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GENERAL INTRODUCTION

A host of significant processes in the life and physical sciences (e.g., biological
recognition, heterogeneous catalysis, corrosion, and mechanical lubrication) are controlled by
interfacial architectures.!-3 The origins of many of these macroscopic interfacial processes
are controlled by the molecular level interactions at condensed phase interfaces. The
development of methods that can detect differences in the composition and orientational
disposition of these architectures at high spatial resolution is therefore technologically
important. To this end, there are a number of techniques that have the capability to resolve
spatially the chemical composition of the interfaces (e.g., secondary ion mass spectrometry,4-
6 scanning electron microscopy,’-® and FTIR microspectroscopy?-!1) These techniques,
however, have operative resolutions at micron length scales. With the invention and the
development of a range of techniques commonly called scanning probe microscopy (SPM),
probing details of interfaces at molecular length scales has now become a reality.

A main research interest of our group is to explore the utility of the many variants of
SPM to map the chemical distribution of surface functional groups, exploiting a range of
interfacial properties (e.g., friction and adhesion) as contrast mechanisms. Macroscopic level
characterization of these assemblies by techniques such as infrared spectroscopy,
ellipsometry, contact angle measurements, electrochemistry, and X-ray photoelectron
spectroscopy has yielded details about the average population of the adsorbates.!2 It is the
central goal of the research in this dissertation to develop a better understanding of the

monolayer formation process, the spatial distribution of differing chemical functional groups



within the monolayer, and the orientation of the end-groups by combining the insights gained

from SPM with those from macroscopic characterization techniques.

Scanning Probe Microscopy

Microscopy traditionally refers to the visualization of a small object by focusing an
appropriate probe (visible light or electrons) on it followed by subsequent image
reconstruction. The inventions of the scanning tunneling microscope (STM) by Binnig,
Rohrer, and Gerber!3:14 in 1982 and the atomic force microscope (AFM) (also known as the
scanning force microscope (SFM)) by Binnig, Quate, and Gerber in 1986!5 have redefined
the field of microscopy. This new class of instruments, generally referred to as scanning
probe microscopes, is now routinely used at laboratories to image samples with sub-
nanometer resolution. Overall ease of use of these techniques and compatibility for operation
in a variety of environments (e.g., air, liquid, and vacuum) has also contributed to their wide
spread popularity. The early success in the imaging of atom-by-atom spacings of the
Si(111)-(7x7) reconstruction,!5 highly ordered pyrolytic graphite (HOPG),!6.17 Au(111),!8
aromatic adsorbates, !9 the molecular spacing of organized organic films,20:2! and the
molecular topography of DNA22-25 are but a few examples.

The following section presents an overview of SPM and includes a broad introduction
to the fundamental aspects of the technique. Two subsequent subsections detail the key
aspects of scanning tunneling microscopy (STM) and scanning force microscopy (SFM). In
all scanning probe microscopes, a probe capable of interacting with a sample and a

micropositioning actuator with an electrical feedback mechanism are common features. SPM



relies heavily on the development and use of piezoelectric materials as micropositioning
elements for the sample or probe. A piezoelectric material (e.g., lead zircon titanate (PZT)
ceramic ) reacts to an applied electric field by extending in the direction perpendicular to the
field. These dimensional changes can be precisely controlled at the sub-angstrom level. This
extraordinary positional precision allows controllable movement of the probe or sample, and
the potential of imaging at a comparable resolution.

An image is generally obtained by scanning the probe or the sample in a raster-like
motion while measuring the probe-sample interaction. Movement in all three dimensions
requires three different piezoelectric elements. STM, which relies on the very short-range
nature of the tunneling process, functions by scanning a sharp metal tip 5-50 A above the
surface of a conducting or semiconducting sample.26 Conversely, in its original design, SFM
tracks surface topography by using a probe tip in contact with the sample surface, a principle
similar to the action of a stylus profilometer27.28 but at a significantly higher resolution and

"3 N) on the sample. Detecting forces rather than

with lower applied force (10 to 10
tunneling currents means that neither the probe nor sample need to be conductive. The
ability to image nonconductive materials greatly expands the range and scope of the

applicability of SPM. There is no doubt that the astonishing application of SPM will

continue, bringing a feverish pace of discovery in many areas of science.

Scanning Tunneling Microscopy
A number of excellent books26:29-33 and reviews34-37 of STM are available and

provide in-depth discussions on both the theory of and issues in the application of STM as a



surface characterization tool. STM images, explained in the simplest way, are maps of the
tunneling current recorded as the tip rasters across the sample. Operationally, STM employs
a piezoelectric micropositioner to position a sharp metal tip, often made of Pt or W, within a
few angstroms of a conductive sample surface. When the tip surface and sample surface are
brought close enough together that their wave functions overlap, electrons tunnel through the
classically insulating barrier when a bias voltage, V, is applied across the tip and the sample.
The resulting tunneling current, /,,38 is

I, ¢ exp (-2kd) (1)
where k is the decay constant for the wavefunctions (k=~12 nm for gold) in the tunneling
barrier and d is the tip-sample separation. The decay constant is related to the height of the
potential energy barrier through which electrons must tunnel. Equation (1) relates the
tunneling current to the effective function of the surface, ¢, since

k=" 2mg)"* ¥
where 7 is Planck’s constant divided by 2w, and m is the mass of an electron.

Note that the tunneling current is exponentially dependent on the tip-sample
separation, d. Using a typical work function of 4 eV and a k of 1.0 A™!, the tunneling current
decreases by an order of magnitude for a 1 A increase in the tip-sample separation. This high
level of sensitivity of the tunneling current on the separation distance provides basis for the
technique’s astonishing vertical resolution of 0.01 A.

Unfortunately, the simple one-dimensional model used above does not provide a full
description of STM. The electronic structures of the tip and the surface are involved in a

complex fashion which really demands a three-dimensional treatment. One of the most



widely used theories of STM is that of Tersoff and Hamann.39 Here, the full general

expression for the tunneling current is:

I= (ggf)eszle “5(E, - E. (E, - E; 3)

where E is the Fermi energy, E,, is the energy of the state y,, in the absence of tunneling, and
M,,, is the tunneling matrix element between states y,, of the probe tip and y, of the sample,

given by:
M, = (;—MJ fas(v.vw, -v,vv;) )

Working on the assumption that the STM tip is spherical, one arrives at the following

expression for the tunneling current39:
O(E, - E) 0)

w.(r,)

in which ¢, is the work function, R is the radius of curvature of the tip, and D\(EF) is the

I = 327’3'1-'92V¢:Dx(EF)thkqeu& Z

density of states at the Fermi level per volume of the tip. Thus the tunneling current is
proportional to the local density of states at the Fermi level and at the center of the STM tip.
This means that the STM can provide a direct image of quantum mechanical electron states
at the surface.

STM images are usually generated under two modes of operation: the “height”
(constant current) mode and the “current” (constant height) mode. In height mode imaging, a
feedback mechanism is enabled that maintains a constant current (i.e., a setpoint current)
while under a constant bias V. Therefore, the vertical position of the tip is altered to maintain

a constant current while scanning. The voitage signal required to change the vertical tip



position of the z piezoelectric segment is then converted to a “height” image. A “height”
image actually represents a constant charge density contour of the surface and altering the set
point current or bias voltage creates contour of different charge density.

STM imaging operation can also be carried out in the “current” mode. In this mode,
the z piezoelectric element is turned off and the tip is rastered in the x-y plane without any
change in z position. The variation in tunneling current is then recorded and converted to
height information when plotted as a function of the x-y coordinates. There are advantages
inherent in both modes of operation; the “height” mode produces contrast directly related to
electron charge density profiles while the “current” mode provides faster scan rates as it is
not limited by the time constant of the z piezoelectric element.

Despite the ease of obtaining STM images with very high levels of resolution, one
should always note that in reality the STM image represents a complex convolution of the
structures of the tip and the sample surface. The tip structure plays an important role in
determining the nature of the STM image. Variations in tip atomic structure may cause

variations in the STM image, thus potentially complicating data interpretations.

Scanning Force Microscopy
Since its invention in 1986, the SFM has quickly become an invaluable tool in many
research fields. A number of excellent books?26,33:40:41 and reviews37:42-44of SFM are
available, ranging from discussions of fundamental principles to instrument design issues.
Operationally, SFM is not much different from STM. However, the processes involved in

tip-sample interactions are fundamentally different. Instead of a tunneling current, SFM



monitors the physical deflection of a cantilever-mounted tip as it interacts with the sample.
These interactions include a variety of short- and long-range intermolecular forces (e.g., van
der Waals, magnetic, and electrostatic forces). A number of methods have been designed to
detect the deflection of the cantilever, including capacitance,*3 interferometry,46 tunneling
current,!5 and optical deflection.4? All of the experimental data presented herein were
obtained from an optical deflection type SFM (Figure 1) which consists of three major
components: a cantilever-mounted tip, a piezoelectric micropositioner, and an electrical
feedback mechanism for the micropositioner (not shown). A laser beam is reflected off the
back of a cantilever (usually gold coated to enhance reflectivity and reduce thermal
excitation), onto a mirror, and then to a quadrant, position-sensitive photodiode. This system
can track the normal displacement (vertical motion) and the torsion of the cantilever
simultaneously. In addition, the optical lever created by the reflected beam has the effect of
amplifying the cantilever deflection, resulting in vertical detection limits on the order of
0.01 nm.

Figure 2 shows a scanning electron micrograph of a commercially available,
microfabricated cantilever with a pyramidal tip. Cantilevers come in a wide range of sizes,
shapes, and material compositions (e.g., silicon nitride (SizNs) and silicon (Si)). Typical radi
of curvature are 5-100 nm, with normal force constants (kn) ranging from 0.01 N/m to
100 N/m. Therefore, the appropriate selection of cantilevers is critical and must be
determined in accordance with the goals of the experiments.

Although there have been many novel techniques or detection modes designed and developed

from the original SFM design, including force modulation microscopy (FM-



position
sensitive
photodiode

cantilever-
mounted tip

prezoclectric
micropositioner

Figure 1. The principal components for an optical lever type SFM. The laser beam is
reflected off the back of the cantilever onto a position sensitive photodiode.



Figure 2. Scanning electron micrograph of a pyramidal tip at the end of a
microfabricated silicon nitride cantilever.
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SFM),48:49 tapping mode SFM (TM-SFM),30 electric force microscopy (EFM),51-53 and
magnetic force microscopy (MFM),54:55 the most popular operational mode is still the
contact mode, where the tip is brought into physical contact with the sample surface. The
micropositioner, attached to the sample holder, is slaved to the feedback electronics in order
to maintain a preset imaging force, which is monitored by the vertical deflection sensor while
the sample is scanned under the tip. As the sample is rastered under the tip, the vertical
deflection of the tip is used to map out surface topography. A map of the surface
composition can also be constructed if there are topographical differences that can be directly
correlated with compositional and/or other structural expectations.

When contact mode SFM is used, it is important to know the amount of force applied
on the sample surface in order to avoid damaging the sample and obtaining images with
associated artifacts. The normal load (Fx) can be calculated from the force-distance curve,
often referred to simply as the force curve. The force curve is obtained by first bringing the
tip and sample into close proximity but with no detectable interactions. At such separation
distance, the cantilever is in its non-interacting equilibrium position and the cantilever
displacement is unaffected by the change of the tip-sample separation. When the separation
distance continue to decrease, various long-and short-range forces can induce a deflection of
the cantilever. This deflection (bending) of the cantilever is monitored by the vertical
segments of the photodetector as a function of the tip-sample separation distance. As the
separation distance decreases further, the gradient of interaction force exceeds the force
constant of the cantilever and the tip jumps into contact with the surface. The tip and surface

are in contact, inducing a positive deflection of the cantilever. It is in this region that elastic
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properties of the sample can be measured. On retraction, because of the adhesion between
the tip and sample, the cantilever has to be pulled a large distance (a negative cantilever
deflection) away from the surface until it snaps back, breaking all contact with the surface.
The bending of the cantilever measured during the approach, contact and retraction portions
of the cycle is plotted as a force-curve and is depicted in Figure 3. The cantilever
displacement (4z) is then converted into a force according to the relationship

Fn=hkndz (6)
In addition to being used in determining the force applied to a sample, force curve
characterizations have proven invaluable to chemical and biological analyses, such as
mapping surface composition and determining the forces and energetics required to stretch
and unwind DNA duplexes and proteins.56-59

To this point, the discussion of the transduction mechanism has centered on
deflections of the tip normal to the surface. However, the force generated as the tip is moved
across the sample surface perpendicular to the principal axis of the cantilever can also serve
as a basis for an imaging mechanism. Lateral forces, commonly referred as friction forces,
cause the cantilever to twist about its long axis, the extent of which can be monitored by the
lateral segments of the quadrant position-sensitive photodetector. A plot of the torsional
response of the tip with respect to the x-y movement of the sample results in a “friction
loop”. The detector signal difference in the magnitudes of the trace and retrace scans of the
sample in the friction loop is indicative of the energy dissipated in the scan.60.61 For
example, in the friction loops of an uncoated gold surface and gold surface modified with an

octadecanethiolate monolayer (Figure 4), the smaller signal difference for the thiolate-coated



Figure 3.

Photodiode response
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«——— Approach
— Retraction

>~

D In contact

Not in contact
: A
F —

\:\ Snap-on/off «
—=
B
C

P\

In contact

Tip-Sample Distance (z)

An idealized force curve. A. The tip-sample separation, z, is large and there is
no measurable interaction. Segment A-B. The attractive force regime: z is
decreased and the probe and sample begin to interact, but the strength of the
interaction is less than the restoring force of the cantilever. B. The relatively
sudden drop at B toward C occurs when the tip-sample interactions become
greater than the cantilever restoring force. C. The tip and the surface are in
“contact”. Segment C-D and segment D-E. The tip and sample move
together (C-D) or are pulled apart (D-E) with the slopes of the two segments
reflecting a “hard” microcontact (segments offset for illustrated purposes).
The slope of the segment C-D is indicative of the short-range repulsive force
and it may be dependent of tip or sample. E. Adhesion contact is ruptured at
this point because the cantilever restoring force exceeds the adhesive forces.
F. The tip and the sample retum to the non-interacting large separation.
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Figure 4. Friction loop of an uncoated gold surface and a gold surface modified with an

octadecanethiolate monolayer (Adopted from ref 60).
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- gold is diagnostic of the boundary lubricant properties of the long chain monolayer.60 With
knowledge of the detector sensitivity to the twist of the cantilever and the torsional force
constant of the cantilever (k,, typical value:1-500 N/m), the friction force at the tip-sample
microcontact*1:62 can be quantified.

Although friction-based scanning force microscopy, often referred to friction force
microscopy or FFM, has been used extensively to study the nanoscale topography of many
different interfacial materials, many researchers have used FFM to map surface
composition.63-69 The idea of compositional mapping by FFM arises from the fact that
friction at a microcontact is a function of the contact load, the area of contact, and the surface
free energies of the two contacting materials.”0-72 Therefore, variations in the interactions of
the tip with different materials on a surface under the same applied normal load70-74 will
translate into different observed friction. Friction images therefore provide information
about the spatial distribution of the different materials across interfaces as long as the friction
difference can be detected. FFM has especially been successful in mapping spatial
arrangement of organothiolate monolayers with different functional groups on the same
surface’3-77 due to the well-defined structure of the monolayer system, the availability of
end-group modified organothiols, and the invention of microcontact printing technique.’8
This technique, which will be covered later in this section, permits the controlled transfer of
organothiols onto localized areas of a surface, which is not possible with solution deposition.

Furthermore, FFM can be used to examine systems whose frictional properties
change with time.”9-82 Since the resolution of the FFM depends heavily on the sharpness of

the tip, the sensitivity of the detector to detect tip torsion, the precision of the scanner, and
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the inertness of the tip material to the scanning environment, advances in microfabrication,
electronics, and nanomaterial preparation will no doubt bring the spatial mapping capability
and the versatility of FFM to a new level of resolution, precision, and independence of

scanning environment.

Resolution Issues

It has been mentioned previously that the fundamental event underlying the STM
imaging process is the highly localized electron tunneling between the tip and the surface.
Intuitively, STM tips must be atomically sharp in order to achieve an extreme localization in
the tunneling current and therefore atomic scale spatial resolution. However the strong z-
dependence in the tunneling current actually means that any atom on a tip that protrudes
more than 0.05 nm beyond any of the other atoms at an asperity will function as a single-
atom tip.83 This situation means that any electrically conducting object which is terminated
by a protruding atom will, in principle, be capable of resolving atoms on a flat surface.
However, if there are topographic corrugations in the surface (e.g., steps, pores, cracks, pits,
etc.), then the finite size and shape of the tip becomes important and the image becomes a
convolution of both tip and surface geometries. Figure 5, for example, shows ‘the
consequences of the geometrical convolution of a tip of finite width with a corrugated
surface. The existence of “forbidden” space, i.e., surface features inaccessible to the tip,
leads to inaccurate representations in height/depth, surface roughness, and particles size.

While STM has produced molecular/atomic resolution images, questions have been

raised about the mechanism for generation of atomic or molecular resolution images by
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Figure S. Schematic diagrams showing the geometrical convolution of a tip of finite
width with a corrugated surface. Note the existence of “forbidden’ space
inaccessible to the tip, and the subsequent effect on the image.
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SFM,84.85 although in many cases, atomic or molecular resolution has been demonstrated.86-
91 The radius at the apex of a SFM probe tip microfabricated from silicon or silicon nitride
is 5-10 nm at best. This situation translates into tens or even hundreds of molecules in
forming contact between the tip and surface.87 In addition, the contact area is highly
dependent on Fy, especially for organic adlayers which are generally more compliant than
inorganic materials. As a result, the SFM typically produces images with molecular
periodicities, but not necessary molecular resolution, at surfaces with periodicity larger than
the contact area. To achieve the highest possible resolution, one has to employ sharp probes,
low loads, and relatively rigid films.

This concludes the general introduction into SPM, and some of these topics will be
described again in more detail in later sections. At this point, the general introduction
continues with an overview of spontaneously adsorbed monolayers, particularly
organothiolate monolayers at gold. The use of these systems is particularly important not
only because they form relatively stable, well ordered adlayers but they can also be

characterized by a variety of techniques, as will soon become evident.

