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ABSTRACT

The first part of this thesis details the use of self-assembled monolayers (SAMs) derived from the
adsorption of n-alkanethiols [CH,(CH,), ,SH] onto copper to protect the underlying metal from
corrosion. Due to their dense packmg and crystalline structure, these films provide a barrier that
impedes the transport of oxygen and water to the copper surface. As measured by electrochemlcal
impedance spectroscopy, the resistance provided by these films increases by 4.2 MQecm’ for each
methylene unit in the adsorbate that forms the SAM for chain lengths n  16. Efforts to form
thicker, more protective SAMs on copper utilized the assembly of long-chain w-alkoxy-n-
alkanethiols [CH,(CH,),,O(CH,) ,SH; m = 11, 19, 22; p = 18, 22] that contain an internal ethereal
unit. The barrier propertxes of these ether-containing SAMs depend on the chain length of the
adsorbate and the position of the ethereal unit along the hydrocarbon chain. For all SAMs studied,
the crystalline, densely packed structure of the film dramatically affects its resistance against the
transport of corrosive agents. The eventual loss in protection of these films is attributed to
oxidation and subsequent roughening of the underlying copper surface which perturbs the
crystalline hydrocarbon lattice of the SAM. Upon prolonged exposure to 1 atm of O, at 100%
relative humidity (RH), the SAMs that exhibited the most stable crystalline structures were more
effective in maintaining their barrier properties at superior levels. The results indicate that the
design of barrier coatings requires a selection of adsorbates that can achieve dense packing and
high crystallinity and are able to maintain their structural properties.

The second part of this thesis discusses the use of underpotential deposition (upd) of silver
and copper on gold to affect the structure and stability of an adsorbed n-alkanethiolate SAM.
Thiols adsorb onto gold surfaces modified by submonolayer quantities of silver or copper and
form SAMs with macroscopic properties similar to those of SAMs on gold, as evidenced by
wetting and ellipsometric thickness measurements. Nevertheless, the molecular-level features of
these films are distinct from those of SAMs on the native metals (gold, silver, or copper). First,
the presence of the upd metal alters the binding and molecular structure of the adsorbed thiol,
resulting in a more dense packing and a different orientation for the terminal methyl (-CH,) group
than on gold. In addition, the presence of a silver upd adlayer improves the thermal stability of the
adsorbed monolayer while the presence of either a silver or copper upd layer improves the stability
of the SAM against exchange with competing adsorbates at room temperature. The improved
stability of the SAMs on upd-modified gold is attributed to a stronger ligation between the
adsorbed sulfur and the upd metal. These results demonstrate that a single atomic layer of silver or
copper is sufficient to achieve the adhesion of evaporated films of silver or copper films while
alleviating the problems associated with oxidation of these substrates.

Thesis Supervisor: Paul E. Laibinis
Title: Doherty Assistant Professor of Chemical Engineering
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Chapter 1. Introduction to Self-Assembled Monolayers

1.1. Chemical Modification of Surface Properties of Materials

Interfacial properties such as wetting, adhesion, and lubrication are often determined by the
outermost few angstroms of material at an interface. The control of these and other properties
requires an ability to manipulate the molecular-level structure and composition at the surface of a
material. One of the most flexible systems for modifying the surface properties of an inorganic
material is that of self-assembled monolayers (SAMs).! SAMs are formed by the spontaneous
chemisorption of tailored adsorbates onto reactive metal or metal oxide surfaces (Figure 1.1). The
formation of the SAM is driven by a chemical reaction between the adsorbate and the metal surface
and produces a robust surface coating that can be stable in vacuum, air, or liquid environments.
SAMs have been prepared on various substrates: alkanethiols on gold,23 silver,* copper,*
mercury,’ iron,® GaAs,” and YBa,CuO,;8 alcohols and amines on platinum;? trichlorosilanes on
silica;10 carboxylic acids on oxides of aluminum;!! phosphonic acids on oxides of zirconium,
titanium, and aluminum;!2 hydroxamic acids on copper, silver, titanium, aluminum, zirconium and
iron.13 The chemical constituency of the monolayer can be tailored by chemical synthesis to
expose a high density of specified functional groups at the monolayer/air(or solution) interface.3
These functional groups may be selected to provide the requisite surface properties for a given
application. The use of SAMs can impact many areas including corrosion prevention,!4 sensor
design,!5 microelectronics,!® biocompatibility,!7 separations,!8 and waste remediation.!?

> 5
G i

Figure 1.1. Schematic illustration of SAM formation from solution.
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1.2. History of Self-Assembled Monolayers

The development of self-assembled monolayers (SAMs) can be traced to the seminal papers of
Zisman et al. almost fifty years ago.20-22 By exposing glass surfaces to dilute solutions of long-
chained alcohols in hexadecane as the solvent, these researchers formed oriented monolayer films
that were not wet by the solvent medium and exhibited wetting properties similar to those of ’
oriented Langmuir-Blodgett monolayers. Zisman and coworkers extended this system to include a
range of metal and metal oxide surfaces and various surfactant-like molecules including long-
chained amines, carboxylic acids, and primary amides. The driving force for the assembly was the
large interfacial free energy present between the metal (oxide) surface and the hydrocarbon solvent
phase that was reduced upon directed adsorption of the amphiphilic species. In these cases, the
polar species adsorbed to the solid support and the nonpolar alky] tails oriented away from the
substrate to expose a low energy surface of CH, groups?? (and later CF, groups for
perfluoroalkane-based amphiphiles?!).

