular structure of an adsorbate renders this class
of molecules excellent candidates for nanocoatings, specifically in the form of fluorinated self-
assembled monolayers (FSAMSs), due to their highly hydrophobic and oleophobic nature.®®
After decades of development, self-assembled monolayers (SAMs) have been widely employed
for surface modification in various industrial fields, such as anti-corrosion in GaAs electronic
devices,*>%%1% anti-fouling in biosensors,'®1° and anti-adhesion in microelectromechanical
systems (MEMS).10-11180  Modification of surfaces with SAMs, such as those derived from
alkanethiols, with differing chemical species (i.e., a fully hydrocarbon alkanethiol and a
fluorinated alkanethiol), have attracted the attention of scientist and engineers in order to tune
interfacial properties. However, due to the phase-incompatibility of fluorinated and non-
fluorinated adsorbates, discrepancies between the composition of the SAM and deposition
solutions are often seen.'8" Moreover, there are three major challenges that have been encountered
in attempts to generate mixed, phase-incompatible SAMs: (1) preferential adsorption of one type
of adsorbate over the other; (2) phase separation on the surface (i.e., the formation of molecular
domains formed on the nanometer scale); and (3) changes to the composition of the surface over
time due to adsorbate exchange.'82-18 For example, a previous study of mixed SAMs on Au(111)
derived from the mixture of hexadecane-1-thiol and heptadecafluorohexadecane-1-thiol, saw

preferential adsorption of the fluorinated adsorbate due to its poor solubility and the hydrophobic
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nature of the fluorinated adsorbate, facilitating its transition from the solution phase onto the gold
surface,186-188
Previous literature has extensively examined the effect of combining incompatible

182

functional groups, such as the mixed surface of methyl and hydroxymethyl groups, - methyl and

189 and methyl and oligo (ethylene glycol) groups.®® However the number of studies

amino groups,
exploring the effect of bulky functional groups is limited, especially for fluorinated groups.9-1%2
To study the effect of bulky perfluorinated tailgroups in mixed phase-incompatible SAMs, we
investigated mixed SAMs generated from two classes of adsorbates on Au(111) bearing either a
cyclohexyl or phenyl tailgroup of the form CeH11(CH2)1:SH (HCyH11SH) and CeHs(CH2)12SH
(PhH12SH), respectively). The adsorbates were mixed with their perfluorinated analogs,
CeF11(CH2)1:SH (FCyH11SH) and CeFsCF2(CH2)1:SH (FPhFH11SH), respectively, to generate
the mixed surfaces on gold; the molecular structures of the adsorbates are shown in Figure 3.1.
The adsorbates terminated with an aromatic moiety were included in this study in order to offer
insight into the structure-property relationship of mixed SAMs with different perfluorinated
tailgroups. All of the adsorbates in this study have bulky tailgroups compared to simple alkyl and
fluoroalkyl chains, but the phenyl and perfluorophenyl tailgroups are less sterically bulky than the
cyclohexane and perfluorocyclohexane rings because of the planar structure of phenyl ring.
Furthermore, m-interactions between phenyl rings, as well as n-interactions between phenyl and
perfluorophenyl rings, might reduce the phase separation of our mixed SAMs, 19319

The two series of mixed monolayers were characterized using ellipsometry, X-ray

photoelectron spectroscopy (XPS), polarization-modulation infrared reflection-absorption

spectroscopy (PM-IRRAS), and contact angle measurements.
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Figure 3.1. Molecular structures of the adsorbates used to generate mixed SAMs on gold.

3.2.  Experimental Procedures

3.2.1. Materials and Methods

In this study, the adsorbate 11-cyclohexyl-undecane-1-thiol (HCyH11SH)S° 11-
(perfluorocyclohexyl)undecane-1-thiol (FCyH11SH),° and 12-phenyldodecanethiol
(PhH12SH)**® was prepared following the synthetic route outlined in the indicated literature
references.

Tetrahydrofuran (THF — Avantor Performance Materials), dichloromethane (DCM —
Macron Chemicals), and diethyl ether (Et2O — J. T. Baker) were dried by distilling over calcium
hydride (Sigma Aldrich). Hexanes and acetone (both from Avantor Performance Materials), ethyl
acetate (Sigma Aldrich), and ethanol (EtOH — Aaper Alcohol and Chemical Co.) were either used
as received or degassed by purging with nitrogen. Methanesulfonyl chloride (MsCl), 2,2'-
azobis(2-methylpropionitrile)  (AIBN), lithium aluminum hydride (LiAlH4), borane

tetrahydrofuran complex (BHs-THF), triethylamine (EtsN), p-toluenesulfonic acid (PTSA), and
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3,4-dihydro-2H-pyran (DHP) were all purchased from Sigma Aldrich and used as received. 1-
(Difluoroiodomethyl)-2,3,4,5,6-pentafluorobenzene (Synquest Labs), 10-undecen-1-ol (Oakwood
Chemical), and potassium thioacetate (KSAc — Sigma Aldrich) were used as received.
Hydrochloric acid (HCI, 37% — Macron Fine Chemicals), zinc dust (Fischer), sodium iodide (KI
— EMD Chemicals), glacial acetic acid (AcOH) and ammonium chloride (NH4Cl — both from
Mallinckrodt Chemicals) were all used as received. Chloroform-d was purchased from Cambridge
Isotope Laboratories and used to collect all NMR spectra. Silica gel for column chromatography

was obtained from Sorbent Technologies.

3.2.2. Adsorbate Synthesis.

12,12-Difluoro-12-(perfluorophenyl)dodecane-1-thiol (FPHFH11SH) was prepared
following the synthetic route outlined below in Scheme 3.1 below.

Scheme 3.1. Preparation of 12,12-Difluoro-12-(perfluorophenyl)dodecane-1-thiol (FPHFH11SH).
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12,12-Difluoro-10-iodo-12-(perfluorophenyl)dodecan-1-ol (1) 1-(difluoroiodomethyl)-
2,3,4,5,6-pentafluorobenzene (5.03 g; 14.6 mmol), AIBN (0.239 g; 1.46 mmol), and 10-undecen-
1-ol (2.24 g; 13.2 mmol) were added to a 100-mL pear-shaped Schlenk flask. The system was
degassed using three cycles of a standard freeze-pump-thaw procedure. After warming to rt, the
reaction mixture was heated to 75 <C for 8 h. After cooling the reaction to rt, the crude mixture
was purified by column chromatography over silica gel using hexanes/ethyl acetate (80/20) as the
eluent system to give 2 as clear oil in 44% yield. *H NMR (500 MHz, CDCls): § 4.06 (m, 1H),
3.66 (t, J = 6.41 Hz, 2H), 2.74-3.00 (m, 2H), 2.27-2.32 (m, 2H), 1.84-2.09 (m, 4H), & 1.72 (m,

1H), 1.25-1.38 (m, 10H).

12,12-Difluoro-12-(perfluorophenyl)dodecan-1-ol (2) 2 (6.32 g; 12.3 mmol) and zinc dust
(12.0 g; 185 mmol) were added to 100 mL of glacial acetic acid at rt. The reaction mixture was
stirred for 40 h in the dark and then filtered through a bed of Celite. The Celite pad was then
washed with 200 mL of Et2O. The filtrate was washed with water (3 <100 mL), saturated aqueous
NaHCO3 (1 %100 mL), and brine (1 <100 mL). The organic layer was then dried over MgSQsa,
and the solvent was removed by rotary evaporation. The crude alcohol was purified by column
chromatography over silica gel using hexanes/ethyl acetate (80/20) as the eluent system to give 3
in 60% yield. *H NMR (500 MHz, CDCl3): & 3.65 (t, J = 6.40 Hz, 2H), 2.17-2.25 (m, 2H), 1.58—
1.62 (q, J = 7.56 Hz, 2H), 1.44-1.49 (m, 2H), 1.32-1.38 (m, 4H), 1.26-1.38 (m, 11H).

S-(12,12-Difluoro-12-(perfluorophenyl)dodecyl) ethanethioate (3) Alcohol 2 (4.57 g; 17.5
mmol) was dissolved in anhydrous THF under nitrogen, and the solution was cooled to 0 <C in an
ice bath. Triethylamine (7.2 mL g; 52.5 mmol) was added slowly to the resulting mixture and
stirred for 30 min at 0 <C. After that, MsCl (4.1 mL; 52.5 mmol) was added dropwise. The

reaction was warmed to rt, stirred for 6 h, and subsequently quenched with 200 mL of water. The
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product was extracted with EtoO (3 > 100 mL), and the combined organic phases were washed
with 1M HCI (1 <100 mL), water (1 <100 mL), and brine (1 <100 mL). The organic layer was
dried over anhydrous MgSOs, followed by removal of the solvent by rotary evaporation. The
crude mesylate was dried under high vacuum overnight and dissolved in 100 mL of absolute
ethanol. A portion of KSAc (3.97 g; 34.8 mmol) was then added to the solution, and the mixture
was refluxed for 6 h. After cooling the reaction to rt, the solvent was removed by rotary
evaporation and 200 mL EtO was added to the mixture. The organic phase was washed with
water (1 <100 mL) and brine (1 <100 mL), and then dried over MgSOa. The solvent was removed
by rotary evaporation. The crude product was purified by silica gel chromatography using hexanes
as the eluent to give 3 as yellow oil in 96% yield. *H NMR (500 MHz, CDCls): § 2.85 (t, J = 7.56
Hz, 2H), 2.32 (s, 3H), 2.17-2.25 (m, 2H), 1.58-1.62 (m, 2H), 1.44-1.49 (m, 2H), 1.32-1.38 (m,
4H), 1.26-1.38 (m, 10H).

12,12-Difluoro-12-(perfluorophenyl)dodecane-1-thiol (FPHFH11SH) The thioacetate 3
(0.60 g; 15.0 mmol) was dissolved in 100 mL of absolute ethanol. To the solution, 0.40 mL HCI
(37%) was added, and the stirred mixture was heated under reflex at 80 <C for 12 h. The reaction
mixture was evaporated to dryness by rotary evaporation. The crude thiol was purified by column
chromatography on silica gel (hexanes) to give FPHFH11SH as light-yellow oil in 78% yield.
IH NMR (500 MHz, CDCls): § 2.50 (t, J = 7.56 Hz, 2H), 2.17-2.25 (m, 2H), 1.58-1.62 (m, 2H),
1.44-1.49 (m, 2H), 1.32-1.38 (m, 4H), 1.26-1.38 (m, 11H). 3C NMR (151 MHz, CDCl5): 5 145.5,
143.7, 142.9, 141.2, 138.8, 137.2, 120.9, 34.1, 29.8, 29.5, 29.4, 29.3, 29.1, 29.0, 28.6, 28.4, 24.7,
22.1. F NMR (376 MHz, CDCls): & -90.1 (s, 2F), -120.2 (s, 2F), -150.8 (s, 1F), -160.5 (s, 2F)

HR-GC-MS, m/z: 404.1418 (C1sH2,F7SH*), 403.1325 (M*-H).
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3.2.3. Preparation and Characterization of the SAMs

Gold shot (99.999%) was purchased from Kamis Incorporated. Chromium rods (99.9%)
were purchased from R. D. Mathis Company, and polished single-crystal Si(100) wafers were
purchased from Silicon Wafer Enterprises. The gold substrates were prepared by thermal
evaporation onto Si(100) wafers under vacuum at a pressure < 6 x 107 torr. Chromium (100 A)
was initially deposited at rate of 0.5 A/ s to aid the adhesion of the Au layer, then 1000 A of Au
was deposited at rate of 0.5 A/s. Immediately after vapor deposition, the substrates were cleaned
with ultra-pure nitrogen gas. Solutions of the 1 mM thiols in different ratios in absolute ethanol
(previously degassed) were prepared in 40 mL vials. Two cut Au slides (2 cm > 1 cm) were then
immersed into each of the thiol solutions and allowed to equilibrate for 48 h at rt in the dark.
Before characterization, all films were rinsed with THF followed by absolute ethanol and dried
with ultra-pure nitrogen flow.