Spontaneously Adsorbed Monolayers
In recent years, the number of studies involving the application of spontaneously
adsorbed organothiolate monolayers has grown drasticaliy3. While most systems reported in
the literature are formed by the adsorption of organothiols at gold from solutions, other noble
metals such as silver,92-100 copper,94:101-103 and platinum!04-106 have been utilized, along

with disulfide!07-114 and sulfide precursors!15-117. The vast interest in this area can be
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credited to Allara and Nuzzo,197 and numerous other groups.!12,115,118-126 varjous aspects
of this field have been reviewed extensively by Whitesides and Laibinis,127 Ulman,3 Dubois
and Nuzzo,!28 and Finklea.!29

Gold is widely used over the other substrates because it is relatively inert to most
common contaminants and resistant to air oxidation. In addition, the evaporation of thin gold
film (100-300 nm) onto glass or fleshly-cleaved mica provides a convenient source of
substrates which are relatively smooth at microscopic level. Moreover, subsequent annealing
of Awmica substrates after evaporation produces gold films with a predominant (111)
surface crystallinity, large terraces (e.g., 100 nm x 100 nm) and low roughness (e.g.,
roughness factor of 1.10).18:20,130-132

An organothiolate monolayer is divided into three functional regions as shown by the
idealized representation of a monolayer-liquid interface in Figure 6. The terminal group,
located at the outmost few angstroms of the monolayer film, strongly affects interfacial
properties. The terminal functional group can be varied to create a monolayer having
specific interfacial properties (i.e., hydrophobic/hydrophilic, acidic/basic, etc.).!33-135 The
chain/spacer region, most commonly comprised of alkyl chains or aromatic groups, dictates
to a large degree the ordering, packing density and permeability of the monolayer. It is the
cohesive interactions between the chains that directly affect the barrier properties of the film
to electron transfer! 18,129,135 and desorption.!30,136 Finally, the head group region, lying at
the monolayer-substrate interface, includes all aspects of the sulfur-gold binding chemistry.
The chemisorption of organothiols precursors at gold surfaces is driven by the formation of a

gold-sulfur bond having a strength of 40~50 kcal/mol3:129:137 which accounts to a large
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Figure 6. Idealized structure of alkanethiolate monolayer at Au(111) along with some
key characterization techniques and the properties which they probe.
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degree for the stabilization and robustness of these monolayers. The high affinity of gold and
other metal towards sulfur adsorption allows a diverse range of functional groups to be
incorporated into the monolayer. This fact, combined with the ease of synthesizing new
organothiols and their use in studies of electron transfer events,!38 chemical sensors,139-142
wetting,3-115,122,124,128 and molecular architecture,’8.97,143 have led to a wide range of
investigations with these systems.

When the three functional regions act together, interfaces with well-defined
composition, thickness, and spatial arrangement can be created. In addition to the single
component monolayer systems mentioned, the surface structure and interfacial properties can
be tailored by changing the composition of the assembly solution (i.e., the combination of
different precursors for the formation of a multi-component monolayer). The precursors
could vary in the chain length or the chemical identity of the terminal group. The ability to
incorporate several components in a monolayer69.93,144-148 is crucial to the development of
these films as two dimensional templates for the nanofabrication of molecular devices and
microelectrodes, creation of molecular sensors, and advances in electroanalysis and
electrocatalysis.

As mentioned, another reason that organothiol monolayers are so widely studied is
the large number of analytical techniques available to interrogate different aspects of each
functional region. Figure 6 illustrates an idealized picture of the three regions for
alkanethiolate monolayers chemisorbed on gold, along with some characterization techniques
that can be used to obtain a wealth of information regarding their structure and composition,

which has a direct impact on their overall chemical and physical properties. For example,
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infrared reflection absorption spectroscopy (IRRAS) probes the orientation of the methylene
chain and terminal functional group due to the surface selection rules operative on
conductive substrates. The methylene chains of alkanethiols adsorbed at gold typically exist
in extended, all-trans configuration sequences that are tilted at ~30° from the surface
normal.118 Aromatic organothiols, on the other hand, extend more normal to the surface
100,149-151  TRRAS has also been used extensively to assess the monolayer’s packing density
(liquid- vs. solid-like)!52 or local environment (protonated vs. deprotonated)!53 (order or
disorder).154:155 With such versatility, IRRAS is regarded as one of the most valuable
techniques in the investigation of monolayer systems.

Contact angle measurements, using a goniometer, probe surface free energy, as well
as interfacial free energies with respect to probe liquids like water and
hexadecane.108,115,122,125,127,133,134 Contact angles have a demonstrated depth sensitivity
of ~0.5 nm, 125 a value that suggests its ability to be used to study the structure (e.g.,
orientation) and chemical identity of the terminal groups. For example, contact angle
measurements have been used to characterize the acid/base properties of surface-immobilized
molecular species, including their effective pK,.134,156,157

All three regions of monolayers have been characterized by X-ray photoelectron
spectroscopy (XPS). It provides information on the elemental composition of the surface, the
nature of the head group, the binding chemistry between the adlayer and the substrate, and
the coverage. The location of the S(2p12) and S(2p12) couplet at ~161.9 and ~163.2 eV for
both thiol- and disulfide-derived monolayers on gold indicates that these precursors are

adsorbed as thiolates.
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Monolayers have also been studied extensively by various electrochemical
techniques!29 such as capacitance measurements, ! 18,130,158 electrochemical reductive
desorption,130.136,159-165 ynderpotential deposition, and cyclic voltammetry of electroactive
species present in solution.!38,144,160,166-168 Taken together, these techniques provide
information about substrate roughness, adlayer coverage, gold-sulfur bond strength, chain-
chain interactions, and electron barrier properties. Of particular importance to the studies
reported in this dissertation is the technique of electrochemical reductive desorption and
oxidation redeposition of the adsorbates in strong base. Previous work from our group has
shown that organothiolate monolayers are desorbed from the electrode surface in alkaline
electrolytic solutions by the application of a sufficiently negative
potential.!16,130,131,136,159,160,162,169 The potential for the reductive desorption of thiolates
was found to be dependent on surface morphology.131.162 We also determined that the
potential for the desorption was a function of the length of the alkyl chain.130,136 [n
addition, the surface coverage of thiolate monolayers adsorbed at gold can be found from the
charge for reductive desorption, calculated from a cyclic voltammetric scan by integrating
the area under the cathodic wave, and the electron stoichiometry of the desorption reaction
assuming a one-electron process.!30,159,160 A fter accounting for the surface roughness and
estimating the net capacitive charge, the coverage of 8.4 x 10" mol/cm? 130 and 6.4 x 107
mol/cm?.170 were calculated for alkanethiolate and aromatic thiolate (4-mercaptobenzoic
acid) monolayers, respectively.

SPM has also been applied extensively to the study of organothiolates adsorbed at

gold. Both STM and SFM can generate images with molecular resolution of thiolates on
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Au(111) terraces, yielding images of spots with hexagonal symmetry and spacing consistent
with the (v/3 x +/3 ) R30° structure which is also demonstrated by electron diffraction22 and

low temperature helium diffraction!35,17! experiments. Although the actual site of the

adsorbed thiolate on the gold lattice has not been determined, theoretical calculations indicate

that alkanethiolates reside in the three-fold hollow sites.93

Microcontact Printing

Although the solution deposition of thiols on gold or silver is a common method of
preparing single-component monolayers, microcontact printing63,76,78,79,143,172-175 pag
become a popular technique to use when a pattemed monolayer surface is needed. The
methodology is attractive because of the relative ease of stamp preparation and the close
correspondence of the features of the stamp to those of the master made from lithographic
fabrication. This method employs an exposed and developed photoresist pattern on a éilicon
wafer as a master. A custom-made polymer “stamp”, prepared from polymerized
polydimethylsiloxane (PDMS) on the master, is then used to deposit precursor molecules
onto localized area of a surface determined by the pattern on the “stamp”. Figure 7 shows
the microcontact printing process and a surface constructed by exposing a PDMS stamp to an
ethanolic organothiol solution (1-10 mM) followed by drying under nitrogen and applying to
a metal surface, generally gold or silver. Upon contact, the thiol is transferred to the gold
surface, creating a monolayer only in the regions of contact with a pattern determined by the
shape and size of the stamp. If desired, the uncoated portion of the gold surface can be either

back-filled with another thiol by immersion?6:143 or “doubled-stamped™76 by another PDMS



Exposure of stamp Stamp is then dried
to thiol solution and pressed onto
gold substrate

Poly(dimethylsiloxane)
elastomer stamp

Gold substrate

0 120 um 0 120 um
brighter contrast corresponds to higher height or friction

Figure 7. Top: Formation of patterned monolayer by microcontact printing.
Bottom: SFM images (120 um x 120 um) of pentadecanethiolate
monolayer microcontact printed on gold.
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stamp with another thiol. Although the mechanism of adsorption and the quality of the
monolayers formed from microcontact printing have not been investigated
extensively,175:176 one report!75 has suggested that the monolayer quality is comparable to

those formed by solution deposition.

Dissertation Organization

The body of this dissertation is divided into four chapters following the general
introduction. Each chapter is presented as a separate manuscript. Chapter 1 examines the
surface reconstruction of as-evaporated gold during the formation of spontaneously adsorbed
monolayers. Electrochemical reductive desorption, STM and GFAAS were used to probe the
possibility of gold step sites evolving into terrace sites, resulting in a smoother surface. My
contribution to this chapter includes the results from electrochemical reductive desorption of
methyl-terminated alkanethiolates chemisorbed at gold, the GFAAS measurements on gold
dissolution, the STM imaging of the various gold substrates, and a majority of the writing.
Chapter 2 investigates the origin of the multiple voltammetric desorption waves of long chain
alkanethiolate monolayers chemisorbed at annealed gold electrodes. Chapter 3 describes the
multi-technique characterizations of mixed monolayers formed from spontaneously adsorbed
organothiolates assemblies at Au(111) surface. The study provides insight into the factors
important for controlling the spatial distribution of different organothiolate species on the
surfaces. Chapter 4 demonstrates the mapping of orientation differences of terminal
functional groups by friction force microscopy. Following these chapters is the final section

that provides some general conclusions and a prospectus for future studies.
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CHAPTER 1. GOLD SURFACE RECONSTRUCTION DURING THE FORMATION
OF ORGANOTHIOLATE MONOLAYERS

A paper to be submitted to Langmuir

Chuan-Jian Zhong, Sze-Shun Wong, and Marc D. Porter

Abstract

Evidence for the surface reconstruction of the substrate during the formation of
organothiolate monolayers at strongly (111) terraced gold is presented. Results based on
electrochemical reductive desorption, infrared reflection absorption spectroscopy (IRRAS),
graphite furnace atomic absorption spectroscopy (GFAAS), and scanning tunneling
microscopy (STM) provide both macroscopic and microscopic insights into the information
on the structural evolution of the gold surface during adlayer formation. Surface
reconstruction is revealed by electrochemical reductive desorption studies, which suggest that
at sub-monolayer coverage, thiolates preferentially adsorb at step sites. With the formation
of gold-thiolate bonds, the gold-gold interaction weakens and gold atoms at step sites can
evolve into terrace sites, making the surface smoother at a local level. Supporting evidence is
provided by GFAAS measurement of gold dissolution from the substrate and by STM
characterization of the surface morphology. The reconstruction is concluded to be a
cooperative process induced by thiolate binding to gold, in which the structural interactions
among chains and end groups contributes energetically to the substrate reconstruction. How

these cooperative processes relate to surface diffusion and thermodynamic driving forces are
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discussed.

Introduction

In recent years, several intensive studies have focused on characterizations of
structure and properties of spontaneously adsorbed organothiolate monolayers at metal
surfaces such as gold and silver.l-5 This interest is largely because their well-ordered, close-
packed nature provides opportunities for creating model interfaces. Less attention, however,
has been paid to the dynamic nature of the substrate surface involving metal-thiolate and
thiolate-thiolate interactions6-19. This aspect is important for both the fundamental
understanding and the control of interfacial structures and therefore their potential
applications in electronic20:2!, biosensing22 and chemical sensing devices23-27.

In addition to the traditional methods like contact angle measurements2-28-33 and
ellipsometry 8.14.34-40 many surface characterization techniques (e.g., scanning probe
microscopies?4!, vibrational spectroscopies!4.19.42-44_diffraction methods) have been
employed to unravel the molecular level details of this class of interfacial structures. Bain et
al.8 have used ellipsometric measurements of thickness to show that the spontaneous
adsorption of alkanethiols on Au involves an initial fast adsorption followed by a slow
ordering of the film. Woell et al.43 suggested that the slower process after initial adsorption
reflected an ordering process of the alkyl chains, as demonstrated by the narrowing of the X-
ray diffraction (XRD) peaks as the formation of the monolayer progressed. Recently, the

kinetics of monolayer formation from both the vapor4647 and liquid48:49 phases have been
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investigated. Further, the mechanism of organothiolate monolayers formation on gold has
been studied by both scanning tunneling microscopy (STM)#6-50 and in-situ scanning force
microscopy (SFM)4951,

Surface reconstruction is a well-known phenomenon that can be induced at many
metal surfaces by an adsorbate32-56. Also, substrate roughness was found to play an
important role in determining defects in the resulting monolayers!6-57. Based on STM
observation of pit movement, McCarley et al.!0 proposed that Au-S bonds are labile and Au
surface atoms diffuse. Stranick et al.” also reported in a STM study that the steps at an
alkanethiolate-coated Au surface undergo changes in shape and position as a function of
time. Motion of substrate-adsorbate complexes was described by using a surface diffusion
mechanism. Other complex processes, such as surface pit formation, have also attracted
attention15.58-63,

As an effort to understand the importance of various binding sites (e.g., step and
terrace sites) on the formation of gold-bound thiolates, we have investigated correlation
between the microscopic roughness and electrochemical reductive34.64-68, By comparing the
electrochemical desorption characteristics from as-evaporated and subsequently thermally
annealed Au films, different binding sites have been proposed and confirmed by other
comparative techniques such as X-ray photoelectron spectroscopy®6:67. Studies on different
single crystal face substrates have most recently appeared in an effort to further insights into
substrate effects66. Using low energy helium x-ray diffraction!9, others have found that the

chemisorption of thiols on Au(110) removes the "missing row" reconstruction, and
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differences in the ordering of alkyl chains were noticed on Au(111) and (100) by low energy
electron diffraction and IRRAS spectroscopies69.

To date, the dynamic nature of monolayer formation is recognized and related to a
simple first-order Langmuir adsorption kinetics process!8.70.7! and the ordering of the
structure8:18.43,45,70,72  yet the structural details concerning the dynamic processes involving
both monolayer and substrate have yet to be offered. In this paper, we report investigations
of the monolayer formation processes through immersion time studies in order to understand
the evolution of gold substrate surfaces during adlayer formation. The correlation of the
substrate surface roughness and the extent of the evolution was examined by using as-
evaporated mica-supported gold films (i.e., a more stepped morphology) and those
subsequently annealed at higher temperatures (i.e., a more terraced morphology) as substrates
67, We will first present substrate-sensitive electrochemical reductive desorption data, from
which the changes in the sizes of desorption waves involving different binding sites are
discussed. We will then describe the monolayer structure-sensitive infrared reflection
absorption spectroscopy (IRRAS) data, from which we discuss the evolution of monolayer,
packing and ordering. We also present graphite furnace atomic absorption spectroscopy
(GFAAS) and STM data, which provide additional information on the mobility of surface
gold atoms through the measurements of gold dissolution in the thiol solutions and surface

morphology, respectively.
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Experimental
Sample Preparation. Gold substrates were prepared by resistive evaporation of 300
nm of gold onto glass slides (Fisher Scientific) or fleshly cleaved mica (B & M Trading Inc.)
at ambient temperatures, as previously described4.67. The deposition rate was ~0.3 nm/s.

The pressure in the cryopumped Edwards E306A coating system during evaporation was less

than 1 x 10-4 Pa. The glass slides were cleaned in hot chromic acid, rinsed with copious
amounts of methanol, dried under a stream of nitrogen, and pre-coated with a 15 nm
chromium film to enhance the adhesion of the gold film. These substrates are termed “as-
evaporated” Au(111) films. Substrates subsequently annealed in a muffle furnace at 300°C
for 3 hr represent the “annealed” Au(111) films.

Monolayer Film Preparation. Ethanol (Quantum, punctilious grade),
mercaptopropionoic acid (MPA) (Aldrich), hexadecanethiol (HDT) (Aldrich), and
ethanethiol (ET) (Aldrich) were used as received. Mercaptohexadecanoic acid (MHA) and
mercaptoundecanoic acid (MUA) were synthesized as described in the literature$.
Monolayers were prepared by immersing the gold substrates into ethanolic thiol solutions. In
most cases, concentrations ranged between 0.01 mM to 0.05 mM. After removal from
solution, samples were rinsed with copious amounts of ethanol and dried under a stream of
N,.

Infrared Reflection Adsorption Spectroscopy (IRRAS). IRRAS
s;;ectra were acquired with a Nicolet MAGNA 750 FT-IR spectrometer using a liquid

nitrogen-cooled mercury cadmium telluride detector. Reflectance spectra were collected with
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p-polarized light incident at 80° with respect to the surface normal. All spectra were
recorded with 2-cm™ resolution and are the average of 512 sample and reference scans.
Monolayer spectra are reported as -log(R/Ro), where R is the reflectance of the sample and R,
is the reflectance of a octadecanethiolate-d3; monolayer on Au. Details of this instrumental
set-up are given elsewhere36.

Electrochemical Measurements. Electrodes were mounted in a conventional three-
electrode cell with an exposed geometric area, defined by an O-ring, of 0.58 cm’. All
potential measurements are reported with respect to a Ag/AgCl /saturated KCl electrode.
Deionized water, which was purified by passage through a Milli-Q filtration system, was
used for all solution preparations. Electrolyte solutions were prepared with semiconductor
grade KOH (99.99%, Aldrich) and were deoxygenated with argon. Voltammetric reductive
desorption experiments were performed by scanning the applied potential at 50 mV/s
between -0.00 and -1.35V using a CV-27 potentiostat (Bioanalytical Systems). These
experiments were conducted within 5 min after removal of the sample from the assembly

solution in order to minimize any time-dependent changes in the samples.