Shafrin and Zisman provided demonstration that ligating chemical interactions between the
head group of a molecule and a metal surface could drive the formation of an oriented monolayer
film by adsorbing alkyl amines onto platinum from water.22 The resulting SAMs were
hydrophobic and exhibited wetting properties that were the same as those for films formed from
hexadecane (an inert solvent). The formation of this coating in water by a self assembly process is
notable as it showed a preference toward adsorption of one chemical group over another (a
preference of > 10° by the amine group for platinum vs. the hydroxyl groups of water22) and
demonstrated the ability to produce oriented films from polar solvents. The systems developed by
Zisman had low energies of adsorption (5 - 15 kcal/mol),23 exhibited only modest stabilities, and
were limited in that they only generated low-energy surfaces.

Nuzzo and Allara and coworkers extended the Zisman approach in a dramatic way by
relying on the strong and specific interactions between gold and sulfur to form oriented organic
films that exposed both high- and low-energy surfaces, depending on the tail group present in
adsorbing organic disulfides,24 and later for sulfides%and thiols.225> The general inertness of gold
toward many chemical species allowed the adsorption of organosulfur compounds to occur
exclusively through the sulfur atom(s) and without concurrent adsorption of any non-sulfur-based
moieties. The specificity of the interaction between gold and sulfur—a “soft-soft” chemical acid-
base ligation between the soft ligand (sulfur) and a soft late transition element (gold)26—
accommodates the presence of many “hard” polar groups that are typically encountered in organic
and biological systems. This tolerance allowed formation of organized two-dimensional
assemblies expressing these types of functionalities for the first time by a single adsorption step.
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The adsorption of thiols to form densely packed, oriented monolayer films is not limited to
gold surfaces but also occurs on silver,*27 copper,* mercury,” and GaAs’ surfaces. Although
the tolerance of these substrates for polar tail groups has only been demonstrated for silver and
copper, it is likely that the assemblies that are the result of soft-soft chemical ligation would have
similar abilities to accommodate hard polar tail groups and produce both high- and low-energy
organic surfaces on other soft metal substrates. While the high flexibility of the self-assembly
method is expected for these other substrates using thiols, the packing density, structure, and
stability of the monolayers may be different from those formed on gold due to the specific
geometric and electronic aspects of these other metal surfaces.

1.3. Motivation

While scientists have primarily studied SAMs as model systems, their use in applied research has
been limited, due in part to their untested stabilities under industrially relevant conditions. The
typical mode of use by researchers has been to prepare the monolayer immediately before use and
discard it soon afterwards. Investigation of the long-term stability of the film has been a neglected
area of research. Are SAMs destined to become restricted for use solely as model systems? Are
there practical issues regarding the stability of SAMs that may better enable their use in applied
research? ’

This thesis addresses pertinent engineering issues of SAM stability and technological
application. The first part of the thesis investigates the use of SAMs on copper to provide a
protective barrier against the diffusion of corrosive species (Chapters 2 - 7).28.29 Part II focuses
on a novel method for promoting metal-organic adhesion using the electrochemical method of
underpotential deposition to provide an atomic-level, metal adhesive that enhances the stability of
the SAM (Chapters 8 -12).30.31
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Part I. Protection of Copper Surfaces with Self-
Assembled Monolayers of n-Alkanethiols

Chapter 2. Introduction
2.1. Uses of Copper and Factors that Limit its Application

Copper has become the material of choice for forming highly conductive interconnects within
integrated circuits because of its low electrical resistivity and superior electromigration resistance.!
A primary obstacle associated with the conversion to copper for this application includes the
susceptibility of copper to corrosion. While copper-wired computer chips are typically not
subjected to extremely corrosive conditions, the margin of error for chip corrosion is extremely
small due to the sub-micron linewidths and even smaller thicknesses of the copper wires.2 The
development of methods to protect the surface of copper during the processing of the chip and the
lifetime of the device could be extremely important in advancing its use for these applications.
Copper is also a commonly used material in heat exchanging applications3 due to its high
thermal conductivity and malleability. An important limitation for copper is that it readily corrodes
in aqueous, oxygenated environments that are characteristic of heat exchanger operations.4 Efforts
to minimize the corrosion of copper in such applications have ranged from the use of deoxygenated
water streams in specialized applications’ to the addition of corrosion inhibiting agents to the
process streams.% In this latter case, molecules such as benzotriazole, mercaptobenzimidazole,
and thiourea are continuously added to circulating water streams during process operation to inhibit
copper corrosion. These molecules—frequently being low-molecular-weight aromatic compounds
that contain polar moieties for ligation to the surface and improved water solubility—bind to the
metal surface in mono- or multilayer quantities. The packing of these rigid molecules on the
surface is often poor, and the resulting layers provide only modest transport resistance for
molecules such as O, and H,O to the metal surface. In most cases, the coordination of the inhibitor
molecules to the surface is weak, and their presence in the water streams is required to maintain the
desired concentration of these agents at the metal surface.b? As some inhibitor molecules also
serve as reducing agents for the copper oxidation products, they must be continuously added to
maintain the reducing potential of the water stream. The generation (and ultimately the disposal) of
the contaminated waste water streams from these methods is an item of increasing environmental

concern.
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2.2 Self-Assembled Monolayers on Copper