Thickness measurements were collected on an alpha-SE ellipsometer from J.A.Woollam
with an incident angle set to 70< The refractive index was set to 1.45, which is consistent with
the value used in the previous literature for organic monolayers. The thickness value of one sample
were derived from the averages of 6 measurements (3 measurements per slide).

X-Ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 5700
X-Ray photoelectron spectrometer with a monochromatic Al Ko X-ray source (hv = 1486.7 eV)
incident at 90 “relative to the axis of the hemispherical energy analyzer. The takeoff angle from
the surface was set at 45°with a pass energy of 23.5 eV. The Au 4f7; peak at 84.0 eV was used
as a reference peak, with each spectrum calibrated to the reference.’®® A standard SAM derived

from octadecanethiol (ODT) was also characterized and used as a reference.
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PM-IRRAS spectra were collected using a Nicolet Nexus 670 Fourier transform
spectrometer equipped with a mercury-cadmium-telluride (MCT) detector and a Hinds Instrument
PEM-90 photoelastic modulator. The collected spectra were from surfaces mounted at an incident
angle of 80<for the p-polarized light with respect to the surface normal. For each sample, we
collected 1024 scans at a resolution of 2 cm™.,

Contact angle data were obtained using a compact high-resolution CMOS camera
(DCC1645C) and 12X zoom lens (MVL12X12Z) working with a Matrix Technologies micro-
Electrapette 25 dispensing liquids from a disposable pipette tip. Contacting liquids were dispensed
at a speed of 1 pL/s to obtain advancing contact angles (6a). The specific method used to collect
the contact angle data was the dynamic sessile drop procedure (where the liquid dispensing pipette
remains in contact with the drop), with images taken during the dispensing of the contacting liquid,
maintaining the pipette tip centered on the drop. The reported contact angle data represent the
average of at least 12 measurements from 3 different locations for each SAM-coated slide. Adobe®
Photoshop® was used to measure the angles on each side of the dispensed droplets. The following
two contacting liquids were used: water (Millipore water with a resistivity of 18.2 MQ-cm) and

diiodomethane (CHzl2 — Sigma-Aldrich).

3.3.  Results and Discussion

The nomenclature of the mixed SAMs is defined according to the mole fraction of the
fluorinated adsorbate in solution. For example, the sample FCyH11SH (0.00) represents a SAM
composed of 100% HCyH11SH, while FPhFH11SH (0.00) represents a SAM composed of 100%

PhH12SH. A detailed overview of the composition of the SAMs are given in Table 3.1.
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Table 3.1. Adsorbate Mole Fraction in Solution Used to Generate the Mixed SAMs

Mole Fraction of Sample
Fluorinated Adsorbate
in Solution FCyH11SH HCyH11SH FPhFH11SH PhH12SH
0.00 0.00 1.00 0.00 1.00
0.25 0.25 0.75 0.25 0.75
0.50 0.50 0.50 0.50 0.50
0.75 0.75 0.25 0.75 0.25
1.00 1.00 0.00 1.00 0.00

3.3.1. Ellipsometric Thickness Measurements.

After the mixed SAMs were deposited on Au(111) for 48 h, the average thicknesses of the
thin films were measured by ellipsometry. Table 3.2 lists the average ellipsometric thickness of
the mixed SAMs on Au(111). For HCyH11SH / FCyH11SH mixed SAMs, the single component
SAMs generated from the adsorbates with the perfluorinated tailgroups exhibited lower
thicknesses than their hydrocarbon analogs: 12 A for the FCyH11SH (1.00) SAM vs 14 A for
FCyH11SH (0.00) (e.g. HCyH11SH), respectively. The thinner thicknesses of the FSAMs was
attributed to the lower packing densities, due to the larger van der Waals (vdW) radius of the
fluorine atoms (1.47 A) compared to hydrogen atoms (1.20 A)**® in addition to the sterically
bulkier perfluorinated tailgroups compared to the hydrocarbon tailgroups. Moreover, impacted by
the bulkier tailgroups of cyclohexane compared to the planar phenyl ring, the HCyH11SH /
FCyH11SH mixed SAMs show lower thickness than the PhH12SH / FPhFH11SH mixed SAMs.

In the mixed SAMs, introduction of the fluorinated adsorbate into the deposition solution
led to a decrease in the film thickness. However, based on the film thickness data alone, it is
difficult to determine the phase behavior on the surface. Further insight into the composition of

the films will be discussed in detail in the XPS section.
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Table 3.2. Ellipsometric Thicknesses of the Investigated Mixed SAMs

sample Th'gi)”ess sample Thickness (A)

FCyH11SH (0.00) 14 +1 FPhFH11SH (0.00) 18 +1
FCyH11SH (0.25) 14 +1 FPhFH11SH (0.25) 18 +1
FCyH11SH (0.50) 14 +1 FPhFH11SH (0.50) 18 +1
FCyH11SH (0.75) 14 +1 FPhFH11SH (0.75) 17 +1
FCyH11SH (1.00) 12 +1 FPhFH11SH (1.00) 17 +1

3.3.2. XPS Composition Analysis and Packing of the SAMs.

In the analysis of organic thin films, XPS is a commonly used technique for determining
the surface composition and the relative packing densities of thiol-based SAMs. 161197198 Figyre
3.2 shows the XPS spectra of the S 2p, C 1s, and F 1s binding energy regions of the mixed SAMs
derived from HCyH11SH and FCyH11SH. The S 2p spectra gives insight into the chemical
nature of the sulfur species on the surface. Bound thiolates exhibit a doublet attributed to the S
2p3s2 photoelectron at 163.0 eV and the S 2psj2 photoelectron at 162.0 eV in a 1 to 2 ratio for the
2p1/2 to 2par2 photoelectrons, which appeared for all the SAMs in the study.3"1% Moreover, the
absence of peaks at ~164 eV or ~166 eV suggests no unbound thiol or highly oxidized sulfur
species, respectively, in all the investigated SAMs.1%® For the HCyH11SH and FCyH11SH mixed
SAMs series the S 2p spectra exhibits the characteristic doublet representative of a bound thiolate
at ~163.0 eV and ~162.0 eV in every sample, suggesting that both alkanethiols chemically bind to

the Au(111) surface.
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Figure 3.2. XPS spectra of the (a) S 2p, (b) C 1s, and (c) F 1s binding regions of the mixed SAMs
derived from HCyH11SH and FCyH11SH.

In Figure 3.2a, the C 1s spectra of the HCyH11SH SAMs show only one peak at 284.7 eV,
which indicates the carbons of the cyclohexyl ring, the tertiary carbon, and the carbons of the alkyl
chain have a similar binding energy. The C 1s spectra of the FCyH11SH (1.00) SAM, shown in
Figure 3.2b, exhibits two large peaks at 291.1 eV and 284.5 eV and a smaller peak at ~288.6 eV,
which are attributed to the CF, of the perfluorinated cyclohexane ring, CH> of the hydrocarbon
chain, and CF connected to the alkyl chain, respectively.® The fluorine atoms in the
perfluorocyclohexane-termianted adsorbate produced a peak in the F 1s region at 688.4 eV, shown
in Figure 3.2c. Apparent in the spectra, a gradual increase in the intensity of the peak is observed
in the samples as the concentration of the fluorinated adsorbate increases in the deposition solution.

The S 2p spectra of PhH12SH / FPhFH11SH mixed SAMs in Figure 3.3a exhibit a
characteristic doublet attributed to bound thiolate at ~162.0 eV and ~163.0 eV. For the PhH12SH
SAM (e.g., FPhFH11SH (0.00)), a single peak at 284.7 eV in the C 1s spectrum was observed in

Figure 3.3b. On the other hand, the C 1s spectrum of the FPhFH11SH SAM (e.g., FPhFH11SH
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(1.00)) exhibited three peaks at 290.5 eV, 288.3 eV, and 284.6 eV, which were attributed to
electrons arising from the CF,, CF of the perfluorophenyl ring, and CH; of the hydrocarbon chain,
respectively. Similar to the FCyH11SH SAM, the F1s region shown in Figure 3.3c shows a peak
at 688.4 eV which gradually increases as the concentration of the fluorinated adsorbate increases

in the deposition solution.
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Figure 3.3. XPS spectra of the (a) S 2p, (b) C 1s, and (c) F 1s binding regions of the mixed SAMs
derived from PhH12SH and FPhFH11SH.

In addition, the relative packing density was calculated by monitoring the integrated
intensity of the S 2p and Au 4f signals, specifically the S / Au ratios.’®® In our analysis, an
octadecanethiol (ODT) SAM on Au was used as the reference, in which all binding sites on the
Au surface are occupied and the packing density is 100%. Moreover, it is important to note that
the electron attenuation lengths of hydrocarbons and fluorocarbons are indistinguishable, and the
packing densities of the investigated thin films on Au can be calculated in the same manner.1®
Table 3.3 shows the relative packing densities of the investigated mixed SAMs. For the

HCyH11SH / FCyH11SH mixed SAMs, the packing densities of the mixed SAMs decreased as
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the mole fraction of the fluorinated adsorbate was increased in solution, which is not significant in
the PhH12SH / FPhFH11SH mixed SAMs. Overall, the PhH12SH / FPhFH11SH mixed SAMs
show higher packing densities than the HCyH11SH / FCyH11SH mixed SAMs, likely due to the
different size of the chain termini. Additionally, in 2016 Lee and coworkers introduced bidentate
adsorbates that exploits the "chelate effect” to generate homogeneously mixed monolayers on
Au(111).18 However, impacted by the large footprint of the bidentate head group, the packing
densities (i.e., number of molecules per unit area) of the bidentate SAMs suffer a 40% reduction
compared to their monodentate analogs.*®” In our case, by using monodentate adsorbates instead
of bidentate, the relative packing of all the investigated mixed SAMs remain 66% and above.
Especially for the PhH12SH / FPhFH11SH mixed SAMs in different ratios, they all reach 82%
and above in packing densities, which provides densely packed films for homogenously mixed

surfaces

Table 3.3. Relative Packing Densities (%)? of the Mixed SAMs as Determined by XPS

Mole fraction of

FSAM in solution FCyHI11SH FPhFH11SH
0.00 74 +£5 88 +5
0.25 72 5 83 +5
0.50 715 87 +6
0.75 71 +£5 88 +6
1.00 66 +5 82 46

®To compare the relative packing densities, the S/Au ratios of the investigated SAMs were
compared to the reference octadecanethiol (ODT) SAM.