Graphite Furnace Atomic Absorption Spectroscopy (GFAAS). The amount of
gold present in the different thiol solutions after monolayer formation was quantitatively
determined by a Perkin Elmer 5000 graphite furnace atomic absorption spectrometer. The
temperatures for pretreatment, atomization, and cleaning were 600°C, 1600°C, and 2700°C,
respectively. The results are average values after immersion of ten separate pieces of 3 x |

in. Au/mica substrates immersed in a glass container containing 65 mL of an ethanolic thiol
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solution. As-evaporated and Au/mica substrates annealed at different temperatures (100°C
and 300°C) for 5 hr were used to investigate the effect of substrate topography on gold
dissolution. Control experiments were carried out with an “as prepared” thiol solution and
with gold substrates immersed into neat ethanol.

Scanning Tunneling Microscopy (STM). STM images were obtained under
ambient conditions using a Digital Instruments multimode microscope interfaced with a
Nanoscope III controller. The instrument was equipment with a 0.7 um scanner. The height
mode, which maintains a constant current between tip and sample, was utilized for all
imaging. The probe tips were fabricated by electrochemical etching a 0.025 cm diameter
tungsten wire in 0.5M KOH (99.99%, Aldrich). The typical range of bias potential and set
point current used for imaging were 500-1000 mV and 500-1000 pA, respectively, with the
sign of the bias voltage given with respect to the grounded substrate. To minimize variations
in the roughness assessment because of differences in the size and shape of tips, a single

STM tip was used to collect all of the images in each set of experiments.

Results and Discussion
The electrochemical reductive desorption of spontaneously adsorbed gold-bound
thiolates from thiol precursors in alkaline solutions can be effectively described by Equation
(1)34.64-66,73-77
RS-Au+e — Au+SR (1)

One of the particular intriguing observations from some of these electrochemical reductive
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desorption investigations for short chain length systems (N, < 11) is the difference in
characteristics of the voltammetric desorption waves between as-evaporated Au(111) films
and annealed Au(111)67. At annealed Au(111) films, the voltammetric curves display one
dominant desorption wave, whereas at least one additional wave 200-300 mV more negative
were detected at as-evaporated Au(111) films67. Based on comparisons of microscopic
roughness, we proposed that the origin of the substrate dependence reflects differences in
both the type and surface concentration of binding sites present at the two different
surfaces®7. That is, as-evaporated Au(111) films have a “rolling hill” surface topography
with higher step density; however, annealed Au(111) films are composed of large (>150 nm)
atomically flat (111)-terraces with a much lower step density. Therefore, the reductive
desorption for the annealed Au(111) films reflects the presence of alkanethiolates bound
primarily at the terrace sites of a more homogeneous Au(111) surface and that for the as-
evaporated Au(111) films results from the presence of alkanethiolates bound at both the
terrace and step sites of a more heterogeneous Au(111) surface.

This assertion is supported by a comparative study of the reductive desorption
characteristics of alkanethiolate monolayers at single crystal Au(111) and Au(110)
electrodes®6. The positions of the dominant waves for the desorption of thiolates at the
Au(111) and Au(110) single crystals are qualitatively comparable to those observed in the
curves for same adlayer at the annealed Au(111) films and as-evaporated Au(111) films,
respectively. This result confirmed that the reductive desorption potential is dependent on

the surface crystallinity and showed that the binding strength of the gold-sulfur interaction is
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larger at the Au(110) than at the Au(111) single crystal66,

In this study, we report the immersion time-dependence of voltammetric curves from
the reductive desorption of monolayers. The results will not only provide further support for
the difference in binding sites, but also give new evidence suggesting that the gold atoms at
step sites are more mobile than that at the terrace sites. As a result, the step sites can evolve
into terrace sites during monolayer formation due to the molecular interactions in the
monolayers and increased gold mobility due to the strong Au-S bonding and the concomitant
decrease in the strength of Au-Au bonding.

Voltammetric Characteristics as a Function of Immersion Time. A typical set of
voltammetric curves for the reductive desorption of MHA from as-evaporated Au/glass as a
function of immersion time in a 0.06 mM ethanolic precursor solution is presented in Figure
1. The reductive desorption potentials (Ep, V) and integrated charges (Qq, uC/cmz) under
each wave after deconvolution, and the total integrated charges of the waves (g, uC/cmz) are
summarized in Table 1.

As expected, Table 1 shows that the total coverage (Q,) in general, increases with
immersion time. At an immersion time longer than 6 min, the thiolate surface coverage
calculated from the averaged value of @, (75.0 +2.5 uC/cm?, if a roughness factor of 1.3 is
used) according to Eq. (1) corresponds to a surface concentration of ~7.8 + 2.6 x 10"
mole/cm?; this value is in good agreement with the surface concentration expected for a (V3 x
V3)R30° adlayer on Au(111) (7.7 x 10" mole/cm?).30 For shorter immersion times, surface

concentrations at submonolayer levels were obtained.
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Apart from the general growth of reductive desorption waves as a function of time,
detail examination of the voltammetric curves shows that the relative size of the waves
change over time. The amount of thiolate at each type of binding site is therefore immersion-
time dependent, as shown by a plot of the integrated charge under each wave vs. the
immersion time in Figure 2. At very short immersion times (e.g., 0.03 min), the wave at
~-1.2 V (denoted hereafter as S wave) accounts for the majority of the reductive desorption
charge. The wave located near ~-0.97 V (denoted hereafter as T wave), however, is very
small. From 0.03 to 60 min, the charge under T wave (Qq, r)increases progressively (from
12.9t0 40.6 uC/cmz) while that under S wave (Qq, s) has a significantly smaller increase
(from 48.2 to 56.9 uC/cm?). In addition, T wave shifts negatively by 60-70 mV, while S
wave remains at about the same potential. Up to 60 min of immersion, Qq,s is still larger
than Qq 1. Beyond 60 min of immersion, Qq, s decreases while Qq, T continues to grow. At
120 min and longer, Qq, T becomes larger than Qq s. These changes are also accompanied by
the movement of T wave from 0.97 to 1.05 ; there are no detectable changes in the position of
S wave.

There are two possible explanations for the evolution of the desorption waves. The
first possible explanation, though viewed as very unlikely, is that the solvent, in this case
ethanol, triggers the evolution of step sites to terrace sites. The second explanation is that the
evolution is induced as a consequence of adlayer formation. The former possibility was ruled
out by immersing a set of as-evaporated Au/glass substrates into pure ethanol for 8 hr prior to
placement into the ethanolic MHA solution. The voltammetric results effectively followed

the same time evolution as shown in Figure 1. Itis, therefore, evident that the adlayer
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formation is responsible for the observed evolution of the voltammetric curves.

Having concluded that the monolayer formation triggers the observed evolution of the
voltammetric data, we next focused on how the spontaneous adsorption process causes the
evolution of the voltammetric curves. There are two likely possibilities: improvements in the
packing/ordering of alkyl chains over time and changes in the ratio of terrace sites vs. step
sites. The following sections examine each of the possibilities.

IRRAS Characterization as a Function of Immersion Time. The structure of the
MHA monolayers during the formation from a 0.04 mM ethanolic solution was characterized
by a time-dependent IRRAS study. The resulting spectra of the C-H stretching region (2700-
3100 cm™") are presented in Figure 3. In the C-H stretching region, both v,(CHz) (~2920 cm’
'Y and v4(CH,) (~2850 cm') bands become narrower, lower in intensity and shift to lower
frequency as immersion time increases. For example, a reproducible and consistent shift of
~8 cm’' is evident (i.e., a decrease from 2926 to 2918 cm™') for at least five replica samples
between immersion times of 1 min and 1000 min. These changes are indicative of an
increase in the packing density and therefore ordering of the chain!4.69.78, More importantly,
the change with ~12 min of immersion accounts for most of the shift. Thus, the time-scale of
the dominant changes in the IRRAS data is notably shorter than that observed for reductive
desorption data.

If an enhanced packing/ordering could lead to observed evolution of the voltammetric
curves, we would expect that the capacitance of the MHA monolayers during the immersion

time study to be significantly different in order to account for the voltammetric
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differences16.34.78-81 We measured the capacitance of the monolayers by calculating the
charging currents at 0.0 V in cyclic voltammograms recorded in 0.5 M KOH at 100 mV/s.
These measurements did not detect significant differences in capacitance during the time
window that the evolution of voltammetric curves occurs. These results also argue against
changes in chain packing as the origin of the evolution of the voltammetric curves.

The chain length effects on smoothing of gold. The evolution of the voltammetry
for acid-terminated alkanethiolate monolayers on as-evaporated Au/ giass with shorter chain
lengths (i.e., MUA and MPA) were also examined. The results are shown in Figures 4
(MUA) and 5 (MPA). Comparison of the voltammetric curves shows that the waves of MPA
evolve differently from those of the longer chain MHA and MUA. T wave for MPA is very
narrow and is markedly larger than S wave at long immersion times. This difference suggests
that chain length may play a role in the extent of the surface reconstruction. Further
inspection of the voltammetric curves of MHA and MPA shows that T wave becomes
dominant while S wave remains relatively small for all immersion times and that there is
little of the cross-over observed for MHA in Figure 1.

Since the substrates for the three precursors are microscopically indistinguishable, one
might expect that the voltammetric waves for all three adsorbates would be similar, at least at
the early stages of the formation process. The results in Figures 1, 4, and 5 are contrary to
this expectation. We therefore believe that the adsorbate-induced alteration of the substrate
occurs at a much faster rate with the shorter chain MPA and MUA. More importantly, based
on the voltammetric curves from long immersion times, T wave from MPA is much more

dominant than those from MUA and MHA, suggesting that spontaneous adsorption of shorter
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chain thiol leads to a faster and more significant evolution of binding sites.

The chain length effect on the evolution of step sites to terrace sites can also be
observed with voltammetric reductive desorption of an alkanethiolate monolayer. Shown in
Figure 6 are voltammetric curves from reductive desorption of hexadecanethiolate (top) and
ethanethiolate monolayers (bottom) from as-evaporated Au/mica. The voltammetric curves
for the same adlayers on annealed Au/mica are shown in Figure 6 for comparisoh. All
electrodes were immersed for ~12 hr in their respective ethanolic thiol (1 mM) solution.
With as-evaporated Au/mica as the substrate, the voltammetric waves show that both T and S
waves are observable for ET. However, T wave for HDT is not observed and S wave
overlaps with the current derived from solvent reduction.

Based on the relative size of T wave for the reductive desorption of the two adlayers,
we suspect that the shorter length adsorbate preferentially "smoothes” the surface by
transforming step sites to terrace. This assertion is consistent with our conclusion drawn
from the data for the carboxylic acid-terminated alkanethiols. The extent of the evolution can
be further dissected when the voltammetric waves from as-evaporated and annealed Au/mica
are compared. In the case of HDT, little evolution occurs at the as-evaporated Au/mica as
shown by the small size of the wave for desorption of such long chain thiolates at terrace
sites. To the contrary, the waves for the desorption of ET from as-evaporated gold show a
much larger wave from terrace sites, suggesting a significant evolution of step sites to terrace
site.

Table 2 lists STM-determined roughness factors (RFs) of as-evaporated Au/mica and

of the ET and HDT coated as-evaporated Au/mica. These experiments were conducted to
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determine whether the evolution in surface morphology could be detected microscopically.
While only subtly different, the lower RF for the ET covered surface indicates that adsorption
of shorter chain alkanethiolates on as-evaporated Au/mica results in a slightly smoother
surface.

The above chain length comparison suggests that the smoothing of the substrates by
short chain thiols is closely linked to intermolecular interactions. The difference in cohesive
interactions between alkyl chains is 1.6 to 3.3 kJ/mole per methylene group82 and is evident
in the structural insight gained in characterizing these systems with infrared3 and Raman42
spectroscopies, both of which indicate that long chain monolayers are more densely packed
than short chain monolayers.

Since the above argues that intermolecular interactions may play a role in the extent
of the observed smoothing, we next focused on developing a dynamic description of the
process. Surface dynamics often arise from surface diffusion, and can affect both substrate
and adsorbate structures32-56, The reported values of surface diffusion activation energy for
gold range from 5.7 to 17 k cal/mole83.84, The activation energy of gold diffusion, however,
is lower than the Au-S bond energy (~44 kcal/mol85). In other words, the migrating surface
species is probably not an individual gold atom, but rather a gold thiolate complex (Au-SR).
The possibility of a Au-thiolate complex being the mobile species is more likely if adsorption
of thiolates weaken neighboring Au-Au bonds83:836. Reports have shown that Au-Au
bonding is weakened by the formation of adsorbate-Au bonding (i.e., Cl and §32.83),

Furthermore, the Au-thiolate species will be more mobile for the short chain thiolates where
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intermolecular interactions are less. This conclusion is supported by the results of
experiments in the next section which determined the amount of gold in the thiol solution
after adsorption. At present, we are not able to estimate quantitatively how much the Au-Au
bonds are weakened, but we believe that the barrier is lowered significantly by Au-SR
bonding. This decrease, in turn, lowers the barrier to surface diffusion at steps, becoming
accessible under ambient conditions.

Supporting Evidence from GFAAS and STM. To assess further the possibility of
the above assertion, experiments were performed to illustrate the mobility of the surface gold
in the presence of thiolates. The higher the mobility, the more likely that some of the surface
gold will be able to leave the surface and become dissolved in the precursor solution. In
addition, the surface morphology changes should be tractable using STM. The amount of
gold in the thiol solution after adsorption!5.7587 on Au/mica was determined with GFAAS,
and the results are shown in Table 3. These results are for Au/mica substrates annealed at
different temperatures for 3 hr and immersed in different ethanolic (1mM) solutions for 12 hr
before characterization. The equivalent gold monolayer coverage was also calculated and is
listed in Table 3. The goal of annealing the Au/mica at different temperatures is to prepare
gold surfaces with different extend of roughness and terrace sizes (i.e., higher annealing
temperature brings smoother gold surfaces microscopically). The effects of substrate
morphology on the dissolution of gold in thiol solutions therefore can be studied. The control
experiments show that there was no detectable gold in the precursor solutions before the
immersion of gold or in neat ethanol; in the latter, as-evaporated Au/mica were immersed in

ethanol for 12 hr. Comparing the amount of gold detected in solutions of HT and DT, at least
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twice as much gold was lost from the substrates in the HT solutions. This trend suggests that
gold atoms are more labile when complexed with shorter chain adsorbates and a more
extensive evolution of step sites to terrace site would be expected. This perspective is
supported by the voltammetric data in Figures 1, 3 and 4 which shows MPA yields a larger T
wave at long immersion times than MUA and MHA. Based on the small amount (less than
the equivalent of 2% of a monolayer in the case of HT on as-evaporated Au/mica) of Au
determined in solution, it is unlikely that etching of gold can lead to such extent of evolution
in the voltammetric curves. We believe that surface diffusion, rather than etching, is the
main process that is responsible for the evolution.

The gold dissolution experiment also found higher gold concentrations in solutions
with acid-terminated thiols (MUA) than in those with methyl-terminated thiols (DT), even
though both have similar chain length. Since acid-terminated thiols are likely to be more
soluble in ethanol than those with less polar methyl end group, we speculate that the
dissolved gold is in the form of Au-SR and the solubility of the carboxylic acid end group
enhances the mobility and dissolution. This proposal is supported by comparing the
voltammetric curves from the reductive desorption of monolayers from acid-terminated and
methyl-terminated thiolate having equal number of carbons in the chain. With the same
substrates, curves from acid-terminated monolayers are characterized by a larger T wave and
a much smaller S wave. In short, the extent of gold dissolution in ethanolic solutions reflects
the enhanced mobility of gold on the surfaces arising from the formation of Au-SR bonds.

The mobility of the Au-SR is, however, hindered by the cohesive interactions between the
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alkyl chains but increased by the solubility of the Au-SR complex which is affected by the
polarity of the terminal functional groups.

Table 3 also shows that amount of gold dissolved from as-evaporated Au/mica is
consistently higher than that from annealed (smoother) Au/mica. The correlation that as-
evaporated gold has more step sites and loses more gold during monolayer formation
supports our claim that the gold atoms at step sites is more mobile after the formation of Au-
'SR bonds. Interestingly, this mobility can be correlated through differences in the metal-
metal coordination numbers at terraces and steps as illustrated in Figure 7. On the terrace of
a flat (111) face, the coordination number of the exposed atoms is 9. At a step between the
terraces, the atoms have coordination numbers of 7 or 8. If the step is kinked, coordination
numbers as low as of 5 or even 6 are possible. Thus, gold atoms at step sites are more mobile
due to a lower number of neighboring atoms, consistent with our belief that gold atoms at
step sites are mobile enough to reconstruct into terrace site and some of them were lost to the
solutions.

The mobility of surface gold atoms in the present of thiolates is also manifested by
STM topographic images showing the effects of annealing the as-evaporated Au/mica in the
presence of an adlayer. Figure 8 are STM images (800 nm x 800 nm) of the sample surfaces
after annealing the as-evaporated Aw/mica without (Figure 8A) and with the HDT (Figure
8B) adlayer at 100°C for 12 hr. The difference in surface roughness clearly evident. The
Au/mica annealed without the HDT adlayer resembles that of as-evaporated Au/mica which
has a “rolling hill” morphology and small sized crystallites®”. To the contrary, Au/mica

coated with an HDT adlayer and annealed under the same conditions has a more terraced
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morphology and larger crystallites. The surface roughness factors (RFs) for samples that
received different treatments are determined from STM images of 800 nm x 800 nm and are
listed in Table 4. By annealing HDT-coated as-evaporated Au/mica at 100°C for 12 hr, a RF
of 1.10 is obtained. The RFs of uncoated Au/mica annealed under the same conditions and
as-evaporated Au/mica are 1.13 and 1.14, respectively. The smoothing of the as-evaporated
Au by annealing after the spontaneous adsorption of thiolates indicates that the Au-AuSR

bond is comparatively weaker than the Au-Au.