A primary goal in this thesis is to develop robust coatings on copper that provide the requisite
corrosion resistance for these applications, minimally impact the heat transfer characteristics of the
metal, and remove the necessity for the continuous addition of inhibition agents to the contacting
aqueous streams. In particular, this work focuses on systems that adsorb onto metal surfaces
through strong chemical interactions and provide diffusional restrictions for small molecules (such
as O, and H,0) by nature of their densely packed, crystalline structure. Self-assembled
monolayers (SAMs) offer many of the attributes needed for this application: (1) the film forms
through a simple chemisorption process, enabling strong adhesion to the metal surface; (2) film
formation is conformal allowing objects of any shape to be coated; (3) the thickness of the film can
be controlled at the angstrom-level by selection of adsorbate; (4) the films are densely packed and
crystalline; (5) the chemical composition of the film can be tailored by design and synthesis of
adsorbates; (6) the molecular thickness of the films allows the use of x-ray photoelectron
spectroscopy (XPS) and other surface analytical techniques to determine the chemical state and
composition of species at the metal surface.

Due to the many attractive features of SAMs as coatings, our group!®11 and others12-16
have explored their application as films for inhibiting the corrosion on copper. Alkanethiols
chemisorb to copper and form a densely packed monolayer of adsorbed thiolates where the
hydrocarbon chains are oriented almost normal to the surface with an average tilt (or cant angle) of
12° or less.!7 The resulting SAM:s can inhibit the oxidation of copper with thicker SAMs
providing greater protection.!0 In specific, the oxidation rate of the copper substrate in air
decreases by 50% for every four carbons in the adsorbate comprising the SAM.10 These and other
results!4 suggest that the cathodic process of corrosion is inhibited by the presence of the
monolayer. In a study of the effects of humidity on the corrosion of copper, samples protected by
a monolayer of C,,SH oxidized at a rate that was independent of the water content in the contacting
environment (see Chapter 3).11 These results suggested that the SAM also acts as an effective
barrier against the transport of water to the underlying copper surface for adsorbates of suitable
chain length.

Aramaki and co-workers have modified hydroxyl-terminated SAMs on copper with
alkyltrichlorosilanes to create films that contain an internal, cross-linked siloxane network (see
Section 3.3). The resulting coatings exhibit protection efficiencies that are greater than for
monolayer films formed from C,SH as evidenced by polarization measurements.!2.18.19 They
have also extended this work to form a two-dimensional polymeric structure on copper by
modification of a hydroxyl-terminated SAM with 1,2-bis(trichlorosilyl)ethane and subsequent
treatment with an alkyltrichlorosilane to obtain further improvements in protection.! Feng et al.l>
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have combined electrochemical impedance spectroscopy (EIS), polarization, and XPS to determine
that a thin SAM of C,,SH is more protective than coatings formed from benzotriazole, a commonly
used corrosion inhibitor for copper.

While the collective work from these groups demonstrates that SAMs can effectively inhibit
the corrosion of copper, little is known about the stability of these films, the structural issues that
govern the level of protection provided, or the mechanism of their eventual failure. The five other
chapters that comprise this part of the thesis examine various engineering aspects concerning the
use of SAMs to provide protection against the corrosion of copper. While SAMs offer many
attributes needed for the requisite protection of copper, their efficacy on copper during extended
exposure to water and oxidizing conditions had not been demonstrated prior to the work discussed
in Chapter 3. Chapter 4 details the effect of film thickness on the protection provided by the SAM
and the mechanism of the eventual breakdown in protection by combining electrochemical
impedance spectroscopy and infrared spectroscopy. Chapters 5 and 6 report the formation,
molecular structure, and barrier properties of a new class of SAMs formed from long-chain ®-
alkoxy-n-alkanethiols. These systems represent the thickest and most protective SAMs yet formed
from molecular adsorbates. Finally, the importance of dense packing and crystallinity on the
protection provided by the SAM is discussed in Chapter 7.
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Chapter 3. Self-Assembled Monolayers of Alkanethiols on
Copper Provide Corrosion Resistance in Aqueous Environments

3.1. Background

Laibinis and Whitesides have demonstrated the ability of self-assembled monolayer films derived
from n-alkanethiols to inhibit oxidation of an underlying copper substrate under ambient conditions
(air at room temperature and low humidity).! In this work, they observed that the films exhibited
dramatic improvements in their ability to inhibit corrosion with only modest increases in the
thickness of the self-assembled film: a 50% decrease in oxidation rate for every increase of 5 A in
film thickness. This improvement was attributed to the ability of the self-assembly method to form
crystalline layers on the copper surface. In this chapter, the effectiveness of these adsorbed layers
as barrier films against corrosion in the presence of water—both in the liquid and vapor phase—is
presented. As the corrosion rate of untreated copper (and other metals) is known to be dramatically
faster in the presence of an aqueous phase,2 water could seriously affect the corrosion-resistant
abilities of these layers. To address this issue, SAM-treated copper samples that were exposed to 1
atm of O, at 10 and 100% relative humidity levels and to oxygen-saturated water for periods up to
two weeks were characterized.