To determine the composition of the mixed SAMs, the fluorocarbon (specifically the CF»)
and fluorine signals were used to evaluate the relative concentration of the fluorinated adsorbate
on the surface of the mixed SAMs. For the HCyH11SH / FCyH11SH series, the relative ratios

of the integrated intensity (peak area) of the CF2 / Au and F / Au were calculated and shown in
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Figure 3.4. It should be noted that the FCyH11SH (1.00) SAM was used as a reference and set to
a ratio of 1.00. Figure 3.4a shows that the CF, / Au ratios from FCyH11SH (0.25), FCyH11SH
(0.50), and FCyH11SH (0.75) only reached 0.02, 0.11, and 0.21, respectively. Similarly, the F /
Au ratios, Figure 3.4b, for FCyH11SH (0.25), FCyH11SH (0.50), and FCyH11SH (0.75) were
0.02, 0.11 and 0.21, respectively. The results indicate that these films were mainly composed of
HCyH11SH adsorbates with a small amount of FCyH11SH. Interestingly, our data shows
significant preferential adsorption of the hydrocarbon adsorbate, HCyH11SH, over the fluorinated
adsorbate, FCyH11SH, compared to the aforementioned alkanethiol system where the opposite
trend is observed.!8® The observed preferential adsorption of the hydrocarbon adsorbate over the
fluorinated component in the HCyH11SH / FCyH11SH series suggest that there are other factors
at play other than solubility of the adsorbate alone. A previous study from Yu et al. stated that
both HCyH11SH and FCyH11SH SAMs exhibit low packing densities compared to normal
alkanethiols due to their bulky termini.® Additionally, the SAM generated from FCyH11SH was
found to be more rigid and less densely packed than its hydrocarbon analog, impacted by the larger
van der Waals (vdW) volume of the fluorine atoms.®**® Therefore, despite the difference in
solubility, the large and rigid chain termini of the FCyH11SH adsorbate likely hinders the its
adsorption onto the surface. Another plausible reason for the observed preferential adsorption of
the HCyH11SH adsorbate over FCyH11SH is rapid exchange between the FCyH11SH on the

surface and the thermodynamically favored HCyH11SH in the solution phase.!®
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Figure 3.4. (a) CF.2/ Au ratio and (b) F/Au ratio of the mixed SAMs derived from HCyH11SH
and FCyH11SH.

A similar approach was taken in the analysis of the PhH12SH / FPhFH11SH, where the
relative ratios of CF / Au and F / Au from the XPS data were used to calculate the surface
composition of the mixed SAMs; the CF from the aromatic ring at 288.3 eV was used in the
analysis. The data in Figure 3.5a shows the CF / Au ratios of FPhFH11SH (0.25), FPhFH11SH
(0.50), and FPhFH11SH (0.75) at 0.08, 0.36, and 0.72, respectively. Following the same trend,
the F/ Au ratios in Figure 3.5b show FPhFH11SH (0.25), FPhFH11SH (0.50), and FPhFH11SH
(0.75) having ratios of 0.10, 0.37, and 0.72, respectively. The ratios of the FPhFH11SH (0.25)
and FPhFH11SH (0.50) SAM indicate that the mole fraction of the FPhFH11SH adsorbate on
the surface is lower than the mole fraction in solution with a slight preferential adsorption of the
PhH12SH adsorbate, likely due to the difference in the steric bulk of the tailgroups. However, In
the case of the FPhFH11SH (0.75) SAM, the mole fraction of adsorbate on the surface was the
same as the mole fraction in solution, within error. Regardless of the lower surface mole ratios of
the former mixed SAMs, there is a linear trend in the data suggesting that the PhH12SH and

FPhFH11SH adsorbates adsorb onto the surface with similar tendencies.
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Figure 3.5. (a) CF/Au ratio and (b) F/Au ratio of the mixed SAMs derived from PhH12SH and
FPhFH11SH.

The data suggests that there are two factors that may contribute to the observed phenomena:
the solubility of the adsorbate in the deposition solution and molecular interactions between the
tail groups. Previous study shows in the case of the mixed SAMs derived from hexadecane-1-thiol
and heptadecafluorohexadecane-1-thiol, poor solubility of the fluorinated adsorbate is the key
factor that contribute to preferential adsorption of it over its hydrocarbon analog.'®-18 |n the case
of the HCyH11SH / FCyH11H mixed SAMs, although it is also noticeable that FCyH11SH is
harder to dissolve in ethanol than HCyH11SH, the steric bulkiness of the FCyH11SH adsorbate
is likely a key factor that leads to significant preferential adsorption of the less bulky hydrocarbon
adsorbate. The unfavorable dispersive interactions between the fluorocarbons and hydrocarbons
in the tailgroups of the adsorbates are likely an additional factor leading to the displacement of the
fluorinated adsorbate from the surface. Inthe PhH12SH / FPhFH11SH mixed SAMs, the planar
structure of the phenyl moieties coupled with t-w interactions likely leads to a film that is closely
representative to the deposition solution.?®*2% This is evidenced in the relatively higher packing
densities compared to the HCyH11SH / FCyH11SH mixed SAMs. The less bulky tailgroups
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compared to cyclohaxne ring, and the interactions between the termini lead to homogenously
mixed SAMs derived from PhH12SH / FPhFH11SH. In addition, thanks to the special dielectric
property of &t system, phenyl-terminated SAMs have been applied on field-effect transistors (FETS)
to tune the surface potentials and improve their performance,.?®?%2 By using our
PhH12SH / FPhFH11SH mixed SAMs system, it allows researchers to control the surface

composition of mixed SAMs linearly.

3.3.3. Assessment of Chain Conformational Order Using PM-IRRAS.

PM-IRRAS is a surface-IR spectroscopy method that can be used to probe the relative
chain conformational order of SAMSs.*®® For well-ordered alkanethiol monolayers in which the

hydrocarbon chains adapt all-trans extended crystalline conformations, such as the ODT SAM
shown in Figure 3.6, the methylene antisymmetric stretching band (vas“2) is located at 2918 cm-

1169 On the other hand, disordered SAMs exhibit a blue shift in the vas“H2 peak position.1™® Figure
3.6 shows the PM-IRRAS spectra of the mixed SAMs derived from the HCyH11SH / FCyH11SH
and the PhH12SH / FPhFH11SH mixed SAMs in the C—H stretching region. All of the SAMs
in the HCyH11SH / FCyH11SH series exhibit their vasc™2 peak at 2923 + 1 cm™ with the single
component SAMs in agreement with a previously published report.® We note that the broadening
of the vas®™ and vs“"; peaks is due to an overlap between the peaks of the alkyl chain and the
cyclohexane ring, which are observed in all of the spectra except for FCyH11SH (1.00).° For the

PhH12SH / FPhFH11SH series, the vasCH2 stretching band was observed at 2918 cm™ to 2919 cm-

1 which is consistent with the vas“™2 position observed in a previous report.%
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Figure 3.6. PM-IRRAS spectra of the mixed SAMs derived from (a) HCyH11SH / FCyH11SH
and (b) PhH12SH / FPhFH11SH.

The PM-IRRAS spectra can also be used to obtain insight into the mixing of the adsorbates
on the surface by monitoring peaks unique to one of the adsorbates. For the HCyH11SH /
FCyH11SH series, the shoulder peak at 2937 cm™ which is unique to the cyclohexane ring was
used to monitor changes in the spectra. Conversely, for the PhH12SH / FPhFH11SH series, the
peaks at 3033 cm™ and 3037 cm™*, which arise from the phenyl ring, were used. Apparent from
the data, all of the mixed SAMs in the HCyH11SH / FCyH11SH series, with the exception of
FCyH11SH (1.00), exhibit C-H stretches from the cyclohexane ring, indicating that the surface is
predominately composed of the HCyH11SH adsorbate, in accordance with the XPS data. On the
contrary, in the PhH12SH / FPhFH11SH series, there is a gradual decrease in the intensity of the
aromatic C-H stretches in the spectra as the concentration of the fluorinated adsorbate is increased
in the deposition solution. The gradual decrease observed in the spectra is indicative of surface

composed of both components, in agreement with the XPS data.
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3.3.4 Contact Angle Measurements.

The interfacial properties of the two mixed SAMs were characterized using contact angle
measurements.  The advancing contact angles (6.) of the mixed SAMs using water
(yLv = 72.0 mN/m) and diiodomethane (yLv =50.0 mN/m) as the contacting liquids. 1> The
surface energies of the mixed SAMs were also calculated using the Owens-Wendt method, which
is commonly used in calculating the surface energies of organic thin films.2%-2% Figure 3.7 shows
the advancing contact angles and surface energies of the mixed SAMs derived from the
HCyH11SH / FCyH11SH series. Due to the hydrophobic and oleophobic nature of the fluorine
atom, the fluorinated SAM, FCyH11SH (1.00), had higher water and diiodomethane contact
angles, (117<=and 80< respectively) than its hydrocarbon analog (106 and 52< respectively),
which is consistent with previous research.® The water and diiodomethane contact angles of the
mixed SAMs remain relatively the same, with the exception of the FCyH11SH (0.75) and
FCyH11SH (1.00) where a significant increase in the contact angles are observed. We note that
diiodomethane is more sensitive towards the change of surface composition, because the relatively
low surface tension of diiodomethane makes it easier to intercalate into the films. The surface
energy of the mixed HCyH11SH /FCyH11SH show a consistent trend from 34 mJ/m? to
28 mJ/m?, within error, on the FCyH11SH (0.00), FCyH11SH (0.25), FCyH11SH (0.75), and
FCyH11SH (0.75) SAMs. But from FCyH11SH (0.75) to FCyH11SH (1.00), surface energies
dramatically change from 28 mJ/m? to 18 mJ/m?. More importantly, the wettability and surface
energies of the mixed SAMs derived from the HCyH11SH / FCyH11SH SAMs do not exhibit a
linear relationship with the concentration of the FCyH11SH in the deposition solution. These

wettability behaviors limit the usage of this type of mixed SAMs to tune the wettability of surfaces.
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The contact angle data suggests that the interfacial properties of the SAMs resemble the

hydrocarbon SAM, HCyH11SH, in agreement with the XPS and PM-IRRAS data.
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Figure 3.7. (a) Advancing contact angles of water and dilodomethane on the mixed SAMs derived
from HCyH11SH and FCyH11SH, and (b) surface energies of the mixed SAMs derived from
HCyH11SH and FCyH11SH. Error bars are within the symbols.

Figure 3.8 shows the advancing contact angles and surface energies of the mixed SAMs
derived from the PhH12SH / FPhFH11SH series. The water contact angle data of the single
componenet SAMs, FPhFH11SH (0.00) and FPhFH11SH (1.00), indicates that the underlying
CF2-CH: (FC-HC) dipole does not affect the interfacial properties of the films. Previous reports
with interfacial dipoles have seen lower water contact angles on these types of surfaces than the
analogous hydrocarbon SAM.* The perfluorophenyl tail group screens the FC-HC dipole leading
to a water contact angle that was higher than the phenyl-terminated SAM (114°vs 90<
respectively).’® A similar trend is observed with the contact angle values of diiodomethane, 76
for the FPhFH11SH (1.00) SAM and 44 <for the FPhFH11SH (0.00) SAM. Furthermore, the
surface energies of the SAMs, shown in Figure 3.8b, exhibit a decreasing trend as the concentration

of the fluorinated adsorbate is increased. More importantly, the contact angles of both test liquids
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and the surface energies exhibit a linear relationship with the composition of the solution, and is
consistent with the XPS data. The data implies that the PhH12SH / FPhFH11SH SAMs can be

used to tune the surface energy of surface, ranging from 38 mJ/m? to 20 mJ/m?.
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Figure 3.8. (a) Advancing contact angles of water and diiodomethane on the mixed SAMs derived
from FPhFH11SH and PhH12SH, and (b) surface energies of the mixed SAMs derived from
FPhFH11SH and PhH12SH. Error bars are within the symbols.