Conclusions

In summary, we have presented evidence for the surface reconstruction of the
substrate during the formation of organothiolate monolayer at as-evaporated gold. This
evidence which is based on multi-techniques such as electrochemical reductive desorption,
[RRAS, GFAAS, and STM has provided both macroscopic and microscopic information on
the structural evolution of the surface. The evidence all points to the direction that at
submonolayer coverage, thiolates preferentially occupy step sites. The formation of Au-SR
bonds then weakens the bonds between neighboring gold atoms. This weakening of the
surface gold atoms enhances the mobility of the Au-SR complexes, particularly at the low
coordination boundary regions such as steps and kinks. As a result of such enhanced
mobility, the Au-complexes move from the step sites to terrace sites, creating a smoother
surface as suggested by the electrochemical reductive desorption data and confirmed by the
STM images and subsequent roughness analysis. Our results suggest that the extend of

smoothing can be increased by using substrates of higher roughness, organothiol precursor of
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shorter chain or with more polar terminal group (e.g., carboxylic acid). Although we
currently do not know the details of the Au-SR complex movements, we speculate that the
movements required to achieve the evolution as indicated by the voltammetric reductive
desorption curves are not extensive. To this end, in situ scanning probe microscopic

experiments aimed at studying the substrate smoothing mechanism are underway.
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Table 1. Reductive desorption peak potentials (E,, V), the integrated charges (Qq, pC
/cm?) under T and S waves, and total integrated charges (Q,, uC/cm?) for
mercaptohexdecanoic acid (MHA) at different immersion times.

Immersion  Ep 1 (V) Ep s (V) Qu 1’ Qus’ 0.’

time (min) (uC/cm?) (uC/cm?) (uC/em?)

0.03 -0.97 -1.23 129 48.2 61.1

0.2 -0.97 -1.22 13.8 51.7 65.5

0.5 -0.99 -1.23 324 56.0 88.4

| -1.00 -1.24 30.2 58.6 88.8

6 -1.01 -1.23 33.6 59.5 93.1

30 -1.02 -1.23 39.8 60.3 101.1

60 -1.04 -1.22 40.6 56.9 97.5

120 -1.05 -1.22 55.1 40.6 95.7

583 -1.05 -1.22 64.6 37.8 102.4

888 -1.05 -1.22 68.1 28.5 96.6

* The values of Q are calculated from the area under each of the wave after compensating for
charging current, and are divided by the area of the O-ring. The area of a wave is obtained by
deconvolution of the waves. The current flow for double layer charging was estimated by
using a straight capacitive baseline.

b
Oi=Qa1+04s



Table 2. STM determined roughness factors (RFs) for as-evaporated Au/mica and for
the HDT and ET coated as-evaporated Au/mica.

Sample RFs *
uncoated as-evaporated Au/mica 1.17 +0.01
HDT coated as-evaporated Au/mica 1.17 £0.03
ET coated as-evaporated Au/mica 1.13 +0.01

* The STM RFs were determined by dividing the actual surface area of an image by its
geometric surface area. These results reflect the characterizations of samples for at least five
separate 250 nm x 250 nm areas on each sample and the uncertainties are given as standard
deviations.
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Table 3. The gold dissolution in thiol solutions as determined by graphite furnace

atomic absorption spectroscopy (GFAAS).

Equivalent Au monolayers

Precursor solution Substrate treatment [Au] (ppb)* coverage (%)°
Hexanethiol (no Au) 25°C 0 0
Neat ethanol 25°C 0 0
Hexanethiol 25°C 19 1.56

300°C (2)° <2 N/A

Decanethiol 25°C (2) 6.1 0.50
200°C 4.6 0.38

300°C (3) <2 N/A

Mercaptoundecanoic 25°C (2) 13.8 1.1
Acid 200°C 9.3 0.76
300°C (2) <2 N/A

? Detection limit with a 10 pL sample: 2 parts per billion (p?b).

® Surface concentration of gold atoms: 1.4 x 10" atoms/cm®.
¢ Number of samples.
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Table 4. STM-determined roughness factors on samples with different treatments.
Sample treatment STM RFs *°

As-evaporated Au/mica, no annealing 1.14 +0.01

Auw/mica annealed at 100°C for 12 hr 1.13 +0.01

Hexadecanethiolate (HDT) coated Au/mica 1.10 £0.01

annealed at 100°C for 12 hr

* The STM roughnesses were determined by dividing the actual surface area of an image with
its geometric surface area. RFs are calculated based on 3 sampled areas. The RF for as-
evaporated Au/mica without annealing (1.14) is slightly less than that listed in Table 1 (1.17)
because a different STM tip and larger scanning areas were used to collect this set of data.
®The STM images are 800 nm x 800 nm.
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Figure Captions
Voltammetric curves for the reductive desorption of mercaptohexadecanoic
acid monolayers chemisorbed at as-evaporated Au/glass at different
immersion times. Concentration of precursor solution: 0.06 mM. Electrolyte:

0.5 M KOH. Scan rate: 50 mV/s.

Plot of the integrated charges of the electrochemical reductive desorption

waves from Figure 1 vs. immersion time.

C-H stretching region of the ex-situ infrared reflection absorption spectra of
mercaptohexadecanoic acid monolayers chemisorbed at as-evaporated
Au/glass at different immersion times. The dashed line shows the peak

position of the v,(CH,) stretch at 0.033 min immersion.

Voltammetric curves for the reductive desorption of mercaptoundecanoic acid
monolayers chemisorbed at as-evaporated Au/glass at different immersion
times. Concentration of precursor solution: 0.03 mM. Electrolyte: 0.5 M

KOH. Scan rate: 50 mV/s.
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Voltammetric curves for the reductive desorption of mercaptopropionic acid
monolayers chemisorbed at as-evaporated Au/glass at different immersion
times. Concentration of precursor solution: 0.03 mM. Electrolyte: 0.5 M

KOH. Scan rate: 50 mV/s.

Voltammetric curves for the reductive desorption of (A) mercaptohexadecane
thiolate and (B) ethanethiolate monolayers chemisorbed at as-evaporated
Au/mica (thick line) and annealed Au/mica (thin line). Concentration of
precursor solution: | mM. Electrolyte: 0.5 M KOH. Scan rate: 50 mV/s.

Immersion time: overnight.

Scheme showing a Au(111) surface with a terrace and a step. Coordination

numbers of at terrace, step, and kink are listed.

STM images of (A) Au/mica annealed at 100°C for 12 hr and (B) HDT coated
Au/mica annealed in conditions same as (A). The scan size is 800 nm x 800

nm.
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Figure 8
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CHAPTER 2. ORIGIN OF THE MULTIPLE VOLTAMMETRIC DESORPTION
WAVES OF LONG CHAIN ALKANETHIOLATE MONOLAYERS CHEMISORBED
ON ANNEALED GOLD ELECTRODES

A paper to be submitted to Journal of Electroanalytical Chemistry

Sze-Shun Wong and Marc D. Porter

Abstract

This paper examines possible factors responsible for the voltammetric fine structure
exhibited from the reductive desorption and oxidative redeposition of long chain
alkanethiolate monolayers on smooth gold electrodes. Results reveal that the fine structure is
connected to the local order of the adlayer. This conclusion is based on a series of
characterizations of monolayers formed from hexadecanethiol (HDT) and octadecanethiol
(ODT) on annealed mica-supported gold (annealed Au/mica) and on template-stripped gold
(TSG). For annealed Au/mica, a pair of overlapping waves separated by 20 to 100 mV are
found for both the desorption and the redeposition process. In contrast, the voltammetry of
the TSG system exhibits a single wave for the two processes. Findings from morphological
assessments (oxidative stripping of iodine, scanning tunneling microscopy, and
underpotential metal deposition of lead) of the underlying substrates reveal that the
differences in the voltammetry are connected to a subtle difference in the microscopic
roughness of the two substrates. The morphological data indicate that the sn.;rfaces of
annealed Au/mica and of TSG are strongly (111)-terraced, but that the sizes of the (111)

terraces at TSG are significantly smaller. As a consequence, the TSG surface has a higher
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density of steps. Since the adlayer domain size is ultimately limited by the microscopic
topography of the substrate, the voltammetric differences observed for the two types of
substrates are attributed to differences in the ordering of the adlayer. A description of the
differences in the processes for the desorption and redeposition is proposed and is examined

within the context of recent interpretations.

1. Introduction

Several laboratories [1-17], including our own [18-22], have described a variety of
interesting aspects about the reductive desorption and oxidative deposition for alkanethiolates
chemisorbed at gold electrodes (i.e., Equation 1). We have found, for example, that the

X(CH3),S-Au + ¢" & X(CH3)sS™ + Au (1)
desorption process at smooth electrodes (i.e., annealed mica-supported gold) reflects the
presence of thiolates bound on the terrace sites of Au(111) [21]. At rougher surfaces (e.g.,
as-evaporated mica-supported gold), however, the desorption process exhibits characteristics
for thiolates bound on both terrace and step sites [21]. In general, the voltammetric waves for
desorption from step sites are a few hundred millivolts negative of those for desorption from
terrace sites [21].

We have also recently reported an unexpected dependence of the voltammetric
reductive desorption curves on the number of carbons in the alkyl chain (N¢) for n-
alkanethiolates chemisorbed at smooth gold [18]. This study found that the reductive
desorption and oxidative redeposition processes for N.>10 displayed multiple voltammetric

waves that were separated in total by ~100 mV or less. In contrast, only a single wave was
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detected for monolayers with N.<10. We proposed that this “fine structure” originated from
the existence of different sized domains in the longer chain monolayers. Morin and co-
workers have presented similar findings and interpretations [7].

This paper describes the results from a series of experiments designed to test the
viability of the above assertion by assessing the effect of substrate roughness on the domain
size of the adlayer. We show that roughness, which affects the local order of the adlayer, can
ultimately be correlated to the presence or absence of the voltammetric fine structure. These
findings are examined within the context of other possible explanations, including a recent
two-step mechanism involving the formation of physisorbed micelles of long chain thiolates

after desorption [8, 9, 13, 23].

2. Experimental
2.1 Gold Substrate Preparation

Two types of substrates were used, both of which were prepared by the vapor
deposition of 300 nm (0.3 nm/s deposition rate) of gold onto fleshly cleaved mica (Au/mica)
(B & M Trading Inc.) at ambient temperature. One type of substrate was then annealed at
300°C for 5 hr in a muffle furnace (annealed Au/mica). The other type of substrate was
prepared by template stripping [24, 25]. Template-stripping is a lift-off technique that
involves affixing the exposed side of annealed Au/mica onto a glass support with epoxy. The
assembly is subsequently cured to form a mica/gold/epoxy/glass sandwich. The samples are

then immersed in tetrahydrofuran, which causes the delamination of the gold film from mica.
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This process exposes the underlying gold surface that was originally in contact with mica.

These substrates will be referred to as template-stripped gold or TSG.

2.2 Monolayer Preparation

Ethanol (Quantum, punctilious grade), hexadecanethiol (HDT), and octadecanethiol
(ODT) (Aldrich) were used as received. The electrodes were coated by immersion into
1 mM HDT or ODT ethanolic solutions for at least 2 hr. After removal from solution, the
modified electrodes were rinsed with copious amounts of ethanol and dried under a stream of

high purity argon.

2.3 Instrumentation and Procedures
2.3.1. Electrochemistry

The electrodes were mounted in a conventional three-electrode cell with an exposed
geometric area, defined by the size of an O-ring, of 0.58 cm>. A Ag/AgCl/saturated KCl
electrode was used as the reference electrode, and all values of applied potential are reported
with respect to this electrode. The auxiliary electrode was a coiled Pt wire. Deionized water,
which was purified by passage through a Milli-Q filtration system, was used for all solution
preparations. Data were collected using a CV-27 potentiostat (Bioanalytical Systems).
Solutions were deoxygenated with argon. Cyclic voltammetric experiments were performed

using 0.5 M KOH (99.99%, Aldrich) electrolyte solutions.
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The microscopic surface areas for each of the uncoated gold substrates were assessed
by the oxidative stripping of chemisorbed iodine [26-28]. Samples were prepared by
immersion into an aqueous solution of 1 mM KI and 1 M H,SO, for 1 min. The samples
were then removed, rinsed with 1 M H,SOq, and characterized voltammetrically in I M
H>SO,. The amount of chemisorbed iodine was determined by the charge passed for the
oxidative stripping to aqueous IO;". Roughness factors were then calculated by dividing the

microscopic surface area by the geometric surface area.

The stripping of underpotentially deposited (upd) lead was used for the
characterization of the surface crystallinity of each substrate by comparisons to the
voltammetric curves for single and stepped crystal gold electrodes {29-34]. Lead was
deposited from a solution of 1 mM PbO in 1 M HCIO, by scanning the applied voltage at 20
mV s from +0.30 to -0.30 V. Stripping curves were obtained upon reversal of the scan

direction.

2.3.2. Scanning Tunneling Microscopy (STM)

Images (515 x 512 pixels) acquired by STM were obtained in ambient conditions
using a Digital Instruments Nanoscope Il STM. The instrument was equipped with a 0.7 um
scanner head. The height mode, which maintains a constant current between the tip and
sample, was utilized for all imaging. The STM probe tips were fabricated by etching

electrochemically a 0.025 cm diameter tungsten wire in 0.5 M KOH. Typical tunneling
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currents and bias voltages used for these images were 500-1000 pA and 500-1000 mV,

respectively.

3. Results and discussion

3.1. General voltammetric characteristics of long chain alkanethiolate monolayers on
annealed Au/mica and TSG

Cyclic voltammograms for the reductive desorption and partial oxidative redeposition
of HDT and ODT at the two different gold substrates are presented in Figures | and 2,
respectively. These curves were collected in 0.5 M KOH(aq) at a scan rate of S0 mV s'. The
scans were initiated at 0.00 V and reversed at —1.35 V. Curve A in each figure is for
monolayers on annealed Au/mica and curve B is for monolayers on TSG. Table 1
summarizes several features of these data, including the peak potentials for the reductive (Eq)
and oxidative (Eog) waves and the total charge passed under the waves in the cathodic (Q:q)

and anodic (Qoq) scans.

The voltammetric data for HDT on annealed Au/mica (Figure 1 A) are characterized
by the presence of two overlapping waves for both the cathodic and anodic scans. The values
for Eigare-1.11 Vand -1.15 V and for Eyq are -0.90 V and -0.96 V, with a sample-to-sample
variability in peak potential of £10 mV. The peak separation between the two waves in the
cathodic scan is therefore 40 mV whereas the separation is 60 mV for the two waves in
anodic scan. The voltammetric curves for ODT on annealed Au/mica (Figure 2A) are also

characterized by the presence of two overlapping waves in each scan direction. The values of
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Egare-1.12 Vand -1.19 V and of E are -0.90 V and -1.01 V. The peak separations are 70
and 110 mV for the cathodic and anodic scans, respectively. For both adlayers, the values of
Qoq are smaller than those of Q4. This difference is a result of the partial depletion of
desorbed thiolate to bulk solution. A more quantitative analysis of these data (e.g.,
determination of the charge under each wave) is, however, complicated by the extensive

overlap of the waves.

In contrast to the curves at annealed Au/mica, those for HDT (Figure 1B) and ODT on
TSG (Figure 2B) consist of only one wave in the cathodic scan and one wave in the anodic
scan. The curve for HDT has a Eqg of -1.12 V and a Eoq of -0.94 V, whereas that for ODT has
aEgof -1.15 Vand a E,q of -0.98 V. This single-peak characteristic is similar to the
reductive desorption curves for N.<11 at annealed Au/mica [18]. We note that the peak
potentials for TSG are located between those for the two waves for annealed Au/mica in both

scan directions.

What then is the origin of the difference in the voltammetric curves for the two
different substrates? As noted, our earlier investigation [18] and that of Morin and co-
workers [7] found that long chain (N.:>10) adlayers formed on atomically smooth Au(111)
exhibit the fine structure shown in Figures 1A and 2A. These findings led to speculation that
the differences arise from the dependence of the cohesive interactions between neighboring
adsorbates on the length of the alkyl chain [18]. Short chain adlayers, based on STM
observations [35-38], have smaller ordered domains than longer chain adlayers. Thus,

desorption would be more facile for short chain adlayers because of a greater number of
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defects. This insight suggests that the differences between the curves in both Figures 1 and 2
may be connected to differences in the two types of substrate, which may in turn affect
adlayer domain size. As a starting point in examining this possibility, the next section
presents the findings from a multi-technique characterization of the surface morphology of

the different substrates.

3.2. Characterizations of the uncoated gold substrates
3.2.1. Electrochemical roughness factor determinations

The oxidation of adsorbed iodine [26-28] was used as a starting point in assessments
of the roughness for the two types of substrates. Roughness factors (RFs) were determined
by comparing the experimentally determined surface concentration of iodine [26-28] with the
theoretically limiting surface concentration of iodine (1.02 x 10" mol cm®) at atomically
smooth Au(111) (the maximum surface concentration of adsorbed iodine is 0.44 times the

number of surface atoms at Au(111) (2.3 x 10 mol cm?) [39]).

The results from these assessments are listed in Table 2. As is evident, the
electrochemical RF for annealed Au/mica is less than that for TSG. Recent characterizations
of the surface of various Au substrates {24, 25] have found that TSG is morphologically more
similar to annealed Au/mica than is suggested by the electrochemical RF data. However,
these earlier literature reports heated the mica substrate to 300°C during gold deposition; this

part of the procedure, which leads to enlargement of the grain sizes of the gold film, was not
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used in our preparation. As such, the electrochemical RF values in Table 2 begin to delineate

a potentially important microscopic difference between the surfaces of the two substrates.

The results from STM characterizations of the uncoated substrates are shown in
Figures 3 and 4. Figure 3 presents S um x 5 um images, and Figure 4 presents 500 nm x 500
nm images. In each figure, part A is an image for annealed Au/mica and part B is an image
for TSG. All images are accompanied by cross-section plots that provide topographical
insights into the microscopic roughnesses of the two different substrates. Figure 3A shows
that annealed Au/mica has crystalline diameters as large as 150-200 nm that are separated by
grain boundaries of varied width and depth. Though unclear how the finite size and shape of
the tip influences an accurate assessment of the depths of the grain boundaries [40-43], the

grain boundaries in some of the observed images (data not shown) are at least 15 nm deep.

The 5 um x 5 um image of TSG is markedly different from that of annealed Au/mica.
At this length scale, the TSG surface appears to be much smoother, with fewer identifiable
grain boundaries. There are, however, some fairly deep pinholes in TSG. We suspect that
these pinholes, which are at least 3 tol0 nm deep in some images, originate from the presence
of aggregated contaminants or microparticulates strongly adsorbed on the mica surface. The
presence of these microstructures translates into small, localized protrusions on the mica
surface that are imprinted on the gold film during deposition. We have found that the

numbers and sizes of the holes can be reduced when the mica is heated at higher temperature,



86

e.g., 300°C for 30 min., before the Au deposition, a finding consistent with the proposed

origin of these holes.