Figure 3.1 displays a schematic illustration of the experimental approach. Self-assembled
monolayers (SAMs) on copper were prepared by exposing freshly evaporated copper films
supported on silicon wafers to deoxygenated solutions of alkanethiols. The evaporated copper
samples were handled under nitrogen and anaerobically transferred to the adsorbate solution.
These conditions produce well-defined monolayer films on the copper surface.34 (When less
stringent conditions are used, multilayer films can be produced on the copper surface.5) After
exposure of the samples to the above oxidizing conditions for various periods of time, the samples
were characterized by wetting measurements and x-ray photoelectron spectroscopy. These
measurements provide information regarding the structural integrity of the barrier film and the
extent of oxidation for the underlying copper substrate; the effectiveness of these layers as
corrosion inhibitors were determined from these data. As an extension of these studies, the use of
multilayer strategies were also explored to generate thicker layers on the copper surface to improve

the barrier properties of self-assembled films on copper.
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Figure 3.1. Schematic illustration of the formation of a self-assembled monolayer (SAM) on
copper and the resulting species produced after exposure to oxidizing conditions. The assembly of
the thiols (first step) was conducted under anaerobic conditions.
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3.2. Results and Discussion

Figure 3.2 displays the results from x-ray photoelectron spectroscopy (XPS) for various bare and
derivatized copper samples. XPS is well suited for these studies as it is highly surface sensitive
and allows the detection of Cu(II) oxidation products at the sub-angstrom-level. In the Cu(2p;,)
spectral region, Cu(0) and Cu(I) species exhibit a single peak at a binding energy of 932.6 eV. In
comparison, Cu(II) species exhibit a peak that is shifted positively to a position of ~934.7 ¢V and
also display the presence of less intense shake-up satellite peaks at 941.5 and 943.8 eV that are
readily distinguished and well-separated from the primary Cu(2ps,;) peaks. Changes in the relative
intensities of these peaks can provide a quantitative monitor of an oxidation process (vide infra).

In these experiments, evaporated, polycrystalline copper films supported on silicon
substrates were used. Immediately after evaporation, the chamber was backfilled with N, and the
samples were transferred anaerobically to a solution of the adsorbate. XPS spectra for these
samples exhibit no peaks in the Cu(2p3/2) region due to Cu(Il) species (Figure 3.2a) and provide a
starting point for these corrosion studies. Upon exposure to oxidizing conditions, the XPS spectra
exhibit peaks due to Cu(II) species that increase in intensity with continued exposure (Figure
3.2b). A comparison of the level of oxidation for different samples provides information about the
resistance of the system toward corrosion. For example, the XPS data in Figure 3.2 illustrate that
a bare copper sample exposed to 1 atm of O at 100% relative humidity (Figure 3.2d) oxidizes
more rapidly than a bare copper sample exposed to 1 atm of O3 at 10% relative humidity (Figure
3.2c). The presence of an adsorbed monolayer of hexadecanethiol on the copper sample (Figure
3.2b) is effective in decreasing the rate of oxidation of the copper substrate, even when the sample
is exposed to oxidizing conditions of high humidity.

The relative intensities of the peaks in the Cu(2p;,) spectral region can be related to
thicknesses through eq 3.1,!

dCu(Il) = - )" cos q) In [1 - fcu(n)] (31)

where d,q, is the thickness of the layer that contains Cu(II) species, A is the inelastic mean free
path of Cu(2p,,,) photoelectrons through the CuO layer (= 10.7 A),6 ¢ is the angle at which the
detector is positioned relative to the surface normal (so-called “take-off angle” = 55°), and f,;, is
the fraction of the integrated peak area of the Cu(2p,,,) spectral envelope that is due to Cu(II)
species (both the primary and shake-up peaks). This analysis assumes that the Cu(II) species in
the copper substrate are present in a uniform layer nearest the sample/air interface.! The use of eq
3.1, although not rigorous, is quite flexible for these investigations as it does not depend on the
thickness or composition of any layers that separate the copper sample from the air (or vacuum)
interface. The use of thickness measurements derived from eq 3.1 for the Cu(II) species allows
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Figure 3.2. XPS spectra of the Cu(2p,,) region for evaporated films of copper exposed to
different oxidizing conditions. (a) Copper sample protected with C,H,,SH before exposure to
oxidizing conditions. (b) Copper protected with C,;H,,SH and exposed for 384 h to 1 atm of O,
at 100% relative humidity. (c) Bare copper exposed for 144 h to 1 atm of O, at 10% relative
humidity. (d) Bare copper exposed for 72 h to 1 atm of O, at 100% relative humidity. The dashed
lines note the characteristic positions of the peaks for Cu(0)/Cu(I) and Cu(II)
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direct quantitative comparison of the spectral results for different samples and oxidizing conditions.
For example, application of eq 3.1 to the spectra in Figure 3.2 yields thickness for the Cu(Il)
species of 2.1 A,2.5A,and 9.3 A for panels (b), (c), and (d), respectively.