3.4. Conclusions

In this study, two types of mixed self-assembled monolayers (SAMSs) derived from
adsorbates terminated with either a cyclohexyl tailgroup (HCyH11SH) or phenyl tailgroup
(PhH12SH) mixed with their perfluorinated analogs (FCyH11SH and FPhFH11SH, respectively )
were deposited on Au(111) surfaces. The XPS results show preferential adsorption of the
nonfluorinated SAM in the HCyH11SH / FCyH11SH series.  In the case of the PhH12SH /
FPhFH11SH mixed SAMs, a linear relationship was observed between the mole fraction of the
adsorbate on the surface and the mole fraction in solution. The relative solubility, steric bulkiness,
and the interaction between the two different adsorbates were determined to be major
contributions to the preferential adsorption in the mixed SAMs of this class. Moreover, the mixed

SAMs were also characterized using PM-IRRAS and contact angle goniometry measurements and
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the surface energies of investigated surfaces were calculated using the Owens-Wendt method. In
the case of the mixed SAMs derived from mixture of PhH12SH and FPhFH11SH, the contact
angles of two test liquids and the surface energies show a linear relationship with respect to the
mole fraction in solution, which was consistent with the composition determined from the XPS
data. The results in this study suggest that the interfacial properties can be controlled with minimal
loss of packing densities with the PhH12SH / FPhFH11SH mixed SAMs on metal surfaces, which

is benefit to tuning the surface potential for organic thin film transistors.
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Chapter 4: Surface Passivation of GaAs using Bidentate Alkanethiols

4.1. Introduction

GaAs is a novel 111-V semiconductor material that has attracted increasing attention in
applications such as photovoltaics (PV),2°"2% photonics,?® and radio frequency (RF)
transistors.?! Compared to Si-based transistors, the higher electron mobility of GaAs ensures that
GaAs radio frequency (RF) devices function at much higher frequencies, and these devices have
been widely used in power amplifier (PA) components in cell phones.l%22! Because GaAs
exhibits efficient solar absorption due to its near-ideal optical bandgap and direct-bandgap
properties, GaAs solar cells currently have the highest conversion efficiency of ~29% in single-
junction solar cells.207212213 I the last decade, flexible GaAs thin-film PVs have attracted
significant attention in the energy industry due to their cost-effective thin film production and
flexibility.?!* Additionally, flexible GaAs solar cells exhibit good resistance to strong radiation
and heat, which makes GaAs solar cells excellent candidates for use in foldable solar panels on
space stations and satellites and in wearable electronic devices.?t%2t

However, GaAs surfaces oxidize in the ambient environment and generate Ga.Oz and
As,03, which can further react with oxygen to form As,Os in half a year.?'® The latter two arsenic
oxide species are volatile, forming a Ga-rich oxide layer, and Ga;Os is dominant on the surface.?*°
Although HCI or NH4OH solutions have been used for etch removal of GaAs oxides in the
semiconductor industry, exposure to air again oxidizes the GaAs surface in a short time.??® In
GaAs solar cells, the surface oxides on GaAs accelerate surface recombination and reduce the solar
cell performance significantly in a short period of time.1%22! Additionally, As,Os is highly toxic,
and its hydrolysis product, arsenic acid (H2AsOs), can contaminate water sources.’®® Hence, to

enhance the durability and performance of GaAs devices, a major challenge of GaAs
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semiconductor technology is surface passivation to prevent oxidation in the long term.
Researchers have found that sulfur atoms can bind to unsaturated Ga or As atoms on GaAs
surfaces, and several compounds containing sulfur, such as (NH4)2S,%?? Na2S,'% trioctylphosphine

sulfide,1%

and self-assembled monolayers (SAMs) of alkanethiol, are widely used to passivate
GaAs surfaces.??® Alkanethiol SAMs deposited on GaAs (100) were first studied by Lunt et al.?%3
and Sheen et al.!%” in 1991. Unlike inorganic salts that produce toxic HzS in GaAs surface
treatment, alkanethiol SAMs on GaAs used for surface passivation are less harmful to the
environment and can form a protective layer on GaAs to prevent surface reoxidation.??*
Alkanethiols on Au are a well-known system used by scientists, but studies that employ SAMs on
GaAs are still limited.1”?>> Recently, Muscat and coworkers investigated SAMs of alkanethiols
with different chain lengths on GaAs (100) and studied the reoxidation of GaAs(100) with SAMs
in air.!'®* They found that the packing densities of SAMs on GaAs (100) increased with chain
length because interchain interactions reduced the tilt angle of the SAM molecules, allowing more
thiols to be absorbed onto the GaAs surface. In 2005, Zharnikov and coworkers studied the
orientation of partially fluorinated alkanethiols, F(CF2)n(CH2)1:SH (n = 6, 8, and 10), on GaAs
substrates. For SAMs on Au systems, various kinds of SAMs with multidentate headgroups have
been reported.’>"?2%6 | ee and coworkers synthesized bidentate alkanethiols to form SAMs on Au
(111), in which the dithiol headgroups enhanced the stability of the resulting SAMSs by suppressing
the formation of disulfide.??-??® In a follow-up study on mixed SAMSs, the same group synthesized
and deposited partially fluorinated bidentate alkanethiols on Au (111).18

To investigate bidentate SAMs on GaAs, we deposited and characterized SAMs from
bidentate alkanethiol HL6BDT on GaAs (100) and its partially fluorinated analog FBH8BDT, as
shown in Figure 4.1. H16BDT has a bidentate headgroup and a 16-hydrocarbon spacer, while
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F8H8BDT has the same bidentate headgroup and an 8-fluorocarbon in its 16-carbon spacer.??’-228

To compare monodentate alkanethiols that have the same tailgroups, hydrocarbon and fluorinated
SAMs on GaAs (100) derived from H16SH and F8H8SH were prepared, as shown in Figure 4.1.
Monodentate H16SH and F8H8SH have the same tailgroups as H16BDT and F8H8BDT,
respectively, which allows us to study the effect of different headgroups on the surface properties.
Additionally, to investigate the effect of different hydrocarbon chain lengths in SAMs,
monodentate H18SH (octadecanethiol) and FBH10SH, which both have 18 carbons in their
tailgroups, were deposited on GaAs (100) and characterized. Studying these SAMs on GaAs (100)
provided insight into the effects of bidentate headgroups and terminally fluorinated tailgroups of
SAMs on GaAs (100). Additionally, the stability and surface passivation behaviors of the
investigated SAMs under ambient conditions were tested by XPS, confirming that bidentate
alkanethiols can be employed to passivate GaAs surfaces. First, we used an NH4sOH solution
followed by an HCI solution to remove the oxide layer on GaAs by etching and expose the As-
rich GaAs surface.'®* Then, ellipsometry, contact angle measurements, and X-ray photoelectron

spectroscopy (XPS) were used to characterize the investigated SAMs on GaAs (100).
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Figure 4.1. Molecular structures of the 6 adsorbates in this study.

4.2.  Experimental Procedures

4.2.1. Materials and Methods

In this study, the adsorbates hexadecanethiol (H16SH) and octadecanethiol (H18SH) were
purchased from Sigma-Aldrich and used as received.
9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadeca-fluorohexadecane-1-thio (F8H8SH)
and 11,11,12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-heptadecafluorooctadecane-1-thio
(F8H10SH) were prepared following the synthetic route outlined in the literature.’*® (5-

(hexadecyloxy)-1,3-phenylene)dimethanethiol (H16BDT) and (5-
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(9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadeca- fluorohexadecyloxy)-1,3-
phenylene)dimethanethiol (FSH8BDT) were prepared as described in the literature.'®® The
hydrochloric acid solution (HCI, 37%) and ammonium hydroxide solution (NH4sOH, 30%) were
purchased from Mallinckrodt Chemicals and used as received. Anhydrous ethanol (EtOH — Aaper
Alcohol and Chemical Co.) was degassed by purging with nitrogen gas. Water was purified by an
Academic Milli-Q Water System (Millipore Corporation) and then degassed by purging with

nitrogen gas before use.

4.2.3. Preparation and Characterization of the SAMs on GaAs

GaAs (100) wafers (diameter = 50.8 mm, thickness = 350 pm, Si-doped) were purchased
from University Wafer, Inc. Solutions of the 6 thiols at a concentration of 1 mM in absolute
ethanol (previously degassed) were prepared in 40 mL vials that were cleaned with piranha
solution and rinsed thoroughly with deionized water, followed by an absolute ethanol rinse prior
to use. The cut GaAs slides (2 cm x 1 cm) were immersed in an NH4OH solution (15% wi/w) for
5 min, rinsed with water and transferred into an HCI solution (15% w/w) for 5 min to remove the
GaAs native oxide layer. Then, the GaAs slides were transferred into the respective thiol solutions
without drying and incubated for 8 h at room temperature in the dark. A slide of bare GaAs (100)
after etching was used as a reference. Before characterization, all substrates were rinsed with
absolute ethanol and dried with ultrapure nitrogen gas.

Thickness measurements were performed on an alpha-SE ellipsometer from J.A. Woollam
with the incident angle set to 70< The refractive index was set to 1.45, which is consistent with
the value of organic monolayers used in the previous literature.®® The thickness value of one

sample was derived from the averages of 6 measurements.
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Contact angle data were obtained using a compact high-resolution CMOS camera
(DCC1645C) and a 12X zoom lens (MVL12X12Z) working with a Matrix Technologies micro-
Electrapette 25 that dispensed liquids from a disposable pipette tip. The contact liquids were
dispensed at a speed of 1 pL/s to obtain advancing contact angles (6a). Specifically, the dynamic
sessile drop procedure (in which the liquid-dispensing pipette remains in contact with the drop)
was used to collect the contact angle data, and images were taken while dispensing the contact
liquid and maintaining the pipette tip centered on the drop. The following contact liquids were
used: water (Millipore water with a resistivity of 18.2 MQ-cm), hexadecane (HD — Sigma-
Aldrich), and diiodomethane (CH:l> — Sigma-Aldrich). A slide of bare GaAs (100) after etching
was used as a reference. Before characterization, all substrates were rinsed with absolute ethanol
and dried with ultrapure nitrogen gas. The reported contact angle value is the average of 3
measurements from 3 different locations for each substrate.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 5700
X-ray photoelectron spectrometer with a monochromatic Al Ka X-ray source (hv = 1486.7 eV) at
an incident angle of 90<relative to the axis of the hemispherical energy analyzer. The takeoff
angle from the surface was set to 45< The tested substrates, bare GaAs (100) after etching and the
6 SAMs, were exposed to air for 30 min and for 2 days for the stability test. The binding energy
of As 3dsp2 in the As 3d region was set to 41.1 eV and used as a reference peak, and each spectrum

was aligned with the reference spectrum.1%
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4.3. Results and Discussion

4.3.1. Ellipsometric Thickness Measurements.

After the 6 investigated SAMs were deposited on GaAs for 8 h, we measured the average
film thickness of the investigated SAMSs on GaAs (100) using ellipsometry, as shown in Table 4.1.
Table 4.1 also displays the molecular lengths and ellipsometric thicknesses of the corresponding
SAMs on Au (111) for comparison. The average thickness of the H18SH SAM on GaAs was 21
A, which is consistent with the value collected by the same type of ellipsometry in the literature.'%*

Table 4.1. Ellipsometric thicknesses of SAMs on GaAs derived from the investigated alkanethiols.