The 500 nm x 500 nm images in Figure 4 provide a perspective of the surface
topography at a greater level of detail. Comparing Figure 4A and 4B shows that many of the
terraces (150-200 nm wide) on annealed Au/mica are significantly larger than those for TSG
(50-80 nm wide). Since characterizations (i.e., X-ray diffraction) [21] of evaporated gold
films demonstrate that the bulk of such films has a (111) crystallinity, these images argue that
TSG has a significantly larger number of steps than annealed Au/mica. Therefore, TSG can
be roughly described as a smooth but more stepped surface, whereas that at annealed

Awmica is a smooth surface composed of larger terraces with a lower number of step sites.

Table 2 lists RFs developed from typical STM images of the substrates at several
different locations. These RFs were determined from dividing the surface area calculated
from the topography of the images by the geometric area of the images using the roughness
determination function of the STM software. These results, which are qualitatively
consistent with those from the electrochemical characterizations, reveal that the surface of
annealed Au/mica is smoother at a microscopic level than that of TSG. We note, however,
that the electrochemical RF values are consistently higher than the STM RF values. This
difference is attributed largely to the finite number of data points that are used to construct an
STM image. That is, the images in both Figures 3 and 4 are composed of 512 x 512 pixels.
This pixel density roughly corresponds to a data point per 100 nm? (~1 data point for every

1000 gold atoms) in Figure 3 and 1 nm’ (~1 data point for every 10 gold atoms) in Figure 4.
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As a consequence, the true topographies of the surfaces are undersampled (i.e., smoothed) by
the limited data density. This situation is compounded by the possibility that the finite size of

the tip may preclude accurate sampling of features with large local changes in contour.

To this point, we have determined that the surface of annealed Au/mica is
morphologically distinct from that of TSG. These results indicate that the surface of
annealed Au/mica has larger terraces and is less extensively stepped at an atomic scale than
that of TSG. Coupled with the surface morphological insights from the upd of lead that are
déscribed in the next section, the STM data point to the differences in surface topography,
and more specifically, the impact on the terrace sizes of the adlayer, as a key contributor to

the differences in the voltammetric curves.

3.2.3. Characterization of the surface crystallinities by stripping of underpotentially
deposited lead

The surface crystallinities of the two gold substrates were characterized using the
oxidative stripping of underpotentially deposited lead. This characterization exploits the
findings from several systematic studies which have shown that the stripping curves are
dependent on the crystal face, terrace length, and step density of the g;)ld surface [29-32, 44].
These experiments therefore potentially provide an important additional assessment of the

surface microstructure for the two types of substrates.

Figure 5 shows the voltammograms for stripping lead from the two types of gold

substrates. At annealed Au/mica (Figure 5A), the stripping curve consists largely of a sharp
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wave located at -0.16 V. There are also two smaller waves. One of the waves appears at
-0.20 V and overlaps with the wave at -0.16 V; the other is located at +0.17 V. This
voltammogram is diagnostic for the desorption of lead from the (111) crystalline plane of a
gold surface, which is in agreement with results from earlier characterizations of annealed
gold films [29-34]. Furthermore, the wave at -0.16 V is indicative of the presence of (111)
terraces with extended lengths (i.e., 11 atoms or larger) [30, 31]. In contrast, the wave at
-0.20 V reveals the existence of terraces with smaller lengths. A rough approximation of the
areas under each of the overlapping waves suggests that the large and small (111) terraces
constitute ~80 and 20% of the surface, respectively. In addition, the absence of waves
diagnostic of the (100) and (110) crystalline planes, which are located between those at
+0.17 V and -0.16 V, demonstrates that the Au(111) surface is devoid of detectable step

sites [34] (5% estimated detection limit).

The voltammetric curve for the stripping of underpotentially deposited lead from TSG
(Figure 5B) has some of the same characteristics of that for annealed Au/mica as well as
some differences. Like annealed Au/mica, the curve for TSG is composed of the two
overlapping waves (-0.17 V and -0.21 V); however, the relative magnitudes of the two
waves are reversed, with the wave at -0.21 V larger than that at -0.17 V. There is also a
broad wave present at +0.02 V for TSG that is absent at annealed Au/mica. This wave is
indicative of (110) and (100) surface crystalline planes of gold, demonstrating that TSG has a
more complex surface crystallinity than annealed Au/mica [30, 31]. An analysis of the

charge under the waves suggests that the TSG surface is ~75% (111) and ~25% (110)-(100),
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and that the (111) terraces with extended lengths comprise only ~20% of the (111) surface

crystallinity.

We conclude from the characterization data in this section that the surface of annealed
Au/mica exhibits a pronounced (111) crystallinity with large atomically smooth terraces. In
contrast, the TSG surface is composed of smaller (111) terraces with a significantly large and
more detectable fraction of steps. It is also important to note that the surfaces of both
annealed Au/mica and TSG have a much lower number of step sites than the surface of as-
evaporated gold-film electrodes. As-evaporated gold electrodes are devoid of extended
terraces (i.e., those eleven atoms in length or larger) [21]. The surface of as-evaporated gold
electrode is also much more polycrystalline, with detectable amounts of (100)-(110) step sites
via the upd of lead. This higher level of step sites results in the presence of desoprtion waves
that are a few hundred millivolts more negative than those observed in Figures | and 2. It
therefore follows that the difference in the voltammetry of HDT and ODT in Figures 1 and 2

arises from a subtle difference in the surface microstructure of annealed Au/mica and TSG.

3.3. Correlation of voltammetry with surface morphology

Our findings argue that the presence of large (111) terraces on a gold electrode
coincides with the observation of multiple voltammetric desorption/deposition waves for
thiolate monolayers. Gold surfaces with smaller (111) terraces, like those of TSG, exhibit
only one voltammetric wave. In view of this correlation, the issue is how differences in

surface microstructure lead to the observed voltammetric differences. If the voltammetric



90

differences are a consequence of domain size, which is, in part, dictated by the substrate
microstructure, it is of value to examine possible relationships between substrate terrace size
and adlayer domain size. The following discusses various aspects related to this issue,
building on our earlier work [18, 21] as well as that of others [5, 7, 9, 10, 12, 23]. We start
by considering how the substrate roughness can influence adlayer formation and possible

domain sizes.

The formation of monolayers on annealed Au/mica commences through a
homogeneous nucleation process that we believe leads to aggregation of adsorbates on large,
atomically smooth terraces, with aggregation occurring as a consequence of surface diffusion
of the adsorbate or its precursors and, to a lesser degree, solution pre-assembly.
Subsequently, domains of different sizes form on a terrace. Through surface diffusion and
precursor-adsorbate exchange, some domains of smaller sizes merge to form larger ones [45,
46). Substrates with smaller terrace sizes (i.e., TSG), by extension, have smaller domain
sizes. These processes lead to a distribution of domain sizes and domain boundaries, as
depicted in Figure 6, with differing resistances to desorption. We believe that it is the
difference in resistance to desorption that results in the differences observed in the cathodic

voltammetric curves.

Equations 2 and 3 represent the desorption process as two step mechanism,

representing, in part, the combined weight of several earlier interpretations [5-12, 18-22].

Au|S(CH,),CH; + & = Au| "S(CH2).CH; Q)
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Au| + "S(CH,),CH; @y— Au| + “S(CH,),CH; 3)

Equation 2 shows a faradaic one-electron process between electrode and chemisorbed thiolate
where the product resides within the electrical double layer (represented by the subscript dl).
Equation 3 depicts the loss of the product to bulk solution; this step is viewed as a capacitive
process because of the change in the double layer structure. Depletion (i.e., Equation 3)
applies more rigorously to the process involving short chain thiolates because of their higher
solubility [47]. Long chain thiolates, because of their lower solubility, are less likely to
diffuse into bulk solution, potentially forming micelle-like structures (8, 9, 13, 23] or other

types of aggregates confined within the double layer .

In each case, reductive desorption is a convolution of the two steps. For short chain
systems, desorption proceeds in a comparatively rapid two-step process. This situation is
reflected by the observation of only a single desorption wave over a wide range of scan rates
[18]. Because of lower solubility and greater cohesion between chains, however, longer
chain systems (N.>10) exhibit a subtle bl.'lt detectable separation between the two steps [13].
It then follows, based on the topographic differences between annealed Au/mica and TSG,
that the larger adlayer domains on Au/mica cause the separation between the two steps in
Equations 2 and 3. In other words, the appearance of the more negative desorption wave with
annealed Au/mica as the substrate arises from the rearrangement of the larger domains of the

adlayer within the electrical double layer after faradaic cleavage of gold-sulfur bonds.

Evidence in support of this interpretation can be found in characterizations of the two-

dimensional ordering of alkanethiolates via STM [25, 35, 37, 48-51). These studies have
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indicated that the average size of the domains increases as chain length increases [35]. Small
ordered domains or disorganized domains have also been found at the boundaries between
large domains. Thus, domains of different sizes have differences in stability with respect to
desorption because of variations in cohesive interactions between chains and in permeability
to counterions and solvent. Thus, a voltammetric fine structure arises from the desorption of
thiolates from domains of different sizes. Similarly, the oxidative redeposition of the long
chain thiolates shows a multiple wave response at annealed Au/mica. This response is also
related to domains of different sizes. Long chain thiolates (N.214) [18] desorbed from large
domains are bound by cohesive interactions, and do not diffuse rapidly away from the
electrode because of solubility. These thiolates are more easily redeposited on the surface
(-0.96 V for HDT) than thiolates desorbed from small domains (-0.90 V for HDT) or domain

boundaries.

To test our interpretation, two sets of experiments were conducted. The first
investigated the reductive desorption of a "heat-treated” HDT monolayer formed on annealed
Auw/mica. Heat treatment refers to heating the as-formed HDT monolayer at 100°C in air for
4 hr to induce the partial desorption of the adlayer [38, 52-54]. As shown by others [52],
such treatment creates large voids between domains, a greater number of voids, and a
decrease in domain size. We therefore expect that the desorption voltammetry for a heat-
treated sample would be qualitatively similar to that for TSG. Indeed, the voltammogram for
a heat-treated sample (Figure 7A) has only one dominant wave in the cathodic scan (-1.12 V)

and one dominant wave in the anodic scan (-0.94 V). The charge under the cathodic wave is
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~90% of that before heat-treatment, consistent with the partial loss of adsorbates during heat-

treatment.

We also tested whether the voltammetric fine structure would reappear if a "heat-
treated” sample was re-immersed into the ethanolic HDT solution. The resulting
voltammogram (for a 2 hr reimmersion) is shown in Figure 7B, and is characterized by the
presence of two, overlapping waves in each scan direction. The values for Ey4 are -1.11 V
and -1.15 V and for Eq are -0.89 V and -0.95 V. The return of the fine structure is consistent

with the qualitative features of our proposal.

The second test examined the reductive desorption of HDT monolayers formed at
annealed Au/mica using octanol, instead of ethanol, as the solvent for assembly. The intent
was to exploit the tendency of less polar solvents (e.g., hexadecane and long chain alcohols)
to intercalate into the adlayer, inducing structural disorder [55, 56]. The likely result of using
such solvents is a decrease in domain sizes on the large terraces [14]. The voltammetric
curve of HDT formed from octanolic solution is similar to that in Figure 1B - only one
desorption wave is observed in the forward and reverse scans. These results provide
additional evidence that the origin of the fine structure in the voltammetric desorption waves

of long chain alkanethiolate monolayers chemisorbed at annealed Au/mica arises from the

degree of ordering in the adlayer.
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4. Conclusions

The results in this paper demonstrate the role of cohesive interactions and adlayer
ordering on the formation of domains of different sizes which contribute to the multiple
voltammetric desorption waves for long chain alkanethiolates on annealed Au/mica.
Importantly, the key difference between the two types of substrates is the difference in the
size of atomically smooth terraces. Long chain alkanethiolate monolayers formed on surfaces
with small Au(111) terraces, such as TSG, are composed of smaller domains since the
ultimate size of the domains is limited by the size of the terraces. On the other hand, long
chain alkanethiolate monolayers on a surface with large Au(111) terraces, such as annealed
Au/mica, form larger domains than those at TSG. This difference manifested itself in the
difference in the voltammetric curves in Figures | and 2. Perhaps the more interesting
question to be addressed is how such subtle differences in surface microstructure can
influence the ability of these adlayers to form aggregates that are confined for detectable

periods of time within the double layer.

Acknowledgments

Discussions with Chuan-Jian Zhong are gratefully acknowledged. This work was
supported by the Office of Basic Energy Sciences, Chemical Science Division of the US
Department of Energy. Ames Laboratory is operated for the US Department of Energy by

Iowa State University under Contract No. W-7405-eng-82.



95

References

[1] T. W. Schneider and D. A. Buttry, J. Am. Chem. Soc., 115 (1993) 12391.
[2] Y. Sato and F. Mizutani, Electroanalysis, 10 (1998) 633.
[3] M. Nishizawa, T. Sunagawa and H. Yoneyama, J. Electroanal. Chem., 436 (1997) 213.

[4] J. J. Calvente, Z. Kovacova, M. D. Sanchez, R. Andreu and W. R. Fawcett, Langmuir, 12

(1996) 5696.

[5] S.-I Imabayashi, M. [ida, D. Hobara, Z. Q. Feng, K. Niki and T. Kakiuchi, J. Electroanal.

Chem., 428 (1997) 33.
[6] S.-I. Imabayashi, D. Hobara, T. Kakiuchi and W. Knoll, Lanémuir, 13 (1997) 4502.
[7] D.-F. Yang, C. P. Wilde and M. Morin, Langmuir, 13 (1997) 243.
[8] D.-F. Yang, H. Al-Maznai and M. Morin, J. Phys. Chem. B, 101 (1997) 1158.

[9] D. Hobara, K. Miyake, S.-I. Imabayashi, K. Niki and T. Kakiuchi, Langmuir, 14 (1998)

3590.
[10] D.-F. Yang, C. P. Wilde and M. Morin, Langmuir, 12 (1996) 6570.
[11] D.-F. Yang and M. Morin, J. Electroanal. Chem., 429 (1997) 1.
[12] D.-F. Yang and M. Morin, J. Electroanal. Chem., 441 (1998) 173.
[13] M. Byloos, H. Al-Maznai and M. Morin, J. Phys. Chem. B, 103 (1999) 6554.

[14] R. Yamada, H. Sakai and K. Uosaki, Chem. Lett. (1999) 667.



96

[15] H. Azehara, S. Yoshimoto, H. Hokari, U. Akiba, I. Taniguchi and M. Fujihira, J.

Electroanal. Chem., 473 (1999) 68.
[16] J. Liu and A. E. Kaifer, Isr. J. Chem., 37 (1997) 235.
[17] L. Zhang, T. Lu, G. W. Gokel and A. E. Kaifer, Langmuir, 9 (1993) 786.
[18] C.-J. Zhong and M. D. Porter, J. Electroanal. Chem., 425 (1997) 147.
[19] C. A. Widrig, C. Chung and M. D. Porter, J. Electroanal. Chem., 310 (1991) 335.
[20] C.-1. Zhong, J. Zak and M. D. Porter, J. Electroanal. Chem., 421 (1997) 9.

[21] M. M. Walczak, C. A. Alves, B. D. Lamp and M. D. Porter, J. Electroanal. Chem., 396

(1995) 103.
[22] D. E. Weisshaar, M. M. Waiczak and M. D. Porter, Langmuir, 9 (1993) 323.

[23] D. Hobara, M. Ota, S.-1. Imabayashi, K. Niki and T. Kakiuchi, J. Electroanal. Chem.,

444 (1998) 113.
[24] M. Hegner, P. Wagner and G. Semenza, Surf. Sci., 291 (1993) 39.
[25] P. Wagner, M. Hegner, H.-J. Guntherodt and G. Semeza, Langmuir, 11 (1995) 3867.
[26] J. F. Rodriguez, T. Mebrahtu and M. P. Soriaga, J. Electroanal. Chem., 233 (1987) 283.
[27]1 J. F. Rodriguez and M. P. Soriaga, J. Electroanal. Chem., 135 (1988) 616.

[28] G. M. Berry, B. G. Bravo, M. E. Bothwell, G. J. Cali, J. E. Harris, T. Mebrahtu, S. L.

Michelhaugh, J. F. Rodriguez and M. P. Soriaga, Langmuir, 5 (1989) 707.

[29] R. Adzic, E. Yeager and B. D. Cahan, J. Electrochem. Soc., 121 (1974) 474.



97

[30] A. Hamelin, J. Electroanal. Chem., 165 (1984) 167.

[31] A. Hamelin and J. Lipkoski, J. Electroanal. Chem., 171 (1984) 317.

[32] O. Melroy, K. Kanazawa, J. G. G. II and D. Buttry, Langmuir, 2 (1986) 697.
[33] R. Parsons and G. Ritzoulis, J. Electroanal. Chem., 318 (1991) 1.

[34] J. W. Schultze and D. Dickertmann, Surf. Sci., 54 (1976) 489.

[35] C. A. McDermott, M. T. McDermott, J.-B. Green and M. D. Porter, J. Phys. Chem., 99

(1995) 13257.
[36] G.E. Poirter and M. J. Tarlov, Langmuir, 10 (1994) 2853.

[37] C. Schonenberger, J. Jorritsma, J. A. M. Sondag-Huethorst and L. G. J. Fokkink, J.

Phys. Chem., 99 (1995) 3259.
[38] E. Delamarche, B. Michel, H. Kang and C. Gerber, Langmuir, 10 (1994) 4103.
{39] S. A. Cochran and H. H. Farrell, Surface Chemistry, 95 (1980) 359.
(40] Y. Kuk and P. J. Silverman, Appl. Phys. Lett., 48 (1986) 1597.

[41] M. E. Taylor, B. Golen, A. W. McKinnon, G. C. Rosolen, S. M. Gray and M. E.

Welland, Appl. Surf. Sci., 67 (1993) 228.

[42] Z.Nawaz, T. R. 1. Cataldi, J. Knall, R. Somekh and J. B. Pethica, Surf. Sci., 265 (1992)

139.

[43] G.Reiss, J. Vancea, H. Wittmann, J. Zweck and H. Hoffmann, J. Appl. Phys., 67

(1990) 1156.