Figure 3.3 summarizes the XPS results from experiments comparing the effectiveness of
two adsorbates—C;6H3sSH and C,,HysSH—to impede corrosion of a copper substrate under
common oxidizing conditions of 1 atm of O, at 100% relative humidity. The bare copper saml;le
exhibits rapid oxidation under these conditions; the plateau in Figure 3.3 may be the result of
transport limitations due to the formation of a 10-A thick film of copper(II) oxide on the copper
surface. For both adsorbates, the alkanethiolate monolayers are effective in inhibiting the
corrosion process, with the longer-chained adsorbate (C;,H,sSH) providing the superior
protection. The observation that longer-chained alkanethiols provide greater corrosion resistance
under these humid conditions is similar to previous observations from related experiments
conducted under ambient conditions. In Figure 3.3, the difference in the thickness of the two
organic layers is only six methylene units (or ~7 A in film thickness) and is sufficient to produce
observable differences in the rate of oxidation to the underlying copper substrate. Laibinis and
Whitesides previously asserted that the crystalline structure of the polymethylene chains in these
adsorbed layers is responsible for the observations that changes in film thickness at the angstrom-
scale can affect the diffusional rate of molecules (such as O, and H,0) to the underlying substrate.!

Since copper oxidizes more rapidly in the presence of water,? the relative effectiveness of a
SAM derived from C,,H4sSH to inhibit corrosion under conditions where different concentrations
of water are present were examined (Figure 3.4). In general, no differences were observed in the
level of corrosion to the copper substrate when it was exposed to oxidizing conditions at different
relative humidity levels or when the copper sample was placed in direct contact with oxygen-
saturated water. Under these experimental conditions, underivatized copper samples exhibit
significant differences in the formation of copper(II) oxides (see Figure 3.2c and d). The similarity
of the data sets in Figure 3.4 illustrates the ability of these layers to limit the transport of water to
the underlying copper substrate and suggests that these films remain structurally intact under these
conditions. The use of hydrocarbon-based adsorbates provides suitable water repellency47 (and in
the case of samples immersed in water, poor water solubility) for the resulting layers to provide
effective corrosion inhibition under these diverse conditions.

The stuctural integrity of the layers was examined during the corrosion process using
wetting measurements. Laibinis et al. found that the wetting properties of the alkanethiolate SAM
provided a highly sensitive probe of the changes occurring to the film during the oxidation process
and that these measurements mirrored trends observed by XPS.! The wetting properties of
hexadecane are a particularly sensitive indicator of structure as a densely packed surface expressing
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Figure 3.3. Extent of oxidation of the copper surface for bare copper samples and samples

derivatized with C,H,,SH and C,,H,;SH as a function of exposure time to 1 atm of O, at 100%
relative humidity.
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Figure 3.4. Comparison of the extent of oxidation for copper samples derivatized with
C,,H,;SH and exposed to 1 atm of O, at 10% and 100% relative humidity and to oxygen-saturated
water at 1 atm.
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methyl groups exhibits an advancing contact angle (6,) of ~45° whereas a surface exposing
methylene units is wet by hexadecane (i.e., 0,(HD) = 0°).8

Figure 3.5 displays the wetting properties by hexadecane for C;,HssSH-derived SAMs on
copper after exposure to various oxidizing conditions. The wetting properties of the layers
decrease from their initial value and subsequently achieve a relatively constant value. This latter
state is one largely exposing methyl groups at the surface, but is not as ordered as the initially
formed SAM. The decreased contact angle reflects the availability of methylene units at the
SAM/liquid interface for contact with the hexadecane and may be a result of surface reconstruction
that occurs during the onset of oxidation. This drop in wettability occurs during a time period
where no (or very little) formation of copper (II) species is observed by XPS (see Figure 3.4).

The important feature of Figure 3.5 is that the wetting results for the samples are similar despite the
differences in water concentration. This similarity suggests that the corrosion process using these
SAMs as inhibitors is insensitive to the presence of water. For C,,H,sSH-derived samples
immersed in oxygen-saturated water, the similarity of their wetting values to those under less harsh
conditions provides evidence that the adsorbates (or their oxidized products) remain largely
attached to the copper surface during extended exposure to an oxidizing aqueous environment.

When shorter-chained adsorbates are used, a more rapid decrease in the wetting properties
of the film is observed (Figure 3.6). Shorter-chained adsorbates are less effective at maintaining
their structure under oxidizing conditions than are longer-chained adsorbates and may also exhibit
some sensitivity to the presence of water. This sensitivity may reflect the lesser degree of
organization within these SAMs and the possible dissolution of these shorter-chained adsorbates
into the contacting water. Over a two-week period of exposure, SAMs derived from adsorbates of
chain lengths of hexadecanethiol or less were wet by hexadecane suggesting the presence of a
highly disordered adlayer or its complete removal. From Figures 3.5 and 3.6, longer-chained
adsorbates (>C,¢) provide the greatest ability to maintain the film properties needed to impede
corrosion processes. This observation may be the result of the high degree of crystallinity in these
layers, the low solubility of these adsorbates in water, and the formation of a suitably thick layer of
hydrocarbon that obstructs an interaction between the copper and water-containing phases.