Adsorbate Molecular Length (A)2 Thickness on Au (A)® Thickness on GaAs (A)

H16SH 22.4 19 16 =1
F8H8SH 22.7 16 16 =1
H16BDT 27.5 23 19 1
F8H8BDT 27.8 24 20 +1
H18SH 24.9 22 21 +1
F8H10SH 25.2 18 19 1

®Molecular length calculated using Chem3D.
bThickness of Au obtained from references 18623,

Overall, the ellipsometric thickness of SAMs on GaAs or Au is affected by the molecular
packing density (number of molecules per unit area), the molecular lengths, and the orientation of
adsorbates.'®” For SAM molecules with the same number of carbons, the molecular length of the
fluorinated SAMs (FSAMs) was 0.3 A. The van der Waals diameter of fluorine is 1.47 A, which
is larger than that of hydrogen (1.20 A), leading to bulkier fluorocarbon segments in FSAMs.*%6
157 Additionally, the van der Waals diameter of helical fluorocarbon chains (5.7 A) is larger than
that of hydrocarbon chains in the trans-extended conformation (4.4 A).}"??° Therefore, the bulky
fluorocarbon segments lower the packing densities of FSAMs on Au (111), which lead to thinner

thicknesses compared to their nonfluorinated analogs, as shown in Table 4.1.2° However, among
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the 6 investigated SAMs on GaAs (100), H16SH and F8H8SH had similar thicknesses of 16 A,
while the thicknesses of H1I6BDT and F8H8BDT were higher and within experimental error, at
~19-20 A. H18SH had the highest thickness value in the tested samples, but F8SH10SH was only
2 A thinner than H18SH. It has been reported that longer chain lengths reduce the tilt angle of
SAM molecules on GaAs, which increases the packing densities.*®* H18SH and F8H10SH had
higher thicknesses than H16SH and F8BH8SH due to their greater molecular lengths and higher
packing densities. In contrast, the bidentate SAMs H16BDT and FBH8BDT had greater molecular
lengths but were thinner than H18SH and F8H10SH, which may be due to the low packing
densities, affected by the bulky bidentate headgroups compared to monodentate thiols. Another
plausible reason for the reduction in thickness might arise from the orientation of bidentate SAMs,
which adopt a more tilted structure than their monodentate counterparts. Further analysis of the

packing densities of SAMs on GaAs (100) is detailed in the XPS section.

4.3.2. Contact Angle Measurements.

The interfacial properties of bare GaAs (100) after etching and the 6 investigated SAMs
were characterized using contact angle measurements. We measured advancing contact angles (6,)
using water and hexadecane as contact liquids on the 6 SAM surfaces. The average contact angle
values were derived from the average of 6 data sets. Additionally, the surface energies were
calculated using the Owens-Wendt method, which is commonly used to calculate the surface
energies of organic thin films.2%-2%  Table 4.2 summarizes the advancing contact angles and
surface energies of the substrates. The contact angle of hexadecane was less than 10 “on the freshly
etched GaAs surface, which is defined as fully wettable. Instead of hexadecane, we used
diiodomethane to measure the advancing contact angles on bare GaAs (100) without the oxide

layer, and the contact angle was 45< The Owens-Wendt method was also used to calculate the
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surface energy of bare GaAs (100) against water and diiodomethane, as shown in Table 4.2. Figure
4.2 compares the advancing contact angles and surface energies on the investigated substrates.

The freshly etched GaAs surface without native oxide was hydrophilic and had a relatively
high surface energy of 63 mJ/m?, which is caused by the unsaturated dangling bonds on GaAs
(100) surfaces after etching.?! This finding also explains why freshly etched GaAs surfaces are
easily reoxidized in the ambient environment. The contact angles of the SAM surfaces against
water were higher than 90< which are defined as hydrophobic surfaces. The results indicate that
depositing SAMs on GaAs significantly lowered the wettability, which changed the GaAs surface
from being hydrophilic to hydrophobic. Moreover, FSAMs had higher contact angles against both
water and hexadecane compared to nonfluorinated SAMs due to the high hydrophobicity and
oleophobicity of fluorocarbons.*?>  Additionally, the 8-carbon fluorocarbon segments at the
interfaces resulted in the screening of the FC-HC dipole at the CH2-CF2 junction, causing FSAM
surfaces to interact with the contact liquids solely through dispersive (van der Waals)
interactions.®’

Table 4.2. Advancing contact angles of the investigated SAMs against water and hexadecane and
surface energies of the investigated surfaces.

Surface Water (0a, HD (05, 9 Surface Energy (mJ/m?)
GaAs without oxide 39+£2 - 63£0.7
H16SH 104 +2 37+2 23+0.7
F8H8SH 116 £2 72+2 12+0.7
H16BDT 108+ 2 38+2 22+0.7
F8H8BDT 118+ 2 76+ 2 11+0.7
H18SH 108+ 2 43+2 21+0.7
F8H10SH 119+2 78+ 2 10+£0.7

Compared to water, which has a relatively high surface tension (yLv = 72.0 mN/m), the low
surface tension of hexadecane (yLv =27.5mN/m) led to lower contact angles on all the
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investigated films.1’?> The nonfluorinated SAMs with hydrocarbon chain tailgroups had contact
angle values ranging from 37 to 43 ©against hexadecane, and H18SH had the highest value, 43<
In contrast, FSAMs showed much higher contact angle values than their nonfluorinated analogs.
The highest contact angles were observed for FBH8BDT and F8H10SH due to their higher
fluorocarbon chain packing densities compared with those of F8BH8SH, which was further
confirmed by XPS, as discussed in more detail in the XPS section. In addition, hexadecane is a
nonpolar liquid consisting of hydrocarbon chains that have strong dispersive interactions with
hydrocarbon SAMs.® The 3 nonfluorinated SAMs showed similar contact angle values against
water and hexadecane, and the 3 FSAMs had similar wettabilities against both contact liquids as

well.
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Figure 4.2. (a) Advancing contact angles of water and hexadecane and (b) surface energies of
bare GaAs and the investigated SAMSs.

In terms of surface energies, all the SAM surfaces had lower surface energies compared to

the freshly etched GaAs (100) surface. In addition, FSAMs had lower surface energy values than
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their nonfluorinated analogs. However, the surface energies of the 3 different FSAMs and the 3
nonfluorinated SAMs were similar. To investigate the difference in the SAM packing densities
on GaAs (100), XPS was used to further analyze the impact of bidentate headgroups and different

chain lengths.

4.3.3. XPS Analysis of the Composition and Packing of SAMs.

Figure 4.2a and 4.2b show XPS spectra of Ga 3d of the freshly etched bare GaAs and SAMs
after 30 min and 2 days of ambient exposure, while Figure 4.2c and 4.2d show spectra of the As
3d binding region. The precise binding energies of the peaks in the spectra and assignments are
provided in Table 4.3 and agree with the literature,219:232-234

In the Ga 3d spectra of all samples, the Ga 3ds/, peak attributed to GaAs was located at
19.3 + 0.1 eV. Because the spin-orbit splitting of Ga 3d is only 0.43 eV, the GaAs peaks attributed
to Ga 3ds, and Ga 3ds, appeared as a single peak.?*?> For the bare GaAs stored in ambient
conditions for 30 min, reoxidation of the surface led to the formation of native oxides in the form
of Ga>0s3, which resulted in a shoulder peak that was located above 20.2 eV and overlapped with
the GaAs peak. Two days of air exposure resulted in thickening of the oxide layer on the surface,
and the shoulder peak attributed to Ga>Os increased compared to the GaAs peak. In contrast, in
the other SAM spectra, after etch removal of the oxide layer and deposition of the SAMs on GaAs
(100), no oxide peaks were observed after air exposure for 30 min. After 2 days, as shown in

Figure 4.2b, the oxide peak from Ga,Os was barely noticeable.
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Figure 4.3. XPS spectra of the Ga 3d binding region after (a) 30 min and (b) 2 days of ambient
exposure and As 3d after (¢) 30 min and (d) 2 days of ambient exposure of the SAMs. The vertical
dashed lines are guides to the eye indicating the peak positions.

Similarly, in the As 3d spectra shown in Figure 4.2c and 4.2d, As 3dsz» and As 3ds.
attributed to GaAs appeared as a single peak at 41.1 eV due to the low value of spin-orbit splitting
of 0.69 eV.%° Bare GaAs after air exposure for 30 min and 2 days showed an additional broad
peak at 44.5 eV from arsenic oxides, mainly As>Os. In contrast, no oxide peak was observed in
the spectra of SAMs after 30 min of air exposure. After 2 days, the spectra in Figure 4.2d showed
oxide peaks above 43.0 eV in all samples. Figure 4.4 compares the ratio of oxides to bulk of the
As 3d integrated intensities (peak areas) after 2 days of air exposure. The results show that bare
GaAs without surface passivation had the highest oxide-to-bulk ratio, while the bidentate SAMs
H16BDT and FBH8BDT had the best surface passivation properties. The lattice spacing values
of H18SH SAMs on GaAs (100) have been reported to be 4.7 A and 5.0 A, and the tilt angle of
alkanethiols is 14°2%-27 However, the nearest neighbor (NN) spacing of atoms on an ideal GaAs
(100) surface is 4.0 A, which is too small for alkanethiols to bind to every As atom at the GaAs

(100) interface. The next nearest neighbor spacing (NNN) of ideal GaAs (100) is 5.6 A. Another
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study by Muscat and coworkers showed that H18SH only reaches a surface coverage of 4.2
thiols/nm?, while the ideal saturation coverage calculated by As atoms on GaAs (100) is 6.7
thiols/nm?.2%4 Therefore, we assume that the dithiol headgroup in H16BDT and FSH8BDT allows
more As atoms to reach GaAs, which can passivate the GaAs surface from oxidation.

Table 4.3. Peak assignment and binding energies (eV) from XPS spectra of bare GaAs and
PFPDT SAM on GaAs (100) by stamping.

Bind_ing Assignment Binding Spin_—Orbit branchi.ng ratio
Region Energy (eV) Splitting (eV) (3d3/2:3ds/2)
s HEoEE

((33 :ﬁ:’)z 19.3+0.1 0.43 2:3
As 3d ”a?)\’;g)gde 445

'?‘éjg\:/)z 41.1 (reference) 0.69 2:3

Interestingly, comparing the monodentate analogs with the same carbon number, H16SH
and F8H8SH and H18SH and F8H10SH, the fluorinated SAMs had lower oxide-to-bulk ratios
than the nonfluorinated SAMs. It has been reported that the oxide layer on GaAs dissolves rapidly
and that continuous etching occurs in water at the GaAs surface.!®® In addition, alkanethiols with
hydrophilic tailgroups lack the ability to prevent GaAs from undergoing oxidation.*® Based on
these facts, we assume that moisture in ambient conditions accelerates the GaAs oxidation process
and that the highly hydrophobic fluorinated tailgroups of FSAMs act as an excellent moisture

diffusion barrier.
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Figure 4.4. Ratio of oxide to bulk of As 3d integrated intensities after 2 days of ambient exposure.
The values were derived from an average of 3 data sets.