98
[44] D. M. Kolb, J. Vac. Sci. Technol. A, 4 (1986) 1294.
[45] G.E. Poirier and M. J. Tarlov, J. Phys. Chem., 99 (1995) 10966.
[46] G. E. Poirier, Langmuir, 15 (1999) 1167.

[47] S. H. Yalkowsky and S. Banerjee, (Eds.), Aqueous Solubility - Methods of Estimation

for Organic Compounds, Marcel Dekker, New York, 1992, Chapter 3.
[48] C. A. Widrig, C. A. Alves and M. D. Porter, J. Am. Chem. Soc., 113 (1991) 2805.
[49] K. Uosaki, Y. Shen and T. Kondo, J. Phys. Chem., 99 (1995) 14117.
[50] G.E. Poirier and E. D. Pylant, Science, 272 (1996) 1145.
[51] G.E. Poirier, Chem. Rev., 97 (1997) 1117.
[52] E. Delamarche and B. Michel, Thin Solid Films, 273 (1996) 54.
[53] E. Delamarche, B. Michel, H. A. Biebuyck and C. Gerber, Adv. Mater., 8 (1996) 719.
[54] P. Fenter, P. Eisenberger and K. S. Liang, Phys. Rev. Lett., 70 (1993) 2447.

[(55] C. D. Bain, E. B. Troughton, Y.-T. Tao, J. Evall, G. M. Whitesides and R. G. Nuzzo, J.

Am. Chem. Soc., 111 (1989) 321.

[56] R.L.McCarley, Y.-T. Kim and A. J. Bard, J. Phys. Chem., 97 (1993) 211.



Table 1. Reductive desorption peak potentials (E4, V), oxidative redeposition peak potentials (Eqq, V), reductive desorption
charges (Qyq, uC/cmz), and oxidative redeposition charges (Q,q, p.C/cmz) of hexadecanethiolate (HDT) and octadecanethiolate
(ODT) monolayers formed on annealed Au/mica and TSG.

Substrate HDT ' ODT
Eq’ Eod’ Qu Qo E.' Eod' Qu Qo
Annealed Awmica -1.11,-1.15 -0.90,-096 104+11 787 -1.12,-1.19  -090,-1.01 98 +6 63 13
TSG -1.12 -0.94 98 +8 65 +7 -1.15 -0.98 90 £11 64 x13

*Uncertainties in the peak positions of the desorption and redeposition waves are +10 mV and are based on at least five
replicate experiments with each type of substrate.

®The values of Q,4 or Qg are calculated using the areas under the waves after compensation for charging current. Roughness
factors are not included in the calculation. The uncertainties are based on five replicate experiments.

66



Table 2. Morphological characteristics of uncoated gold films at annealed Au/mica and TSG based on electrochemical surface
area measurements and scanning tunneling microscopy (STM).

Electrochemical STM
Substrate Roughness Factors (RF) Terrace Size (diameter) STM Roughness Factors® (RF)
Annealed Au/mica 1.1 0.1 150 - 200 nm 1.01 £0.01
TSG 1.3 10.1 50 - 80 nm 1.02 £0.02

*STM roughness for each sample was determined by ratioing the actual surface area of an image to its geometric area using the
roughness analysis function of the Digital Instruments Nanoscope III software. Ten samples are used to calculate each RF.

001
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Figure Captions

Figure 1. Current-potential curves for the reductive desorption and oxidative
redeposition of monolayers formed from HDT on (A) annealed Au/mica and

(B) TSG. Electrolyte: 0.5 M KOH. Scan rate: S0 mV s™.

Figure 2. Current-potential curves for the reductive desorption and oxidative
redeposition of monolayers formed from ODT on (A) annealed Au/mica and

(B) TSG. Electrolyte: 0.5 M KOH. Scan rate: 50 mV s

Figure 3. STM images (5 um x 5 um) of (A) annealed Au/mica and (B) TSG. The
corresponding cross-sectional contours for the dashed lines are shown below

each image.

Figure 4. STM images (500 nm x 500 nm) of (A) annealed Au/mica and (B) TSG. The
corresponding cross-sectional contours for the dashed lines are shown below

each image.

Figure 5. Voltammograms for the stripping of underpotentially deposited lead from (A)
annealed Au/mica, and (B) TSG. The deposition solution is | mM PbO in

1 M HCIO,. The scan rate was 20 mV s™.



Figure 6.

Figure 7.
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Schematic depiction of long-chain alkanethiolates adsorbed on the (111)
terraces of (A) annealed Au/mica and (B) TSG. (A) Large terrace with large
and small thiolate domains, and thiolates located at domain boundaries. (B)
Smaller thiolate domains and thiolates located at the domain boundaries of

three smaller terraces separated by steps.

Current-potential curves for the reductive desorption and oxidative
redeposition of HDT monolayers on annealed Au/mica: (A) sample was
heated at 100°C in air for 4 hr, and (B) same treatment as (A), but reimmersed
in an ethanolic solution of HDT for 2 hr. Electrolyte: 0.5 M KOH. Scan rate:

s0mVs™.
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CHAPTER 3. MULTI-TECHNIQUE CHARACTERIZATION OF MIXED
MONOLAYERS FORMED FROM SPONTANEOUSLY ADSORBED
ORGANOTHIOLATE ASSEMBLIES AT Au(111)

A paper to be submitted to Journal of Electroanalytical Chemistry

Sze-Shun Wong, Chuan-Jian Zhong, and Marc D. Porter

Abstract

This paper presents the results from a multi-technique characterization of the mixing
characteristics of two-component monolayers formed on Au(111) from dilute ethanolic
solutions of both 4-mercaptobenzoic acid (MBA) and hexanethiol (HT). Infrared reflection
absorption spectroscopy (IRRAS) data indicate that the surface composition gradually
changes from MBA dominated to HT dominated over the immersion time. Results from
voltammetric reductive desorption of the monolayers are consistent with the infrared data.
By investigating the voltammetric behavior of the mixed monolayers, the negative shift in
peak potential (E,) of MBA desorption as a function of immersion time suggests that the
micro environment of MBA changes from a phase separated domain structure to a more
homogeneously mixed feature. This evolution was confirmed by using scanning tunneling
microscopy to probe the nanoscale spatial distributions of the two surface bound components.
These results reveal that the two-component adlayer evolves from a phase separated structure
towards a homogeneously distributed surface structure upon extensive immersion in
precursor solution. The implications of our findings to the design of architectures prepared

by co-assembly are discussed.
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1. Introduction

In the past few years, interest in spontaneously adsorbed monolayers formed at gold
or silver electrodes from alkanethiols has grown at an explosive rate [1-5]. The driving force
of such growth stems from both the ease of preparation and the comparatively well-defined

structures of the resulting interfaces.

A thiol-based monolayer usually consists of a head-group of gold or silver-thiolate
bond, an organic spacer, and an end-group. Many studies have been conducted to
characterize the monolayers with different chemistry in the organic spacer [6] and the end-
group regions[7-16]. The techniques used to probe the monolayer architectures vary widely.
For example, infrared reflection absorption spectroscopy (IRRAS) probes the local
environment and spatial arrangement of the monolayers [17-21]. Electrochemistry probes the
strength of the gold or silver-thiolate bond and the extent of the cohesive interactions
between neighboring molecules [22-27]. Scanning probe microscopy probes the two-
dimensional arrangement of the adlayer molecules [28] and their physical properties (e.g.,
friction and wear) at a nanometer length scale [9, 10, 14, 15, 29-32]. The wealth of
information on these systems that has been obtained through such variety of techniques has
also allowed scientists to gain control of specificity and the extent of interactions between an

analyte and a modified surface for building sensors and in other areas of application [1, 3].

Motivated by the success of single-component monolayer investigations, applications

have recently explored the interfacial properties of two-component assemblies [13, 31-56] as
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a means to construct modified electrode surfaces for use in molecular recognition [36] and
other types of detection schemes [33, 38, 39, 57]. Central to such efforts is the question of
whether such assemblies form as phase separated or homogeneously distributed architectures.
Whitesides and co-workers examined two-component monolayers of alkanethiolates on gold
(8, 12, 47, 58], and concluded that a single phase is preferred at equilibrium, and phase
separations are not observed (7, 18, 47, 58]. Weiss and co-workers showed that two very
similar thiolate molecules could phase separate under ambient conditions into nanometer
scale domains with time-dependent shapes [45]. Sasabe and co-workers used scanning force
microscopy (SFM) to show that domains form at the early stages of mixed monolayer growth
[43]. Recently, Shannon and co-workers concluded that the size and distribution of thiolates

could be controlled through a combination of precursor composition and concentration [32].

In this paper, we investigate the phase behavior of two-component monolayers
derived from a mixture of 4-mercaptobenzoic acid (MBA) and hexanethiol (HT) precursors
in ethanolic solutions on Au(111) surface. Illustrated in Figure 1 are two extreme cases
differing in their degree of mixing for MBA/HT mixed monolayers. The first case is a phase
separated monolayer where individual islands of MBA and HT exist on the Au(111) terraces.
Each of the islands exhibits the characteristics of the respective single-component monolayer.
The other is a case of a homogeneously mixed monolayer where the two components are
randomly distributed on the surface. We have used infrared reflection adsorption
spectroscopy (IRRAS), cyclic voltammetry (CV), and scanning tunneling microscopy (STM)

to provide in-depth examinations of the mixed monolayer surfaces and the spatial distribution
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of the MBA and HT adsorbates. The following sections describe the results of our
investigation. These results provide evidence that a phase separated monolayer of MBA and

HT can evolve toward a homogeneously distributed structure.

2. Experimental
2.1 Gold substrate preparation

Substrates were prepared by vapor deposition of ~300 nm of gold onto fleshly cleaved
mica (B & M Trading Inc.) at ambient temperatures. The deposition rate was ~0.3 nm/s. The
pressure in the cryopumped Edwards E360A coating system during evaporation was less than
9 x 107 Pa. Substrates were then annealed at 300°C for 5 hours in a muffle furnace; this
process yields a surface composed of large (>100 nm?), atomically smooth Au(111)

crystallites [24].

2.2. Monolayer film preparation

Ethanol (Quantum, punctilious grade), HT (Aldrich), and MBA (Toronto Research
Chemicals Inc.) were used as received. One-component monolayers were prepared by
immersing gold substrates in 1 mM ethanolic solutions of either HT or MBA. Mixed
component monolayers of MBA and HT (MBA/HT) were formed from ethanolic solutions of
MBA and HT at a desired ratio R (where R = [MBA];/[HT];o1) while keeping the total

concentration of thiols to 1 mM. Immersion times were carefully controlled and their effects
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on relative coverages were studied. After removal from solution, the samples were rinsed

with copious amounts of ethanol and dried under a stream of high purity argon.

2.3 Characterization with infrared reflection adsorption spectroscopy (IRRAS)

IRRAS spectra were acquired with a Nicolet 750 FT-IR spectrometer. Monolayer
spectra used p-polarized light incident at 80° from the surface normal and liquid N cooled
MTC detector. All spectra were collected with 2-cm™ resolution. The spectra of the surface
layers are reported as -log (R / R,), where R is the reflectance of the sample and R, is the
reflectance of a “reference” octadecanethiolate-d3; monolayer on Au. Further details of

reference preparation and handling are given elsewhere [59].

2.4 Characterization with cyclic voltammetry

The derivatized electrodes were mounted in a conventional three-electrode cell with
an exposed area, defined by an O-ring, of 0.58 cm®. All potential measurements are reported
with respect to an Ag/AgCl /saturated KCl electrode. Deionized water, which was purified
by passage through a Milli-Q filtration system, was used for all solution preparations.
Electrolyte solutions were prepared with semiconductor grade KOH (99.99%, Aldrich) and
were deoxygenated with argon. The cyclic voltammetry of monolayer electrodes was
performed by scanning the applied potential at 50 mV/s between -200 mV and -1350 mV

using a CV-27 potentiostat (Bioanalytical Systems).
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2.5 Characterization with scanning tunneling microscopy (STM)

STM images were obtained under ambient conditions using a Digital Instruments
Nanoscope III. The instrument was equipment with a 0.7 uM scanner. The height mode,
which maintains a constant current between tip and sample, was utilized for all imaging. The
probe tips were fabricated by electrochemically etching a 0.025 cm diameter tungsten wire in
0.5M KOH (99.99%, Aldrich). The typical range of bias potential and set point current used

for imaging were 500-100 mV and 500-1000 pA, respectively.

3. Results and discussion

The following sections describe the results of infrared spectroscopic, voltammetric,
and scanning tunneling microscopic studies of MBA/HT thiolate monolayers. The primary
goal is to determine if adlayers formed from mixed thiol solutions are phase separated,
homogeneously distributed architectures, or a combination of both. First, IRRAS was
applied to estimate the relative adsorbate coverage as a function of precursor concentrations
in the formation solutions. Second, voltammetric data from the electrochemical reductive
desorption of the monolayers was employed to determine the fractional surface coverage as a
function of immersion time. Finally, scanning tunneling microscopy was used to probe the

nanoscale two-dimensional distribution of the two components of the surface structure.
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3.1. IRRAS characterization

As a starting point, [IRRAS was used to probe the composition and structure of the
one-component and two-component monolayers that are formed from ethanolic solutions of
MBA, HT, and a mixture of MBA and HT at annealed gold substrates. A set of such spectra
is presented in Figure 2, noting that all of these samples were prepared using a 5 min
immersion time. Peak positions and band assignments, based on previous reports [17, 20],

are listed in Table 1.

Figure 2A shows a spectrum of the monolayer formed from HT, and Figure 2D
presents that of the monolayer formed from MBA. Methyl and methylene stretching modes
for the alkyl chains are evident between 2800 cm™ and 3000 cm™ for the HT monolayer. In
contrast, the spectrum of the MBA monolayer shows a sharp band diagnostic of an
unassociated O-H stretch for the carboxylic acid moiety at 3580 cm™', an asymmetrically
shaped band indicative of the carbonyl stretch for a carboxylic acid at 1749 cm’', whereas the
v(C=C) bands at 1588 and 1480 cm™, and the 8(C-H) bands at 1173, 1093, and 1015 cm™ are
indicative of an aromatic ring. The small, low-energy shoulder of the 1749 cm™ band
indicates that a relatively small amount of i the carboxylic acid groups is hydrogen-bonded to
neighboring groups. Since the v(O-H) band at 3580 cm™ and the v(C=0) band at 1750 cm™'
| are diagnostic of an unassociated, protonated carboxylic acid, while the strong aromatic ring
mode at 1588 cm™ indicates that the average alignment of the plane of the aromatic ring is
along the surface normal, the MBA absorbates are expected to be oriented close to surface

normal [20].
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The spectra of monolayers (Figure 2B and 2C) formed from a mixture of MBA/HT
have the characteristics of each component. The methyl and methylene stretches of HT
between and the O-H, C=0, and C=C stretches of MBA are all present in the mixed
monolayer spectra. Assuming that the orientation of each component in the adlayer is
independent of relative coverage, the intensity of those peaks is proportional to the respective
amount of each component on the monolayer surfaces. When spectra with R=100 and 1 are
compared, a 100 times increase in the relative concentration of MBA with respect to HT
results in only a 2 to 3 times increase in the free O-H stretch at 3580 cm™ and the carbonyl
stretch at 1750 cm™. It is therefore clear that HT is preferentially adsorbed onto the gold

surface.

We next briefly investigated how the relative composition of the precursor solution
and immersion time affects the relative surface coverage. Figure 3 shows the absorbance of
the symmetric methyl stretch at 2877 cm™ from two-component samples immersed in
solutions of differing values of R and for an immersion time of either 15 or 90 min. The
dashed line in the plot represents the ideal case when there is no preferential adsorption of
either precursor and the concentration ratios of the two surface-bound thiolates equal their
ratios in the formation solution. Comparing the three plots again shows that HT is
preferentially adsorbed over MBA onto the Au(111) surface. Preferential adsorption [7, 47,
60] of one precursor over the other is possibly due to the lower solubility in ethanol, a
stronger gold-thiolate bond, and higher intermolecular interactions between the tail groups

for the former. In addition, the surface composition was not significantly affected by the
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differences in the two immersion times selected (15 and 90 min). We note that the same type
of plots, but with opposite trend were obtains when the intensity of the C=C stretch at 1588
cm’ from the spectra, or the capacitance of the monolayer electrodes were plotted against R.

Implications of these findings will be discussed in a subsequent section.

3.2 Determination of fractional surface coverages by cyclic voltammetry
3.2.1 General voltammetric characteristics as a function of precursors concentration

Voltammetric reductive desorption can be used to determine the relative surface
coverages of these types of adlayers [61]. The amount of each component on a surface is
directly proportional to the integrated charges under its respective desorption peak [56, 61].
The voltammetric curves recorded were also used to study the interaction between the two
components on the surface by comparing the peak reductive desorption potentials of the
components to that of the single component analogs [51, 62]. The peak potential (Ep) for the
desorption waves of each component is diagnostic of the relative strength of the gold-thiolate
bond [22, 24] coupled with the strength of the interactions between the neighboring

molecules [23, 63].

Figure 4 is a set of voltammetric curves from these experiments. The bottom two
overlapping curves are from single-component MBA and HT monolayers and are used as
reference points. The dominant wave in each of the single-component monolayers represents
the desorption of thiolates at the Au(111) terraces [63]. The values of E, of MBA and HT are

-580 mV and -880 mV, respectively. In addition, we often observed a much smaller wave
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near -940 mV for the reductive desorption of MBA. We believe this wave is associated with
the presence of gold-bound atomic and/or oligomeric sulfur species [64]. These waves,
located near -940 mV, are different from those from desorption of thiolates from step sites,
which are usually observed at ~200 mV more negative than the dominant desorption wave

[63].

The voltammetric wave of a mixed monolayer (top) (R=19; 15 min immersion) shows
that the reductive desorption waves of MBA and HT appear at potentials intermediate to the
diagnostic waves of the single-component analogs. The E, of the MBA component is
negative of that of a single-component MBA monolayer, whereas the E, of the HT
component is positive of that of a single-component HT monolayer. It is therefore more
difficult to reductively desorb MBA but easier to desorb HT in a mixed monolayer
environment compared to their respective adsorbates in a single-component environment.
This result suggests that the two components of the adlayer have mixed to an undefined
extent [51]. In addition, the widths of the desorption waves of the mixed monolayer are
slightly larger than those of either single-component monolayer. These increases suggest that
either the strength of the cohesive interactions between the molecules of same species are less
than that of a single-component monolayer or that the distribution of the cohesive interactions

has increased [65].