The results in Figures 3.3 and 3.6 suggest that thicker films provide improved performance
in inhibiting corrosion. Longer-chained adsorbates may be envisioned for further improving the
properties of the layers; however, the use of these adsorbates becomes limited practically by
difficulties in their synthesis and their poor solubilities in many solvents (see Chapter 5). To
produce thicker, crystalline, hydrocarbon-based films on the copper surface for corrosion
inhibition, self-assembling strategies for constructing multilayer assemblies on gold® were applied

to these copper substrates. Figure 3.7 schematically illustrates the process for forming a bilayer
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Figure 3.5. The advancing hexadecane contact angle on C,,H,SH-protected copper samples as
a function of exposure time to 1 atm of O, at 10% or 100% relative humidity or to oxygen-
saturated water at 1 atm.
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Figure 3.6. Extent of film integrity as probed by the advancing contact angle of hexadecane for
copper samples derivatized with CH,,SH, C,,H,,SH, C,H,,SH, and C,,H,;SH and exposed to
(a) 1 atm of O, at 100% relative humidity or (b) oxygen-saturated water at 1 atm.
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Figure 3.7. Schematic illustration of the assembly of a bilayer on copper. The assembly of the
thiols (step 1) was conducted under anaerobic conditions, while the assembly of the

trichlorosilanes (step 2) was performed in a dry box.
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film on the copper surface using a mercapto-alcohol—HS(CH,),,OH or HS(CH,),,OH—for the
first layer and an alkyltrichlorosilane— CH3(CH,);7SiCl;—for the second layer. By using
trichlorosilanes that terminate in vinyl or ester groups, other researchers have prepared multilayers
on various substrates by this strategy (primarily for proposed non-linear optical applications).10:11

Figure 3.8 displays a comparison of the wetting properties for SAMs formed from
Cy,H.sSH and for bilayer samples formed from the sequential adsorption of HS(CH,),,0OH and
CH;(CH,);4SiCl; that have been similarly exposed to 1 atm of O, at 100% relative humidity. In
these samples, the thicknesses of the SAMs and bilayers are approximately 3 and 5 nm,
respectively. For the initially formed layers, the wetting properties of the SAM by hexadecane are
superior to those of the bilayer and may reflect a more well-defined structure for the SAM. (The
differences may also be a reflection of the orientational differences that exist between the
hydrocarbon chains in these systems.) Upon exposure to the oxidizing conditions, the quality of
the C,, SAM, as reflected in its wetting properties by hexadecane, decreases to expose a greater
number of methylene groups at the SAM/air(hexadecane) interface. This change indicates some
level of film or surface reconstruction that occurs during the initial stages of oxidation. In contrast,
the wetting properties of the bilayer remain unchanged over the entire week of exposure to these
conditions. The presence of a cross-linked siloxane backbone within the bilayer may prevent any
reconstruction within the film and yield an assembly that is more robust for these conditions. The
development of crystalline hydrocarbon layers that contain stabilizing cross-links may prove to be a
beneficial strategy for preparing robust, thin barrier films for corrosion inhibition.

The ability of the bilayer to inhibit corrosion of the underlying copper substrate was
examined by exposing the assembly to 1 atm of O, at 100% relative humidity (Figure 3.9). XPS
results showed that the bilayer, despite its improved stability (Figure 3.8) and greater thickness,
was inferior in performance to that of a SAM derived from C»H4sSH. The primary difference
between these two samples was the presence of Cu(Il) peaks in the XPS spectra for the initially
formed bilayer sample. XPS spectra for a SAM on copper formed from HS(CH,),;OH or
HS(CH,),,OH displayed no Cu(Il) signals; however, Cu(II) signals were clearly evidenced in
these samples after exposure to the trichlorosilane. For the samples derived from HS(CH,),;OH,
XPS results showed the incorporation of chlorine into the resulting bilayer assemblies. Visible
pitting of the copper substrate was also observed from some preparations. The amount of chlorine
could be lessened by forming the bilayer in solutions containing scavengers (KOH and Na,COs3)
for the HCI produced during the reaction between the trichlorosilane and the terminal hydroxyl
groups; however, the films exhibited poor barrier properties toward oxidation of the copper
substrate. The use of the longer-chained HS(CH,)»,OH for the initial layer dramatically reduced
the amount of chlorine on the copper substrate to the level that samples (such as those used in
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Figure 3.9. Extent of oxidation of the copper surface for copper samples derivatized with
C,,H,;SH or a bilayer formed from sequential treatments with HS(CH,),,OH and C H,,SiCl, as a
function of exposure time to 1 atm of O, at 100% relative humidity.
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Figure 3.9) could be prepared that exhibited no chlorine signals by XPS; the lack of chlorine signal
may also reflect the greater level of attenuation of photoelectrons by the thicker bilayer assembly.
In all cases of forming bilayers on copper using trichlorosilanes, the samples exhibited a greater
degree of oxidation by XPS than for samples derivatized using simple n—alkanethiols. The inferior
performance of the bilayer systems stems from the use of chlorine-containing agents in the
preparation of the second layer. The use of non-chlorine agents for forming bi- and multilayer
assemblies on copper may circumvent this problem.