Similar to the spectra shown in Figure 4.3, the XPS spectra of the S 2p binding region are
shown in Figure 4.5a and 4.5a. The XPS spectra of the S 2p region were used to evaluate the
binding species of thiol-based SAMs, although the S 2p region overlapped with the Ga 3s peak
located at 160.0 eV for alkanethiol SAMs on GaAs.*®"?*° According to the literature, the spin-
orbit splitting of the S 2p doublet is 1.18 eV, and the branching ratio (2pa to 2psp) is 1 to 2.1%
Compared to bare GaAs, in addition to the large peak at 160.0 eV that is attributed to Ga 3s, a
shoulder peak appeared at 162.0 + 0.1 eV in every SAM spectrum. This peak belongs to the S
2p32 of the doublet from bound thiolates. However, S 2p12 at ~163 eV was superimposed by the
Ga 3s signal, which proves that the alkanethiols are chemically absorbed onto the GaAs (100)
surface.’®2%¢  As shown in Figure 4.5b, the S 2p signals from monodentate SAMs decreased
noticeably after 2 days of air exposure because of the desorption of SAMs from the GaAs surfaces

and the formation of an oxide layer on GaAs. Interestingly, only in the spectra of H16BDT and
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F8H8BDT did the shoulder peak shift from 162.0 eV to 163.2 eV, which can be attributed to the
S 2ps2 of the doublet from unbound thiols.'®® The “chelate effect” may explain why the bidentate
headgroup did not desorb from the GaAs surface in the way monodentate thiols did. Lee and
coworkers proved that bidentate thiols can resist the formation of intramolecular disulfides because
of the extended distance between the two sulfur atoms in the bidentate headgroup (4.9 A).??" As
a result of the reoxidation of GaAs (100) surfaces in air, the monodentate SAMs might oxidize to
disulfide and desorb from the substrates.?° In contrast, some bidentate SAMs might form unbound
thiols on the GaAs surface, while other bidentate thiols remain intact. Despite this partial
desorption of the bidentate SAMs as thiols, the “chelate effect” of the bidentate headgroup helped
H16BDT and FBH8BDT SAMs to remain on the GaAs surface. This conclusion is also consistent
with the aforementioned results obtained from the XPS spectra in the As 3d binding region.

The XPS spectra of the C 1s binding region are shown in Figure 4.5¢ and 4.5d. We noticed
a small broad peak in the spectrum of bare GaAs from ambient hydrocarbon contamination.?** In
the spectra of nonfluorinated SAMs, H16SH, H16BDT, and H18SH only showed one peak
located at 284.6 + 0.1 eV in the C 1s binding region, which was attributed to CH2 and phenyl ring
carbons. The similar binding energies of the carbons in the bidentate thiol can also be observed in
XPS spectra of H1I6BDT on Au.'® For the FSAMs, F8H8SH, F8H8BDT, and F8H10SH, three
peaks appeared in the spectrum at 293.4 + 0.1eV, 291.3+ 0.1 eV, and 284.6 + 0.1 eV that are
attributed to CFs, CF. in the fluorocarbon chain, and the rest of the hydrocarbons, respectively.
Figure 4.6 shows the ratios of the total C 1s integrated intensities (peak areas) divided by the
number of carbons (n) and normalized by As 3d. These ratios obtained from the spectra in Figure
4.5c and 4.5d were used to compare the molecular packing densities of SAMs on GaAs

(100).164197.226 - gjince the effective attenuation lengths of hydrocarbon chains and fluorocarbon
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chains are identical, the packing densities of both nonfluorinated SAMs and FSAM can be
calculated in the same manner.1%® After the SAMs were deposited on GaAs for 30 min, the result
shows that H18SH had the highest packing density, followed by H16BDT and FBH10SH, which
had similar packing densities within experimental error. F8BH8BDT had a lower packing density

than the abovementioned SAMs but a higher packing density than H16SH and F8BH8SH.
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Figure 4.5. XPS spectra of the S 2p after (a) 30 min and (b) 2 days of ambient exposure, C 1s
after (c) 30 min and (d) 2 days of ambient exposure of the SAMs. The vertical dashed lines are
guides to the eye to indicate the peak positions.

Our observation is consistent with a previous study from Muscat and coworkers, in which
a longer chain length led to higher packing densities due to the reduced tilt angle of the tailgroups,
which allowed more thiols adsorb onto the GaAs surface.*®* In our case, the packing densities of
two FSAMs, F8H8SH and F8H8BDT, which had lower packing densities than their
nonfluorinated analogs, were impacted by the bulky fluorocarbon chains. In addition, the bulky
bidentate headgroups led to low packing densities of H16BDT and F8BH8BDT, although they had
greater molecular lengths than H18SH and F8H10SH. Because H16SH and F8H8SH had the

shortest hydrocarbon chain lengths among the 6 investigated SAMs, they also had the lowest
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packing densities. With these low molecular packing densities, compared to H16SH, it seems that
the fluorocarbon segments in F8H8SH did not affect the packing density. After 2 days of ambient
exposure, the molecular packing densities of the SAMs decreased due to the partial desorption of
the SAMs from the GaAs substrates. However, bidentate SAMs retained the highest packing
densities compared to any other monodentate SAMSs due to the “chelate effect” mentioned above.
Moreover, bidentate FSAMSs decreased less than their nonfluorinated analogs due to the high

hydrophobicity of fluorinated films preventing moisture from diffusing onto the GaAs interfaces.
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Figure 4.6. Ratio of the total C 1s integrated intensities divided by the number of C atoms (n) to
all the As 3d integrated intensities after 30 min (black squares) and 2 days (red circles) of ambient
exposure. The values were derived from an average of 3 data sets.

Furthermore, XPS spectra of the F 1s and O 1s binding regions under two different

conditions are shown in Figure 4.7. In Figure 4.7a and 4.7b, the FSAMs, F8H8SH, F8BH8BDT,
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and F8H10SH, exhibit strong signals at ~ 688.8 eV. No fluorine signal was observed in the spectra
of bare GaAs and nonfluorinated SAMs. Similarly, after 2 days, the fluorine signals decreased
because SAMs were partially desorbed from the GaAs surfaces. Additionally, as shown in Figure
4.7c, bare GaAs exhibited a strong signal located at ~531.5 eV in the O 1s region, which might be
the result of GaAs oxides that were formed from surface reoxidation and hydrocarbon
contamination.?®241 In contrast, those oxide signals were barely noticeable in the spectra of the
monodentate SAMs. The bidentate SAMs exhibited a small peak at 532.7 eV, which was attributed
to the oxygen atom in the bidentate headgroup. After 2 days of air exposure, all the spectra showed
peaks at ~531.5 eV because of GaAs surface reoxidation. Because of the existence of hydrocarbon
contamination and the relatively low intensities of the O 1s signals from SAMs, it is difficult to

perform a quantitative analysis based on the integrated intensities such as As 3d and C 1s spectra.
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Figure 4.7. XPS spectra of the F 1s after (a) 30 min and (b) 2 days ambient exposure, O 1s after
(c) 30 min and (d) 2 days ambient exposure of the SAMs.

4.4. Conclusions

The bidentate alkanethiols H1I6BDT and FBH8BDT, as well as their monodentate analogs

H16SH, F8H8SH, H18SH, and F8H10SH, were deposited on GaAs (100) to form monolayers
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for the passivation of GaAs surfaces. The investigated thin films were characterized using
ellipsometry, contact angle measurements, and XPS. The results of the contact angle
measurements indicate that FSAMs were more hydrophobic and oleophobic than nonfluorinated
SAMs. Overall, the FSAMs on GaAs (100) exhibited lower surface energies than nonfluorinated
SAMs. Analysis by XPS showed that all the studied alkanethiols can be used for GaAs surface
passivation, suppressing surface reoxidation of GaAs. Inaddition, both bidentate SAMs, H16BDT
and F8H8BDT, had superior surface passivation properties. Furthermore, although H18SH had
the highest molecular packing densities, HL6BDT and FBH8BDT were most stable after 2 days
of ambient exposure. Studying the interfacial properties, chemical composition, and stability of
these alkanethiols on GaAs (100) provided insight into the effect of bidentate headgroups and
fluorinated segments in alkanethiols on GaAs (100). The bidentate alkanethiols H16BDT and
F8HB8BDT with excellent stability can serve as a new type of material for the surface passivation

of GaAs.
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Chapter 5: Microstructuring GaAs Using Reverse-Patterning Lithography:

Implications for Transistors and Solar Cells

5.1. Introduction

GaAs is an important 111-V compound used in applications that require precise and/or
demanding properties, such as photovoltaics (PVs) and microwave and radio-frequency (RF)
transistors. Although more costly than other semiconductors (e.g., silicon), GaAs exhibits low
resistance, low off capacitance, high linearity at high frequencies, high electron mobility, and a
direct bandgap.?*>?** The high electron mobility allows GaAs transistors to function at much
higher frequencies than Si-based devices in RF applications.’®® Moreover, GaAs offers
outstanding photovoltaic performance due to its direct bandgap.?*® For example, compared to Si-
based materials, GaAs-based photovoltaic solar cells have been found to exhibit record-breaking
conversion efficiencies, such as ~29% for single-junction cells.'® In RF applications, higher
electron mobility allows GaAs amplifiers to function at much higher frequencies than Si-based
devices.?!! Moreover, due to the widespread use of 4G networks and the current deployment of
5G, power amplifier modules in cell phones have also began to implement GaAs as the
semiconductor of choice.1% However, processing GaAs substrates to fabricate devices is difficult,
costly, and requires numerous lithographic steps.103214

Conventional methods used for the fabrication of microelectronic devices include
photolithography,?*’ thermal nanoimprint lithography (T-NIL),2#8-%*° and UV-based nanoimprint
lithography (UV-NIL).2%-2%1 The former method requires an expensive photoresist and photomask
aligner. Conversely, the latter two methods require plasma treatment or reactive ion etching to

remove the residual layer of the polymer resist used prior to the imprinting step.?%? In an effort to

107



simplify the fabrication of GaAs-based devices, we have developed a cost-efficient method in
which the combination of a microcontact printed (JUCP) self-assembled monolayer (SAM) and a
polymeric resin as a wet-etching resist was used to microstructure GaAs substrates. The new
method, hereafter referred to as "reverse patterning lithography” (RPL; Scheme 5.1), takes
advantage of the ability of the sulfur of n-alkanethiols to bind to GaAs surfaces to form nanoscale
monolayer coatings that are poorly wettable and can be tuned to be anti-adhesive,107-108.164253

Scheme 5.1. Illustration of Reverse Patterning Lithography for Microstructuring GaAs Substrates

PDMS slamp

1 Oxide removal 2. uCP SAM 3. Resin deposmo
Oxide layer Resin
GaAs

4 Annealing

Extensive research conducted by the Lee group on SAMs generated on Au surfaces has

6 Resin removal

shown enhanced thermal and chemical stability for films generated from bidentate adsorbates,
when compared to the monodentate counterparts, due to the "chelate effect”.2%226-227 Fyrthermore,
fluorinated materials, such as fluoropolymers and SAMs, have been shown to exhibit low surface
energies, inertness, as well as high hydrophobicity and oleophobicity compared to their
hydrocarbon counterparts.'?> To leverage the enhanced stability of the bidentate headgroup and
the hydrophobic and oleophobic nature of fluorocarbons, we designed and synthesized the
fluorinated adsorbate, (5-(9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadeca-
fluorohexadecyloxy)-1,3-phenylene) dimethanethiol (PFPDT), shown in Scheme 5.2, for use as
an ink for patterning via microcontact printing (ICP). The pCP process generates a hydrophobic
and oleophobic thin film on selective areas of the GaAs substrate, which leads to microstructuring

of GaAs in the RPL process (see Scheme 5.2).
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Scheme 5.2. Ilustration of Bidentate Fluorinated (5-
(9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-Heptadeca-fluorohexadecyloxy)-1,3-
phenylene)dimethanethiol (PFPDT) for CP of GaAs Substrates.