Small waves resulting from the oxidative re-adsorption of the desorbed thiolates were
also observed at the MBA and HT coated electrodes during the reverse potential scan

following the reductive desorption. The deposition wave for MBA is, however, smaller than
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that for HT. This difference is attributed to the higher solubility of the desorbed dianionic
MBA in aqueous alkaline electrolyte, which results in the greater diffusional loss of MBA

before reaching the applied potential to initiate its deposition.

Voltammetric reductive desorption was conducted on electrodes immersed for 5 min
in solutions with different R values and a set of voltammetric curves for electrodes with R
values of 0 (HT only), 1, 9, 19, and e (MBA only) are shown in Figure 5. As expected, the
size of the MBA desorption wave decreases while that of HT increases as R decreases. Two
distinct and well separated desorption waves that exhibit small shifts in E}, are observed when
R > 5 (data not shown). With R <5, the voltammetric response becomes more complex.
The changes show that the MBA desorption process is shifted to a more negative applied
potential, and begins to merge with the HT wave when R < 1. The shift for MBA suggests a
different local environment for MBA absorbates when its coverage becomes comparatively
low [51]. The voltammetric curves also provide evidence of preferential adsorption of HT.

For example, the curve with R=1 has a major desorption wave that originates from HT.

3.2.2. Voltammetric characteristics as a function of immersion time

The 5-minute immersion results with R=19 show that the two-component adlayer
exhibits well-separated waves but not a component preference. We selected this R value for
the following studies because other R values tended to create mixed monolayers with a
dominant component, complicating a ready assessment of whether the layers mix or phase

separate. In addition, as will become clearer later in the sections, immersion time is also an
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important factor in determining the final composition of mixed monolayers. Mixed
monolayers created with other R values in the last section produces voltammetic waves
dominated by one component at very short immersion time, making the time dependent study
very difficult. Also, a surface dominated by either one component makes studies, such as

identifying the minor adsorbates spatially by STM, very challenging, if not impossible.

Figure 6 shows the voltammetric characteristics of the mixed monolayer as a function
of immersion time in R=19 solution. The first notable difference in the voltammetric curves
is that the magnitudes of the MBA and HT waves change over time. The relative amount of
each component in the adlayer is therefore immersion-time dependent. Though quantitative
assessment is complicated by the muitiplicity and superposition of the waves, the integrated
charge under each wave in Figure 6 was estimated and is presented in Table 2. We note that
as with other measurements of integrated charge under reductive desorption waves, the

variability is usually ~10% and the values should only be examined qualitatively.

At short immersion times, the adlayer is dominated by MBA. As immersion time
increases, however, the adlayer slowly becomes HT dominated with time. This evolution
suggests that monolayer formation is dynamic and exchange-replacement between absorbates
and solution precursors continues to occur while the substrate is immersed in the formation
solution. Based on these data, we conclude that the kinetics of adsorption and/or of transport
to the electrode surface control the composition of the initially formed monolayer. The chain
length-related intermolecular forces, solubility factors, and possibly the stronger gold-thiolate

bonds that drive preferential adsorption of HT have relatively little effect on the composition
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of the initially formed monolayer. Preferential adsorption, due to intermolecular forces,
however, starts to become notable as immersion time increases and the adsorbates undergo a
slow exchange with the precursors in solution. The voltammetric curves between immersion

times of 210 min and 161 hr demonstrate this transformation.

Another feature obtained from the voltammetric curves of mixed monolayers is the
appearance of a shoulder approximately 50 mV more negative than the main HT peak. We
consistently observe such a wave in mixed monolayer reductive desorption voltammetric
curves. We do not understand its origin, but suspect that the wave is also from the desorption
of HT. We speculate that such distinct HT waves reflect a subtle difference in binding

strength of the HT at gold or in the local environment of the mixed monolayers.

Besides an increase in relative HT coverage, the voltammetric curves show that the E
of MBA significantly shifts to more negative values over time. As immersion time increases,
the MBA wave shifts negatively until merging with the HT wave. The overall shift is more

than 150 mV.

While the E; of MBA changes dramatically, the E;, of HT (-880 mV from a single-
component monolayer) shifts a much smaller amount. These shifts yield a wave at a position
(~825 mV) similar to that observed in the second scan of a single-component HT monolayer
which we attribute to the presence of a less densely packed HT adlayer. The following

proposes a mechanism to explain these shifts.

First, at short immersion times (e.g., 1 min), the kinetics of adsorption due to high

mole concentration ratio of MBA to HT (19:1) controls the surface composition. As a result,
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the surface is dominated by MBA as shown by the voltammetric curves in Figure 6A and by
the illustration in Figure 7A. The MBA adsorbates are surrounded mainly by neighboring
MBA adsorbates, thus the individual domains of the mixed monolayer have a similar
environment (e.g., electrolyte permeability) to that that of the single-component MBA
monolayer. As a result, the voltammetric reductive desorption of MBA behaves as if there is
only one component on the surface, and the voltammetric curve for MBA in the mixed
adlayer resembles that of a single-component MBA monolayer. We note that the E, (-540
mV) of MBA with 1 min immersion was more positive than that of the reference data in
Figure 4. This difference is probably due to the fact that a well-packed monolayer has not yet
formed with such a short immersion time [66] and a less negative potential is required to

achieve reductive desorption.

For samples with immersions of 15 min (Figure 6B), the adlayer is now composed of
both of MBA and HT at comparable amounts as suggested by the voltammetric curve. The
MBA adsorbates are essentially phase-separated from and surrounded by HT domains on
surface as illustrated in Figure 7B. The dramatic change in surface composition between 1-
min and 15-min immersion is realized by the fact that the surface at 1 min immersion is
occupied mainly by MBA is not well organized and exists as a loosely-packed monolayer.
This low level of packing leaves voids for HT adsorption; exchange may also occur. These
two processes take place rapidly when the adlayer is loosely packed, but slows down as

coverage increases.
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The voltammetric curve in Figure 6B shows that E, of MBA with 15-min immersion
(-650 mV) is now more negative than that of a single-component MBA monolayer. This |
shift is indicative of a change in the spatial distribution of the MBA adsorbates in the mixed
monolayers [62]. While some of the MBA absorbates form island-like structure on the
surface, others may be well mixed with the HT adsorbates. Therefore, the MBA local
environment is now modified and becomes more HT-like. The presence of HT in MBA and
vice versa changes the microenvironment and the accessibility of electrolyte ions for
reductive desorption. In the case of MBA, the adsorbates in a mixed monolayer are stabilized
against reductive desorption through either the affinity between the MBA and HT which
results in higher packing density, and/or an increased resistance towards the permeation of
electrolyte ions to the gold surface. As a result of such changes, the reductive desorption of
MBA shifts negatively from -580 mV to -650 mV. Meanwhile, the reductive desorption
potential of HT adsorbates shift towards more positive values at a less extent (from -880 to -

830 mV), indicating a less dissolution of MBA in HT.

At longer immersion times (15-90 min immersion), the preferential adsorption of HT
begins to assert itself and becomes as important as the concentration effect of MBA. The net
result of these two opposing forces causes the adsorbates to undergo a slow exchange with
their precursors in solution. Such exchange is likely to occur primarily at the MBA domain
boundaries and, to a lesser extent, within the domains. Importantly, the integrated charges of
the MBA and HT waves for the two-component monolayer do not notably change for

immersions from 15 to 90 min; even though the wave for MBA continues to move negatively
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(from -650 (15 min) to -725 mV (90 min)) as shown in Figures 6B-D. This trend suggests
that the exchange-replacement process leads to a more homogeneous mixing of the
adsorbates but without any significant change in their relative amounts (illustrated by Figures
7B and 7C). The subtle change in overall composition was confirmed by the IRRAS data
shown in Figure 8 which shows that the spectra taken at these two immersion times are

essentially identical.

The E, of HT, however, seems to be unaffected by the surface composition and
immersion time except the initial shift from -880 to ~-830 mV. These data suggest two
intriguing interpretations. First, HT is soluble in a MBA domain, but MBA is not as soluble
in a HT domain. It follows that the intermolecular HT-HT interactions are slightly larger
than the HT-MBA interactions, and the MBA-MBA interactions are the weakest of the three.
Second, the potential required to desorb HT is not as sensitive to the packing density as that
of MBA, even upon the incorporation of MBA into a HT domain. This assertion is supported
by the fact that E;, for HT during a second scan of a single-component HT monolayer is also
around -830 mV. During such second-scan desorption, the HT monolayer is not well
organized and packed- a situation qualitatively analogous to that for HT in the mixed

monolayer.

To verify further our interpretation, samples at 15 min immersion time were removed
from precursor solution and immersed into neat ethanol for 65 min. The samples were then
removed and characterized with cyclic voltammetry. The E; and integrated charges under the

waves for both MBA and HT were the same as those prior to immersion into neat ethanol
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(data not shown). This findings argue that the shifts of desorption peaks observed in the

time-immersion study do not originate from better organization and packing of the adlayer.

With longer immersions (>2 hr), the preferential adsorption of HT strongly dominates
the composition of the resulting adlayer. This situation leads to a slow but continuous
replacement of adsorbed MBA by HT from solution and the compaosition of surfaces is
slowly dominated by the presence of HT. The final surface composition is obtained when
thermodynamic equilibrium between the monolayers and the adsorption solution is reached
(Figure 7D). With long immersion times, the small amount of MBA becomes well-dispersed
in the monolayers with HT and its resistance towards reductive desorption is greatly
enhanced because of the intermolecular interactions between MBA and HT and the overall
interfacial properties which becomes more like that for single-component HT. Such changes
are reflected by the continuous negative shift of the MBA wave until it merges with that of

the HT (Figure 6F).

3.3. Examination of morphological distribution by scanning tunneling microscopy

Since the voltammetric data has revealed the possibilities of phase-separated
adsorbates turning into more homogeneously distributed over the immersion period, scanning
tunneling microscopy (STM) was used to image the surface of the mixed monolayer at
different immersion times to test our proposed mechanism. Samples from immersion time of
15 and 90 min were examined. These samples were chosen because the voltammetric curves

and IRRAS data show that the relative composition of components did not significantly
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change over such period. Therefore, the difference in the images observed can be attributed
to homogenous mixing rather than a change in composition.

Before imaging noted samples, reference samples of single-component MBA, HT
monolayers, and MBA/HT mixed monolayers were prepared and imaged. The mixed
monolayer sample was formed by the partial exchange of a HT monolayer with MBA. We
expected that the differences in the electronic structure and molecular size would result in a
difference in tunneling efficiency that could be used as a contrast mechanism [31]. We note
that a typical STM image of a HT monolayer shows the existence of pits near or at the
domain boundaries and yields molecular resolution for the adsorbates within the domains
[67-69]. Atdomain boundaries, HT is not as well packed as within domains and appears
rougher. Compared to an alkyl chain thiolate monolayer, STM image of a MBA monolayer

are usually devoid of pits and difficult to resolve at a molecular scale.

Figure 9 is a STM image of a HT monolayer that has been immersed in a ImM MBA
solution for 120 hr. The purpose of immersing the HT monolayer in a MBA solution is to
partially replace the HT adsorbates with MBA precursors to create a mixed monolayer with
large domains. By using voltammetric reductive desorption and IRRAS, the presence of the
two components was confirmed. The image obtained from this type of mixed monolayer
preparation is used as reference for images obtained from mixed monolayer sample formed

from mixed precursor solutions.

There are two major features in the image of the mixed monolayer. The first one is

the smooth or lower regions where molecular resolution could be obtained if zoomed in and
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imaged. We believe such regions are domains of HT adsorbates. The other feature is the
rougher and slightly higher areas (~0.1 nm) outside the HT domains. We assign these
features to regions occupied mainly by MBA adsorbates replacing HT. Since the image
shows that MBA adsorbates reside outside the HT domains, replacement initiates at the
domain boundaries of HT where the adsorbates are less packed and more accessible to the
precursor in solution. Because molecular resolution was not obtained in the rough regions,
we cannot confirm that the areas are composed only of MBA absorbates. Nevertheless, we
believe that the majority of the adsorbates in these regions are MBA because of the enhanced

image contrast.

Figure 10A is a STM image of a MBA/HT mixed monolayer after 15 min immersion
in a R=19 solution. Two regions are evident based on the contrast. Drawing on the STM
image from Figure 9, we believe that the high contrast areas are MBA islands or at least areas
of adsorbates where MBA is in the majority. The low areas are thereafter assigned as HT

islands or areas where HT is in the majority.

Figure 10B is a STM image of MBA/HT mixed _monolayer after 90 min of immersion
in the same solution. We again see that two regions of differing contrast. Compared to the
image in Figure 10A, the high contrast areas (MBA) occupy a much smaller portion of the
surface. This decrease is due to homogeneous mixing between adsorbates and precursors.
We also believe that the low areas, which were occupied mainly by HT adsorbates at short
immersion times, are now composed of HT plus some MBA absorbates again because of the

homogeneous mixing process discussed earlier when analyzing results of voltammetric
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reductive desorption and IRRAS. This change in distribution of adsorbates should lead to a
smaller contrast difference between the two regions. In fact, bearing analysis, which can be
used to examine the distribution and relative amounts of areas with contrast differences in an
image, has shown that the average height difference between the high and low regions from
samples with 15 and 90 min of immersion is 0.1 nm and 0.06 nm, respectively. The decrease
in height difference at longer immersion provides further evidence that inhomogeneously
mixed monolayers formed at the beginning of an immersion progressively become

homogeneously mixed upon extensive immersion in precursor solution.

4. Conclusions

The infrared reflection absorption spectroscopic and voltammetric data have
demonstrated that the distribution of adsorbates of the initially formed mixed MBA/HT
monolayers is dictated by the kinetics of spontaneous adsorption. The intermolecular forces
that drive preferential adsorption of HT have relatively little effect on the composition of the
initially formed monolayer. However, such preferential adsorption of HT starts to play a role
when the sample is allowed to stay in the precursor solution and adsorbates undergo slow
exchange and replacement with thiols in solution. This exchange eventually transforms a
surface with one dominant adsorbate species with final equilibrium composition determined

by the precursor composition.

While approaching equilibrium in solution, the phase separated mixed monolayer

formed at the beginning of an immersion becomes more homogeneously mixed with a
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continuous immersion in precursor solution, and during which there is a stage that the overall
surface composition remains relatively unchanged. Such a finding, at least from the mixed
monolayer system studied here, suggests that the size of islands in mixed monolayers could
be controlled by the relative concentration of each componeént in precursor solutions and by
the length of immersion. Further understanding the others factors governing the formation of
mixed monolayers will no doubt help controlling the surface specificity in applications relied
on the ionic charge [70, 71}, hydrophobicity or hydrophilicity [72], size [1, 73-76], and other
chemical properties of the adsorbates. Studies focusing on direct observation of such surface
specificity (e.g., compositional mapping by SFM [10, 32] or adhesion force measurements

[30, 77]) are underway.
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Table 1. Infrared spectroscopic band assignments and peak positions for MBA and HT
mixed monolayers on annealed gold on mica.

peak position (cm’l)

Band Assignment® MBA® HT®
v(O-H) 3579
v(C=0) 1749
v(C=C, aromatic) 1480, 1589
8(O-HeeeQ)/v(C-OH) 1400-1430
&8(O-H) 1364
v(C-OH) 1189
&(C-H, ip, aromatic) 1015, 1093, 1173
v,(CH>) 2921
vs(CH) 2852
va(CHj, ip) 2966
vs(CH3, FR,) 2939
vs(CH3,FR;) 2878

* Key: v, stretch; 9, bend; a, asymmetric; s, symmetric; ip, in-plane; FR; and FR;, Fermi-
resonance couplet of the higher and lower energy components, respectively.

® from [20]

€ from [17)
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Table 2. Values of integrated charge (4C) and total integrated charge (uC) under
voltammetric reductive desorption waves for MBA and HT mixed monolayers
on annealed Au/mica as a function of immersion time. The total charge per
geometric area (p.C/cmz) for single-component MBA and HT are also listed.

Immersion Charge from MBA  Charge from HT Total charge Total Charge/cm™

Time (min) (uC) (uC) (uC) (uClem?)*
1 242 8.7 329 56.7
15 239 239 47.8 824
60 23.2 225 45.7 78.8
90 23.5 274 50.9 87.8
210 225 26.7 49.2 84.8
9660 10.0 37.8 47.8 82.4
MBA alone® 67.6 £5
HT alone® 90.0 £7

* The total charge per area is calculated by dividing the total charge by the O-ring size of 0.58
2

cm”.

® from ref [78)

€ from ref [24]
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Figure Captions

A schematic illustrates two extreme cases in the phase behavior of the
MBA/HT mixed monolayer. The top one is a phase separated monolayer
where individual islands of MBA and HT adsorbates exist on the terraces.
The bottom one is a completely homogeneously mixed monolayer which the

two components are homogeneously distributed on the surface.

IRRAS spectra of monolayers of (A) HT, (B) MBA/HT, R=1, (C) MBA/HT,

R=100, and (D) MBA formed at annealed Au/mica with 5 min immersion.

Precursor composition dependence of the HT coverage. The symmetric
methyl stretching mode absorbance at ~2877cm™ from HT of MBA/HT
monolayer is plotted against the composition of the precursor solutions. The
thin solid line is determined with 15 min immersion. The dotted line is
determined with 90 min immersion. The thick solid line shows the idealized
absorbance when there is no preferential adsorption and the surface

composition of the monolayers is the same as the precursor solutions.
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Cyclic voltammograms of the reductive desorption of monolayers from MBA
(bottom left), HT (bottom right), and MBA/HT (top) at Au/mica in 0.5 M
KOH. The mixed monolayer electrode was formed from precursor solution of
R=19, with 15 min immersion. Sweep rate is 50 mV/s. Electrode geometric

area is 0.58 cm”. Initial potential, -200 mV. Potential reversed at -1350 mV.

Cyclic voltammograms of the reductive desorption of MBA/HT mixed
monolayers formed from precursor solutions of different R. Immersion time
for all samples is 5 min. Electrolyte is 0.5 M KOH. Sweep rate is 50 mV/s.
Electrode geometric area is 0.58 cm®. Initial potential: -200 mV. Potential

reversed at -1350 mV.