The use of SAMs and bilayers on copper for corrosion resistance have also been
investigated by Aramaki et al.12-15 In a series of papers, they have examined methods for
generating bilayer assemblies on copper using the sequential adsorption of HS(CH,),,OH and an
alkyltrichlorosilane. Using polarization measurements in aerated 0.5 M Na,SO,(aq), they
concluded that the bilayers could provide significantly greater protection abilities to the copper
substrate than an octadecanethiolate monolayer.!3 This increased protection is probably a result of
the enhanced stability of the siloxane-linked bilayer under the conditions of measurement. The
results of Figure 3.8 also indicate improved stability for the bilayer; however, the abilities of the
bilayer to impede corrosion was less than that for thinner films formed using simple n-alkanethiols
(Figure 3.9). Aramaki et al. have recently used XPS to compare the effectiveness of bilayers on
copper based on HS(CH,),,OH for inhibiting substrate oxidation in air with SAMs formed from
just HS(CH,),,OH.14 From their experiments, they concluded that the addition of the second layer
improved the corrosion resistance of the coating compared to that for the relatively short film
prepared from just the mercapto-alcohol. Their results are compatible with those presented here
that thicker layers generally provide greater corrosion resistance (Figures 3.3 and 3.6) and the
bilayers prepared to date on copper are less effective in inhibiting corrosion on copper than are
monolayer films of similar thicknesses prepared from n-alkanethiols. For example, Aramaki et al.
have observed that the XPS spectra of copper that had been protected with a bilayer formed from
the sequential adsorption of HS(CH,),,OH and C,H,,SiCl, exhibited mostly Cu(II) species in the
Cu(2p,,) spectral envelope after a 231-hr exposure to air.!4 In contrast, for a longer exposure
(384 hr) to harsher conditions (1 atm of O, at 100% relative humidity), the XPS spectra for a
thinner C, H,,SH-protected copper (Figure 3.2b) showed only minor contributions from Cu(II)
species. Of these two systems, films formed from long-chained n-alkanethiols presently provide
the greater level of protection for corrosion inhibition to copper. Bilayer and multilayer strategies
may provide a means for improving the effectiveness of these self-assembling strategies for
corrosion inhibition; however, work remains to establish the proper synthetic methods for
generating high quality, crystalline multilayers on copper for this application.
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3.3. Conclusions

Self-assembled monolayers adsorb onto copper and inhibit oxidation of the underlying substrate in
dry, humid, and wet oxidizing conditions. The performance of the SAMs under these conditions
was insensitive to the concentration of water, suggesting that the layers are effective in screening
the interaction between water and the metal substrate. This result is important for the potential
application of these systems as barrier layers that contact aqueous streams. Longer-chained
n-alkanethiols yielded thicker SAMs on the copper substrate that exhibited superior abilities to
impede corrosion than did shorter-chained adsorbates. The use of longer-chained adsorbates is
preferred for maximizing the effectiveness and lifetimes of the adsorbed coatings under these
conditions. Efforts using existing multilayer strategies are effective for producing thicker, more
robust films on the copper surface; however, bilayer films derived from the adsorption of
alkyltrichlorosilanes onto hydroxyl-terminated SAMs were not effective in improving the corrosion
resistance abilities of the assembled coating beyond those of related SAMs derived from
n-alkanethiols. The development of multilayer strategies that are compatible with the chemical
reactivity of copper should allow formation of corrosion-resistant coatings on copper that remain
stable under a wide variety of oxidizing conditions and require one-time chemical application for
their generation and effective operation.

3.4. Experimental
3.4.1. Materials

Copper (99.99+%) and chromium (99.99+%) were obtained from Aldrich and R.D. Mathis,
respectively. Octyl, dodecyl, and octadecyl thiols (Aldrich) were purified by vacuum distillation
before use. Hexadecyl and docosy! thiols were prepared from the corresponding alkyl bromides
(Aldrich) by nucleophilic displacement with thioacetate and subsequent solvolysis in
HCI/MeOH.!¢ 11-Hydroxy-undecanethiol was prepared via a literature procedure,!6 and 22-
hydroxy-docosanethiol was available from previous studies.# Octadecyltrichlorosilane (United
Chemical Technologies) was purified by vacuum distillation prior to use. Prepurified N and Op
were obtained from Middlesex. Isooctane (Mallinckrodt) and ethanol (Pharmco, 90%) were
purged with N> for 5 min prior to use as solvents for the alkyl thiols. Silicon (100) wafers (75
mm diameter) (Silicon Sense) were rinsed with ethanol and dried with N3 prior to use in the
evaporator. Anhydrous hexadecane (Aldrich) and deionized H>O (pH = 5.5) (Millipore) were
used as liquids for contact angle measurements.
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3.4.2. Sample Preparation