Patterned PFPDT SAM Area
FF FE

Bare GaAs surface (@ (@\ (@

A list of materials, the procedure used for the fabrication of the polydimethylsiloxane

(PDMS) stamps, as well as in-depth descriptions of the methods used to characterize the substrates
are provided in the Supporting Information. As noted above, Scheme 5.2 illustrates the RPL
method. Overall, microstructuring of GaAs single crystal substrates can be achieved in 6 steps.
The first step in the RPL method involves removal of the native oxide layer atop the GaAs(100)
wafer via submersion in ammonia solution (15% w/w) for 5 min followed by submersion into an
HCI solution (15% w/w) for an additional 5 min with a water-rinsing step prior to introduction of
the substrate into the HCI solution. After removal of the oxide layer, the fluorinated SAM was
printed onto the freshly cleaned GaAs surface using a PDMS stamp for 60 sec (step 2, Scheme

5.2). The PDMS stamp was saturated with a 1 mM PFPDT solution in EtOH followed by drying
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the stamp with a flow of nitrogen. After formation of the hydrophobic pattern, the patterned GaAs
surface was dipped into a resin solution made of 10% w/w phenolic resin in methoxypropyl acetate,
then pulled out immediately to form a "reverse" resin pattern (Step 3, Scheme 5.2). Note, the resin
only covers the bare hydrophilic GaAs area, whereas the hydrophobic PFPDT SAM-covered areas
remain uncoated. The GaAs sample was then annealed at 120 <C for 5 min to form a hard resin
pattern with a thickness of ~0.20 i at the center (Step 4, Scheme 5.2). After annealing, the GaAs
sample was placed into an etching solution (H20: H202: H2SO4 = 280:8:1 vol.) for 10 min to form
the designed pattern (Step 5, Scheme 5.2). The final step of the process involves the removal of

the resin by washing the GaAs substrate with acetone.
5.2.  Experimental Section

5.2.1 Materials

The adsorbate (5-(9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadeca-
fluorohexadecyloxy)-1,3-phenylene)dimethanethiol (PFPDT) was prepared as described in the
literature.’®®  GaAs(100) wafers (diameter = 50.8 mm, thickness = 350 pm, Si doped) were
purchased from University Wafer, Inc. Phenolic resin SP-6700 was purchased from Akrochem®;
polydimethylsiloxane (PDMS, SYLGARD®-184) was purchased from Dow Corning®; and the
photoresist (AZ 5214) and photoresist developer (AZ400) were purchased from MicroChemicals®.
Hydrochloric acid solution (HCI, 37%), ammonium hydroxide solution (NHsOH, 30%), and
hydrogen peroxide solution (H202) were purchased from Macron Fine Chemicals. The anhydrous
ethanol (EtOH — Aaper Alcohol and Chemical Co.) was used as received. Water was purified by
an Academic Milli-Q Water System (Millipore Corporation) before use. Acetone was purchased

from Mallinckrodt Chemicals.
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5.2.2 Fabrication of PDMS Stamps

To make the patterned stamp used in reverse patterning lithography (RPL), a 1-micron-
thick positive mesa pattern with photoresist (AZ 5214) was deposited on a Si wafer by using a
photomask aligner (Karl SUSS MJB3); the positive mesa pattern served as a mold of the patterned
stamp. After that, SYLGARD 184 PDMS base (100.0 g) was mixed with the curing agent (10.0
g) in a 10:1 ratio, then placed in a desiccator under vacuum to remove air bubbles. After 1 h, the
freshly prepared PDMS mixture was slowly poured onto the patterned photoresist to create a 2-cm
deep PDMS layer. Finally, the PDMS/Si wafer was placed in an oven and cured at 80 <C for 1 h

to obtain the PDMS stamp having a negative pattern.

5.2.3 Microcontact Printing Procedure

A cotton swab was used to apply a 1 mM PFPDT solution in EtOH on a flat PDMS stamp,
followed by drying the stamp with a stream of nitrogen. Simultaneously, a precut GaAs slide (2
cm x 1 cm) was placed in ammonia solution (15% w/w) for 5 min, then rinsed with water and
transferred into an HCI solution (15% w/w) for 5 min to remove the GaAs oxide layer. The GaAs
slide was rinsed with ethanol and dried with nitrogen. Then, the PDMS stamp was placed in

contact with the GaAs surface, without applying any force, for 60 sec.

5.2.4 Characterization of the PFPDT-Printed GaAs

Thickness measurements were collected on an alpha-SE ellipsometer from J. A. Woollam
with an incident angle set to 70< The refractive index was set to 1.45, which is consistent with
the value used in previous literature studies of organic monolayers.'®®

X-Ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 5700

X-Ray photoelectron spectrometer with a monochromatic Al Ko X-ray source (hv = 1486.7 eV)
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incident at 90 “relative to the axis of the hemispherical energy analyzer. The takeoff angle from
the surface was set to 45< All GaAs samples were placed in an ambient environment for 30 min
then rinsed with ethanol and dried with a nitrogen flow prior to measurements. The binding energy
of the As 3ds,2 in the As 3d region was set to 41.1 eV and was used as a reference peak in each
spectrum.'®® The spin—orbit splitting (0.69 and 1.18 eV, respectively), and branching ratios of 2/3
(3ds2 to 3dsi2) and 1/2 (2p12 to 2psi2) were used in the peak deconvolution of the Ga 3d and S 2p
peaks.?*®

Contact angle data were obtained using a compact high-resolution CMOS camera
(DCC1645C) and 12X zoom lens (MVL12X12Z) working with a Matrix Technologies micro-
Electrapette 25 dispensing liquids from a disposable pipette tip. Contacting liquids were dispensed
at a speed of 1 uL/s to obtain advancing contact angles (d2). The specific method used to collect
the contact angle data was the dynamic sessile drop procedure (where the liquid dispensing pipette
remains in contact with the drop), with images taken during the dispensing of the contacting liquid,
maintaining the pipette tip centered on the drop. Adobe® Photoshop® was used to measure the

angles on each side of the dispensed droplets. The following contacting liquids were used: water

(Millipore water with a resistivity of 18.2 MQ-cm) and diiodomethane (CH2l> — Sigma-Aldrich).
5.3.  Results and Discussion

5.3.1 Analysis of PFPDT SAM Composition on GaAs Using XPS.

To confirm the presence of the monolayer, the GaAs substrates were subjected to elemental
analysis using X-ray photoelectron spectroscopy (XPS). Figure 5.1 shows the XPS spectra of the
Ga 3d, As 3d, C 1s, F 1s, S 2p, and O 1s binding regions of the bare GaAs and PFPDT-printed

GaAs after 30 min of ambient exposure, and Table 1 lists the assigned peaks along with their
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binding energies; peak assignments were based on examples found in the literature.'%6232-234 The
Ga 3d binding energy region of both substrates exhibits a peak at 19.3 eV (Figure 5.1A). Due to
a spin-orbit splitting of only 0.43 eV, the Ga 3ds2 and Ga 3ds/2 peaks are indistinct and appear as
a single peak. Furthermore, the bare GaAs (stored in ambient conditions) produces a native oxide
layer, Ga»O3z, which appears as a shoulder at 20.6 eV, overlapping with the GaAs peak. We note
that the PFPDT-printed GaAs sample (blue line plotted in Figure 5.1A) fails to exhibit the shoulder
associated with the oxide, indicating not only the successful removal of the oxide layer upon
treatment with PFPDT, but also protection from oxidation of the surface for at least 30 min of
ambient exposure.

Similarly, the As 3d binding energy region (Figure 5.1B) produced a single peak due to the
small spin-orbit splitting of 0.69 eV for the As 3ds> and As 3ds,2 peaks at 41.1 eVV. We also note
the presence of arsenic oxides, As,Oz and AszOs, corresponding to the peak at ~43.0 eV; in contrast,
in the spectrum of the PFPDT-printed surface there is no oxide peak (blue line plotted in Figure
5.1B). As noted for the Ga 3d spectra, the As 3d spectra of the PFPDT SAM protects the GaAs
surface from oxidation for at least 30 min under ambient conditions. The presence of the oxides
is also apparent in the O 1s spectrum of the bare GaAs surface (Figure 5.1C), with a sharp peak at
531.9 eV, while a markedly less pronounced peak is weakly noticeable in the PFPDT-printed

surface.
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Figure 5.1. XPS spectra of the (A) Ga 3d, (B) As 3d, (C) O 1s, (D) F 1s, (E) C 1s, and (F) S 2p
binding regions of the bare GaAs and PFPDT-printed GaAs(100) surface. The GaAs surface was
exposed to ambient conditions for 30 min. The red dashed lines represent deconvoluted peaks.

Note that the peak at 532.7 eV in the spectrum of the PFPDT-printed surface arises from
the oxygen atom connected to the phenyl ring. As for the F 1s region (Figure 5.1D), only the
PFPDT-printed surface produces a prominent peak at 688.9 eV due to the fluorocarbons on the
adsorbate, which are absent on the bare GaAs surface. In Figure 5.1E, there is a small peak from
ambient hydrocarbon contamination in the C 1s region for the bare GaAs at 284.8 eV that is not
present in the PFPDT-printed surface.?** On the other hand, the three peaks in the spectrum of
the PFPDT-printed surface can be attributed to the PFPDT adsorbate on the surface; specifically,
the peaks at 293.4 eV, 291.4 eV, and 284.5 eV are attributed to the CFs, CF,, CH2, and carbons of
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the phenyl ring, respectively.??’ Finally, the spectra in the S 2p region in Figure 5.1F was used to
evaluate the binding of the thiol headgroup on the GaAs surface. The overlapping Ga 3s peak at
160.0 eV complicates the evaluation of the binding; however, peak deconvolution (red line in
Figure 5.1F) reveals a doublet that can be attributed to S 2p12 (~163.4 eV) and S 2ps2 (~162.3 eV),
which are characteristic of a bound thiolate on GaAs.'®*

Table 5.1. Peak Assignment and Binding Energies (eV) from XPS Spectra of the Bare GaAs
and PFPDT-Printed GaAs(100) Surfaces

Binding Energy (eV)

Binding Region Assignment
Bare GaAs PFPDT SAM Reference
Ga 3d gallium oxides 20.6 - >19.8
Ga 3ds/2 (GaAs) 19.3 19.3 19.2 +£0.04
As 3d arsenic oxides >43.0 - >43.0
As 3ds2 (GaAs) 41.1 41.1 41.1+0.04
C1ls carbon contamination 284.8 - 284.8
CFs - 293.4
CF - 291.4
CH> - 284.5
F1s Fin PFPDT - 688.9
S2p Ga 3s 160.0 160.0 160.0 £ 0.07
S 2p12 - 163.4
S 2ps3p - 162.3
O1s GaAs oxides 531.9 - 532.0+£0.04
O in PFPDT - 532.7