Cyclic voltammograms of the reductive desorption of MBA/HT mixed
monolayers formed from precursor solution of R=19. Electrolyte is 0.5 M
KOH. Sweep rate is 50 mV/s. Electrode geometric area is 0.58 cm®. The two
dashed lines are diagnostic reductive desorption potentials of MBA (at -580
mV) and HT (at -880 mV). Initial potential: -200 mV. Potential reversed at -

1350 mV.
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A schematic depiction of how MBA and HT adsorbates distributed on gold
surfaces during immersion. The dark circles represent the HT adsorbates and
the light circles represent the MBA adsorbates. (A) 1 min immersion, Ep mpa
is -540 mV, (B) 15 min immersion, Ep Mga is -650 mV, (C) 60 min
immersion, Ep mga is -700 mV, (D) 90 min immersion, E; mga is -725 mV,
and (E) 210 min immersion, E; mBa is -735 mV, (F) 161 hours immersion,

E, wa is 755 mV.

IRRAS spectra of MBA/HT mixed monolayers immersed in solution of R=19

for (A) 15 min and (B) 90 min.

A STM image (56 nm x 56 nm) of a mixed monolayer acquired from a sample
of HT monolayer that has been immersed in ImM MBA for 120 hr. The
smooth or low regions are HT domains. The rougher and appeared higher
areas outside of the HT domains are the regions occupied by the MBA
adsorbates that have replaced the HT adsorbates. Setpoint current: 500 pA.

Bias voltage: 900 mV.
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Figure 10.  STM images (100 nm x 42 nm) of MBA/HT mixed monolayers immersed in
solution of R=19 for (A) 15 min. and (B) 90 min. The surface became more
homogeneous with longer immersion time in precursors solutions. Setpoint

current: 600 pA for (A) and 500 pA for (B). Bias voltage: 600 mV for both

(A) and (B).
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CHAPTER 4. MAPPING ORIENTATION DIFFERENCES OF TERMINAL
FUNCTIONAL GROUPS BY FRICTION FORCE MICROSCOPY

A paper published in Analytical Chemistry'

Sze-Shun Wong, Hajime Takano, and Marc D. Porter’

Abstract

The ability to map differences in the spatial orientation of terminal chemical groups is
of major significance to areas as diverse as biological recognition and boundary lubrication.
This capability is demonstrated herein using a scanning force microscope to detect
differences in the friction between a probe tip and organic monolayers with different terminai
group orientations. As a starting point, the basis for the discrimination of the orientation
differences in terminal groups is developed through considerations of surface free energy.
The viability of the concept is then confirmed by the friction imaging of samples patterned
with alternating domains of organic monolayers having different terminal group orientations.

Opportunities presented by this new capability are briefly noted.

'Reprinted with permission from Analytical Chemistry 1998, 70, 5209-5212. Copyright ©
1998 the American Chemical Society.
2Author to whom correspondence should be addressed.



154

Introduction

A host of significant processes in the life and physical sciences (e.g., biological
recognition, heterogeneous catalysis, and mechanical lubrication) are controlled by interfacial
architectures.! The development of methods that can detect differences in the composition
and orientational disposition of these architectures at high spatial resolution is therefore
technologically important. This level of information is also essential for advancing insights
into the molecular level origins of many interfacial processes. To these ends, several recent
investigations have explored the utility of the many variants of scanning force microscopy
(SFM) to map the chemical group distribution of surfaces,”” exploiting a range of interfacial
properties (e.g., friction and adhesion) as contrast mechanisms. In furthering our interests in
this area,>? this paper presents the first findings that demonstrate the orientation mapping
capabilities of friction force microscopy (FFM) via a correlation between the detected friction
and the difference in the terminal group orientation of organic monolayers.

Friction at a microcontact is a function of the contact load, the area of the contact, and
the surface free energies of the two contacting materials.'® In general, an increase in any of
these three parameters results in an increase in friction.'' It is the demonstrated role of
surface free energy®® that motivated us to consider extending FFM to the detection of
differences in the orientation of the terminal groups at surfaces. We postulated that if the
orientation of terminal groups contributes to surface free energy, then FFM may provide a

means to map orientation distributions at nanometer length scales.'
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The feasibility of this concept is perhaps best assessed by considering the well
established chain length dependence of the orientation for the terminal methyl group of
monolayers chemisorbed at gold surfaces from dilute solutions of n-alkanethiols
(CH;(CH,),SH, n>l2).l3 As developed in a series of detailed infrared reflection

1313 the dependence of the methyl group orientation arises from

spectroscopic investigations,
the ~24° tilt of the all trans alkyl chains with respect to the surface normal. Figure 1 depicts
the general structural features of this system. Thus, the permanent dipole moment of the
methyl group, which closely coincides with that for the transition dipole of the symmetric
methyl stretching mode, is canted more from the surface normal when n is even (~53°) than
when n is odd (~26°)."°

The above “odd-even” effect translates to subtle differences in the wettability for
several of the most studied monolayer systems.'®'® Monolayers, for example, of n-alkanoic
acids chemisorbed on silver surfaces exhibit contact angles that differ by as much as 5°
because of the odd-even variation in the methyl group orientation.'®'® Though near the
detection limit of the characterization, contact angles for the gold-bound monolayers prepared
from n-alkanethiols have been reported that are ~2° larger when n is odd than when n is
even.'®?° It then follows that the surface free energies of these systems are correlated with
the spatial orientation of the terminal methyl group.2l If then the difference in surface free
energy results in a detectable difference in friction, FFM should be able to discriminate
between domains of orientationally distinct terminal groups. We can further project that the

gold-supported monolayers with an even number of methylene units should have a slightly
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higher friction than those with an odd number of methylene units because the surface free
energy is slightly larger when n is even than when n is odd.

Before presenting the results of our concept tests, we note that FFM has been applied
to investigate friction at the microcontacts formed between probe tips and surfaces modified
with n-alkanethiol-derived monolayers and other similar systems.”>> These studies focused
largely on the use of monolayers as models for unraveling the fundamentals of lubrication.
The sensitivity of friction to differences in the orientation of terminal functional groups has,

to our knowledge, not been explored.

Experimental

Sample Preparation. Substrates were prepared by the vapor deposition of 300 nm of
gold onto fleshly cleaved mica (B & M Trading Inc.) at ambient temperatures. The
deposition rate was ~0.3 nm/s. The pressure in the cryopumped Edwards E360A coating
system during evaporation was less than 9 x 107 Pa. The gold-coated substrates were then
annealed at 300 °C for 5 hours in a muffle furnace; this process yields a surface composed of
large (100-200 nm) atomically smooth Au(111) crystallites.z“

Patterns of n-alkanethiol-based monolayers were prepared in two steps. This process
was designed to yield micron-sized domains of an adlayer where n is odd-numbered that were
surrounded by similar sized domains where n is even-numbered. The first step used
microcontact printing (uP) * to stamp an adlayer of length n in a predefined pattern onto a

gold surface. The second step employed the solution deposition (SD) of an n-alkanethiol of
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length n%1 to fill in the areas on the gold surface intentionally not coated by the stamping
process. This procedure not only results in a modified surface where the orientation of the
terminal groups in neighboring domains are determined by whether n is even or odd, but also
facilitates the identification of the orientationally distinct domains by the shapes of the
patterns defined during the stamping process. The concentrations of the ethanolic thiol
solutions for microcontact printing and solution deposition were 10 and 1 mM, respectively,
and exposure times were 30 seconds and 10 minutes, respectively.

Characterizations Using FFM. A MultiMode NanoScope Il SFM (Digital
Instruments), equipped with a 130 um tube scanner and operated in the ambient, was utilized
for all FFM characterizations. All images were collected in the contact mode using 100 pum,
oxide sharpened SisNj cantilevers (Nanoprobes), with normal bending and torsional force
constants of ~0.38 N/m and ~100 N/m, respectively. Plots of friction (f) vs. contact load (Fy)
were developed from friction loops collected over 10-nm scan lines on an atomically flat
portion of each sample surface at a rate of ~0.16 umy/s. The values of the normal bending and
the torsional force constants of the 200 pm, oxide sharpened, Si3;N4 cantilever (Nanoprobes)
used for the determinations of Fy and fare 0.12 N/m and 150 N/m, respectively.

We note that small transient changes in the friction contrast in the fast scan direction
of the images were occasionally observed. We attribute the transients to changes in the
surface composition (e.g., contaminant sorption/loss) of the tip during imaging.

Reagents. Ethanol (Quantum, punctilious grade) was used as received. n-

alkanethiols (n = 13-15, 17) were acquired from several sources (Aldrich, n = 15,17; Pfaltz &
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Bauer, Inc., n = 13; Columbia Organic Chemical, n = 14) and were used as received.
Tridecanethiol (n = 12) and heptadecanethiol (n = 16) were synthesized according to

literature procedures.”®

Results and Discussion

To test this mapping concept, FFM was used to image n-alkanethiol-based
monolayers patterned in a two-step process on gold films that have large (100-200 nm),
atomically smooth terraces with a (111)-surface crystallinity.** As discussed, the patterning
process was designed to yield micron-sized domains of an adlayer where n is odd-numbered
that were surrounded by similar sized domains where n is even-numbered. This procedure
has two attributes: 1) the orientation of the terminal groups in neighboring domains are
determined by whether n is even or odd, and 2) the identification of the orientationally
distinct domains is facilitated by the shapes of the patterns defined during the stamping
process.

The ability to detect differences in the terminal group orientation of these samples is
demonstrated by the series of friction images (120 um x 120 um) in Figure 2. These images
were collected at a contact load of ~25 nN using uncoated, oxide-sharpened Si;N, probe tips.
Figure 2A is an image of a sample that was first stamped with an n=15 adlayer (n;s(uP)),
followed by the solution deposition of an n=16 adlayer (n;s(SD)). Thus, the dipole moment
of the methyl groups in the n;s(uP) domains is oriented more towards the surface normal than

that of the methyl groups in the nj6(SD) domains. As is evident, the friction between the
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probe tip and n,;4(SD) domains is greater than that between the probe tip and n;s(uP)
domains.

This result establishes that FFM can detect the differences in surface free energies that
correlate with the orientation difference of the terminal methyl groups. Moreover, the
observed difference in friction tracks with the expectation based on the relative surface free
energies of the two orientationally distinct domains. That is, the microcontact formed at the
higher surface free energy domains of n;s(SD) exhibit a larger friction than that formed at the
lower surface free energy domains of n;s(uP).

As a control experiment, the patterning sequence used to prepare the sample in Figure
2A was reversed. This experiment assessed whether the friction difference in Figure 2A was
an artifact of the preparative method, a concern reflected by the limited number of structural
comparisons of the adlayers formed by the two different procedures.”” The image in Figure
2B is therefore of a sample patterned with n;s(LP) domains that are surrounded by n;s(SD)
domains. Consistent with the results in Figure 2A, the friction in Figure 2B is greater at
ny6(MP) than at n;5(SD), substantiating that the observed contrast correlates with the
difference in terminal group orientation.

The friction images in Figures 2C-F build on the above findings. These images are of
samples patterned by decreasing the length of the alkyl chain by one methylene unit for each
of the alternating domains in Figures 2C,D and by two methylene units for those in Figures
2E,F. Figure 2C is then an image for n 4(uP) domains surrounded by n;s(SD) domains,

whereas Figure 2D is an image for a sample prepared upon pattern reversal. Similarly,
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Figures 2E.F are images for domains of n;3(uP) and n;4(SD) and of n;4(uP) and n,3(SD),
respectively. In each case, the detected friction is greater when n is even-numbered as
opposed to odd-numbered, paralleling the results in Figures 2A,B. We roughly estimate the
lateral resolution in these two images at ~50 nm, as judged from the distance clearly
separating orientationally different domains for images collected by scanning over smaller-
sized areas (i.e., 2 um) to increase pixel density.28 Taken together, these correlations provide
compelling evidence for the ability of FFM to map differences in the spatial orientation of
terminal surface groups at the high lateral resolution of SFM techniques.

A more quantitative development of our findings is presented in Figure 3 through
plots of friction (f) as a function of the contact load (Fy). These data, which were collected
using solqtion deposited monolayers, are based on an analysis of the trace-retrace plots
collected while scanning only across atorﬁical]y flat regions of the samples to avoid
contributions to the measurement from substrate topography.?’ As found in earlier studies of

823 the dependencies of f on Fy in Figure 3 can be described by a

organic monolayer films,
linear function. However, the slope of each plot (i.e., the coefficient of friction) increases
with respect to n as 15<16<13<14<12. This trend, which is summarized by the inset plot of f
vs. n at a Fy of 25 nN and includes the corresponding dependence of the magnitude for the
symmetric methyl stretching mode using infrared reflection spectroscopy, substantiates the
correlations established by the images in Figure 2.

The inset also shows that f undergoes a gradual decrease as n increases. This trend

suggests that there may be a mechanical contribution (e.g., adlayer elasticity®’%) from
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differences in chain length that is superimposed on the correlation between friction and
terminal group orientation. In other words, the trend in the data implies that there is a
convoluted dependence of the compressibility for these adlayers on the magnitude of n and
on whether n is even- or odd numbered. These interpretations, drawn from several structural
assessments'®, support a general decrease in the packing density, and therefore, the
compressibility of these adlayers as n decreases. Spectroscopic experiments aimed at
whether such a correlation can be developed based on whether n is odd- or even numbered

are presently being designed.

Conclusions

In summary, our results show that the spatial orientation of the terminal groups at
interfaces has a detectable impact on friction, notably extending the remarkable capability of
FFM as a high resolution surface characterization technique. We believe that this new
dimension in performance will potentially find widespread applications in the life and
physical sciences, spanning areas such as biological sequencing and recognition, phase
separated polymeric composites, and analytical separations. Efforts along some of these
lines, as well as on the furthering our fundamental understanding of the friction process, are
underway. We are also exploring the use of chemically modified probe tips”‘8 which,
because of the role of surface free energies on the extent of the detected friction, can

potentially be exploited to enhance image contrast.
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Figure Captions
Idealized structures for n-alkanethiolate monolayers chemisorbed at gold. The
structure on the left is for an adlayer with an odd number of methylene groups
in the alkyl chain, whereas that on the right is for an adlayer with an even
number of methylene groups in the alkyl chain. The spatial dispositions of the
dipole moment of the terminal methyl groups are approximated by the crossed

arrows.

120 pm x 120 pum friction images (z-scale = 0.2 V, with brighter contrast
corresponding to higher friction) of n-alkanethiolate monolayers patterned on
smooth gold by microcontact printing (uP), followed by solution deposition
(SD). (A) nis(uP), n16(SD); (B) nig(P), ni5(SD); (C) nia(UP), ni15(SD); (D)
ns(UP), n14(SD); (E) mi3(P), n14(SD); and (F) na(UP), n13(SD). The
concentrations of the ethanolic thiol solutions for microcontact printing and

solution deposition were 10 and 1 mM, respectively. The contact load was

~25nN.

Plots of friction force (f) vs. the contact load (Fy) for n-alkanethiolate
monolayers of varying chain length chemisorbed on smooth gold. The inset
plots f vs. n at a Fy ~25 nN and the absorbance of the lower energy symmetric

methyl stretching mode v;(CH3) obtained for each monolayer using infrared
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reflection spectroscopy (see reference 17 for experimental details). The
systematic variation of the absorbance arises from the difference of the spatial
orientation of the methyl groups with respect to the surface normal of the gold

substrate.
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GENERAL CONCLUSIONS AND FUTURE PROSPECTUS

This dissertation has presented several results which add to the general knowledge
base regarding organothiolates monolayers spontaneously adsorbed at gold films. Common
to the body of this work is the use of voltammetric reductive desorption and variants of
scanning probe microscopy to gain insight into the nature of the monolayer formation
process as well as the resulting interface.

The most significant result from this work is the success of using friction force
microscopy to discriminate the end group orientation of monolayers chemisorbed at smooth
gold surfaces with micrometer resolution (Chapter 4). The ability to detect the differences in
the orientational disposition is demonstrated by the use PDMS polymer stamp to
microcontact print an adlayer of n-alkanethiolate of length n in a predefined pattern onto a
gold surface, followed by the solution deposition of a n-alkanethiol of nt1 to fill in the areas
on the gold surface intentionally not coated by the stamping process. These two-component
monolayers can be discriminated by using friction force microscopy which detects
differences in friction contributed by the differences in the orientation of the terminal groups
at surfaces. This success has recently led to the detection of the orientation differences at
nanometer scale. Although the substrates examined in this work consisted entirely of smooth
gold films, the same test can be performed on other smooth substrates and monolayer
materials.

Studies of the voltammetric reductive desorption process at short immersion times in
Chapter 1 have shown that the substrate surface reconstructs during the formation of

organothiolate monolayers at as-evaporated Au/mica and Au/glass. The extent of the
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reconstruction is related to the length of alkanethiolates and the nature of the terminal
function groups. Multi-technique characterization including electrochemical reductive
desorption, IRRAS, GFAAS, and STM has provided both macroscopic and microscopic
information which suggest that a cooperative process induced by thiolate binding to gold, in
which the structural interactions among chains and end groups affect energetically the
substrate reconstruction, is at work. Continued studies along this vein include the in-situ
STM investigation of the substrate reconstruction during the formation of monolayer of
different chain length and terminal functional groups.

The other studies described in this dissertation have primarily relied on voltammetric
reductive desorption to 1) probe the origin of multiple voltammetric desorption waves of
long chain alkanethiolate monolayers chemisorbed at annealed gold electrodes, and 2)
examine the phase behavior of two-component monolayers formed from immersion of gold
substrate into precursor ethanolic solution of alkanethiols and aromatic thiols. The origin of
the multiple voltammetric desorption was concluded to be related to the different sizes of
domains on large Au(111) terraces. The amount of each component and its spatial
distribution on a two-component monolayer were found to be immersion time dependent and
can be determined by monitoring the shift of reductive desorption peak potentials and the
peak areas of each component.

The ability to manipulate surface architectures and control and characterize the
interfacial properties of materials will continue to be dependent on the advancement of nano-
technology. With the improvements in instrumentation (e.g. electrochemical hardware), the

advent of new materials (e.g., nanoparticles), or the development of methods to manipulate
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and characterize ever smaller-sized sample, the field of organothiolate monolayers will

expand and more applications will be found.
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