Ellipsometric Thickness and Contact Angle Measurements. To confirm the formation of
the monolayer and evaluate its interfacial properties, we characterized the GaAs substrate by
ellipsometry before and after removal of the oxide layer as well as after printing with the PFPDT

SAM. As shown by the ellipsometry data in Table 2, the PFPDT adsorbate produces a SAM that
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is 14 A thick, even with a short deposition time of 1 min. Although the monolayer is thinner than
the corresponding SAM on Au (24 A) after 48 h of incubation, % the monolayer on GaAs produces
a hydrophobic and oleophobic film (see Table 2). To demonstrate the interfacial properties of the
CP-SAM, advancing contact angles using water and diiodomethane were measured, and the
surface energies were calculated using the Owens-Wendt method (see Table 2).2%*

Table 5.2. Ellipsometric Thickness of the PFPDT SAM, Advancing Contact Angles of Water

and Diiodomethane on the Investigated Surfaces, and Surface Energies of the Investigated
Surfaces

SAM Surface

Surface Thickness (&) Water (02, §  CH2l2 (03, 9 Energgf

(mJ/m*)
GaAs with oxide - 76 +£2 45+ 2 40+1
GaAs without oxide - 39+2 27+2 63+1
PFPDT SAM 14+1 116 +2 80+2 18+1

The contact angle data in Table 2 show that the bare GaAs surface with and without the
oxide layer are hydrophilic, with water contact angles of 76 “and 39< respectively, in contrast with
the PFPDT-printed substrate (water contact angle of 116<). A similar trend was observed with
regard to oleophobicity using diiodomethane as the contacting liquid, which gave contact angles
of 45< 63< and 80<for the GaAs with oxide, without oxide, and PFPDT-printed substrate,
respectively.

Moreover, the GaAs(100) surface with a native oxide layer exhibited a surface energy of
40 mJ/m?, which increased by more than 50% (to 63 mJ/m?) after etching of the oxide layer. In
contrast, printing of PFPDT on the GaAs surface lowered the surface energy to 18 mJ/m?, which
is comparable to PTFE (18-19 mJ/m?).%1?2 The drastically different surface energies of the
PFPDT-printed and bare GaAs substrate (without the oxide layer) is one of the leading forces

behind the dewetting of selective areas observed following our method. However, we also note
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that dewetting is also a function of the surface tension and adhesive behavior of the phenolic resin
on the GaAs surface. We found that a 10% w/w phenolic resin in methoxy-propyl acetate in
combination with the PFPDT-printed SAM exhibited the best results for creating clear patterns

on GaAs by dip coating (vide infra).

5.3.2 Analysis of the Lithography Results.

After printing the SAM onto the GaAs surface, deposition of the resin, and subsequent
annealing at 120 <C for 5 min, the solvent in the resin solution evaporated to give a hard resin
pattern. Figure 5.2 shows cross-section profiles and microscope images of the PFPDT-printed
GaAs surface after steps 4, 5, and 6 of the RPL process using mesas with a diameter of 250.0 pm
as a representative example. The cross-section profile shown in Figure 5.2A depicts a mesa with
a thickness of 0.20 + 0.05 pm in the center. The edges exhibited a greater thickness (additional
0.80 + 0.05 pm) compared to the center region due to a coffee-ring effect, Figure 5.2D, arising
from the stamping method.?>® Regardless of the disparate resin deposition, Figure 5.2B shows that
sharp-edges are obtained after etching with the resin remaining unchanged at the top, Figure 5.2E.
Furthermore, after removal of the resin in the final step, the mesa on the GaAs substrate exhibited
clear edges with minimal defects, as shown in Figures 5.2C and 5.2F.

The mesas can reach a thickness of 3.0 pm in 10 min, depending on the morphology of the
GaAs material and wet etching time. The above results indicate that the phenolic resin acts as a
wet-etching resist that is stable in etching solution (i.e., dilute hydrogen peroxide/sulfuric acid)
and protects the GaAs surface underneath. The SAM-coated area, on the other hand, is etched due
to the oxidizable sulfur groups bound to the GaAs surface. Here, we note a similar etching speed
for the SAM-printed GaAs areas as the bare GaAs, which indicates that the SAM layer decomposes

within 1 min in the etching solution. However, we note that longer etching times in efforts to
117



obtain mesas thicker than 3.0 m lead to deformed edges due to the thinness of the resin as well

as the isotropic etching effect of the etching solution.
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Figure 5.2. Cross-section profiles for mesa with a diameter = 250.0 pm atop GaAs with
corresponding microscope images (A, D) before etching, (B, E) after etching, and (C, F) after
etching and resin removal.

To determine the resolution of the RPL method, we reduced the diameter of the mesa. As
shown in Figure 5.3A, mesas in total with diameters of 100.0 pm were obtained on GaAs with
minimal defects following the RPL method. Attempts to decrease the diameter of the mesa further
led to incomplete mesas, limiting the RPL method to structures with diameters of 100.0 pm. In
addition to obtaining mesas with a minimum diameter of 100.0 pm, the RPL method can also be
used for the large-scale production of mesas on GaAs; ~400 mesas were obtained per stamp. To
evaluate the versatility of the RPL method, we produced stamps with various shapes and sizes.

Figure 5.3B shows the generated structures with sharp edges ranging in size from 200-1500 pum.
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Figure 5.3. Microscope images of (A) mesas with a diameter of 100 um and (B) microstructures
on GaAs of different sizes and shapes.

5.4. Conclusions

In summary, we developed a new microstructuring method for GaAs substrates, reverse
patterning lithography (RPL) as an alternative to conventional photolithography. Ellipsometric
data and contact angle measurements of the PFPDT-printed GaAs surfaces show a 14-A-thick
hydrophobic and oleophobic SAM, which significantly decreased the surface energy of the original
oxide-free GaAs surface. Analysis of the printed SAM by XPS showed that the PFPDT adsorbate
binds chemically to the GaAs surface and prevents its facile reoxidation. Studies using the RPL
patterning method illustrated positive pattern formation on GaAs wafers using various designed
shapes. The patterns obtained by the RPL method can reach a diameter of 100.0 pm with a depth
of up to 3.0-pm thick by wet etching. These results not only validate the feasibility of the RPL
method for the formation of microstructures on GaAs substrates, but also provide a new paradigm
for microstructuring GaAs substrates that warrants further investigation for the large-scale

manufacturing of GaAs-based devices, with particular relevance for transistors and solar cells.
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Chapter 6: Conclusions

Over the past few decades, self-assembled monolayers (SAMs) have been widely used as
a robust surface modification method. The ability to chemically modify the adsorbates used in
generating SAMs, specifically by incorporating fluorine atoms, gives thin films hydrophobic and
oleophobic properties as well as reduced adhesion and friction coefficients. The focus of this
dissertation is on the development of SAMs on gold and GaAs as surface wettability modifiers.
All of the generated SAMs were characterized with the following techniques: ellipsometry, to
measure thickness; X-ray photoelectron spectroscopy (XPS), to determine chemical composition;
and contact angle measurements, to probe the wettability and surface energy. The SAMs on gold
were also characterized by polarization-modulation infrared reflection-absorption spectroscopy
(PM-IRRAS), to determine relative crystallinity of the films.

Chapter 2 introduced adsorbates on gold derived from cyclohexyl-terminated SAMs
(HCyHnSH)and perfluorocyclohexyl-terminated SAMs (FCyHnSH) that serve as interfacial
polymer mimics on metal substrates. The monolayer films were characterized using ellipsometry,
XPS, PM-IRRAS, and contact angle measurements. Analysis by XPS indicated that the
FCyHNnSH SAMs exhibited lower packing densities than their hydrocarbon analogs, and both
types of SAMs exhibited lower packing densities than the H18SH films, which correlated with the
steric bulk of the chain termini in these SAMs. The PM-IRRAS spectra showed that the chain
backbones of both FCyHnSH and HCyHNnSH SAMs were less conformationally ordered than
normal hydrocarbon analogs. Furthermore, the HCyHNnSH SAMs exhibited wettability similar to
PE, while their fluorocarbon analogs exhibited wettability similar to PTFE for a wide range of
contacting liquids with no evidence of surface reconstruction in the SAMs. Therefore, SAMs on

gold derived from cyclohexyl-terminated thiols can act as mimics of nanoscale polymer films and
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can be used in future studies (e.g., ion-surface collisions and plasma modification) without
concerns of surface reconstruction.

Chapter 3 introduced two types of mixed self-assembled monolayers (SAMs) on gold
derived from adsorbates terminated with a cyclohexyl tailgroup (HCyH11SH) and a phenyl
tailgroup (PhH12SH) mixed with their perfluorinated analogs, respectively. The XPS results
show preferential adsorption of the nonfluorinated adsorbate for the HCyH11SH / FCyH11SH
samples. The relative solubility, steric bulkiness, and the interaction between the two different
adsorbates were determined to be major contributions to the preferential adsorption in the mixed
SAMs of this class. In the case of the mixed SAMs derived from PhH12SH and FPhFH11SH,
these two factors compensated for each other and a linear relationship was observed between the
mole fraction on the surface and the mole fraction in solution. Moreover, the mixed SAMs were
also characterized using PM-IRRAS and contact angle goniometry measurements and the surface
energies of the investigated surfaces were calculated using the Owens-Wendt method. In the case
of the mixed SAMs derived from mixture of PhH12SH and FPhFH11SH, the contact angles of
two test liquids and the surface energies show a linear relationship with respect to the mole fraction
in solution, which was consistent with the composition determined from the XPS data. The results
in this study suggest that the interfacial properties can be controlled with minimal loss of packing
densities with the PhH12SH / FPhFH11SH mixed SAMs on metal surfaces.

Chapter 4 investigated the bidentate alkanethiols H16BDT and FBH8BDT, as well as the
monodentate alkanethiols H16SH, F8H8SH, H18SH, and F8H10SH on GaAs(100) for the
passivation of GaAs surfaces. The results of the contact angle measurements indicate that FSAMs
were more hydrophobic and oleophobic than the nonfluorinated SAM. Overall, the FSAMs on
GaAs(100) exhibited lower surface energies than nonfluorinated SAMs. Analysis by XPS showed
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that all the studied alkanethiols can be used for GaAs surface passivation, suppressing surface
reoxidation of GaAs. Furthermore, H16BDT and F8H8BDT were the most stable after 2 days of
ambient exposure. The bidentate alkanethiols, HI6BDT and FBH8BDT, with excellent stability
can serve as a new type of material for the surface passivation of GaAs.

Finally, we developed a new microstructuring method for GaAs substrates, reverse
patterning lithography (RPL), as an alternative to conventional photolithography. Studies using
the RPL patterning method illustrated positive pattern formation on GaAs wafers using various
designed shapes. The patterns obtained by the RPL method can reach a diameter of 100.0 pm with
a depth of up to 3.0-pum thick by wet etching. These results not only validate the feasibility of the
RPL method for the formation of microstructures on GaAs substrates, but also provide a new
paradigm for microstructuring GaAs substrates that warrants further investigation for the large-
scale manufacturing of GaAs-based devices, with particular relevance for transistors and solar

cells.
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