Cr (150 A) and Cu (1000 A) were sequentially evaporated from resistively heated tungsten
filaments at 1.5 A/s and 10 A/s, respectively, onto Si wafers (75 mm diameter) in a diffusion-
pumped evaporation chamber with a base pressure of 8 x 10-7 Torr and an operating pressure of 2
x 106 Torr. Immediately following evaporation of copper, the chamber was backfilled with N2,
and the freshly evaporated samples were transferred under a positive flow of N3 to 1 mM
deoxygenated isooctane solutions of the n-alkanethiols that were brought inside the evaporator.
Polyethylene strips were placed around the circumference of the evaporator to reduce the effective
exposed area of the open chamber for air diffusion during the transfer. After remaining in solution
for 40 min, the samples were removed, rinsed with ethanol, and blown dry in a stream of Nj.
XPS analysis of the Cu(2p,,,) region for these functionalized samples exhibited a peak at 932.6 eV
corresponding to Cu(0) and/or Cu(I) species and no peak at 934.7 eV for Cu(Il) species. The
wetting properties of the freshly prepared samples by water and hexadecane were comparable to
those of n-alkanethiols on gold.3

Bilayer films were prepared on copper via a two-step process. The copper samples were
anaerobically transferred from the evaporator (as described above) to ~1 mM ethanol solutions of
HS(CH,),,OH or HS(CH,),,OH. After 40 minutes of exposure to the adsorbate solutions, the
samples were removed from solution, rinsed with ethanol, and blown dry in a stream of N,. The
samples exhibited advancing contact angles of water of 15-20° and 25-35° for copper functionalized
with HS(CH,),,OH and HS(CH,),,OH, respectively. The hydroxyl-terminated monolayers were
treated with a mixture of 0.5 mM isooctane solution of octadecyltrichlorosilane (C,¢H,,SiCl,) and
solid Na,CO, in dry air for 5 min; longer exposure times resulted in films of lower quality as
evidence by their wetting properties and physical appearance (pitting). The samples were rinsed
with isooctane and blown dry. All manipulations involving the silane were performed in a glove
box using dry air.

3.4.3. Oxidation Studies

Immediately after assembly of the monolayers, the silicon wafers were cut into 1 x 3 cm? samples
using a diamond-tipped scribe, and the samples were placed into either a "dry" (10% R.H.) or a
"humid" (100% R.H.) chamber. Humidity levels were determined using a digital hygrometer
(Fisher). The chambers were subsequently evacuated and then backfilled with O3 to atmospheric
pressure. A steady stream of O; flowed through each chamber at 10 cm3/min during the
experiments. Within the “humid” chamber, a subset of samples was immersed in vials that

contained deionized water. The chambers were stored at room temperature (20 °C) and kept in the
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dark to minimize any possible effects due to light. After various periods of exposure, samples
were removed from the chambers, rinsed with ethanol, dried in a stream of N, and characterized
by either wetting or XPS. After characterization by either method, the samples were discarded.
Data in the figures represent measurements on individual slides that had been continuously exposed
to the listed oxidation conditions and had undergone no previous analysis. In most cases, the data
represent at least two independent preparations and oxidations of the SAMs.

3.4.4. Wetting Measurements

Advancing contact angles were measured on both sides of a static drop using a Ramé-Hart manual
goniometer. The drop was advanced prior to measurement by a Matrix Technologies electro-
pipette (1 pL/s). The pipette tip remained in the drop during measurement. The data represent the
average of at least three measurements, with the reproducibility across a sample being £ 3°.

3.4.5. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra were obtained with a Surface Science X-100 spectrometer using a monochromatized
Al Ko X-ray source (spot size = 600 pm) and a concentric hemispherical analyzer (pass energy =
50 eV). The detector angle with respect to the surface parallel was 35°. Copper spectra were
accumulated over 5 scans (~10 min) with a 25-eV window. The spectra were fitted using 70%
Gaussian/30% Lorentzian profiles and a Shirley background. Reduction of copper oxides did not
occur on the time-scale of spectral accumulation due to the use of a monochromatized X-ray beam

which does not contain the Bremsstrahlung.!
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Chapter 4. Electrochemical Impedance Study on the Effect of
Chain Length on the Protection of Copper by n-Alkanethiols

4.1. Background

The results in Chapter 3 demonstrated that self-assembled monolayers (SAMs) based on the —
adsorption of alkanethiols onto copper can provide protection against oxidation of the underlying
metal that is independent of the moisture level in the environment. Nevertheless, little is known
about the stability of these films and the mechanism of their eventual loss of performance. In this
chapter, the barrier properties of various n-alkanethiols [CH,(CH,), ,SH; n =8, 12, 16, 18, 20,
22,29] on copper are examined as they are affected by exposure to oxidizing conditions. By
varying the chain length of the adsorbate, the effect of angstrom-level changes in film thickness
from 10 to 40 A on the barrier properties and structural stability of the SAMs have been
investigated. Results from electrochemical impedance spectroscopy (EIS) and infrared (IR)
spectroscopy have been coupled to correlate the structure of the film with its ability to provide
protection against corrosion of the underlying substrate.

Finklea has reviewed the use of EIS in the characterization of self-assembled monolayers.!
Much of the prior work has focused on electron transfer from solution-phase redox probes through
monomolecular? or polymer-modified SAMs?3 on a gold electrode. In the use of EIS with SAMs
on copper substrates, Aramaki et al.4 have studied capacitance and conductance properties of self-
assembled bilayer films while Feng et al. have investigated the charge transfer resistance provided
by a SAM of C,SH.5 In constructing an equivalent circuit for these films, the SAM has often
been modeled as an incomplete film in which charge transfer occurs at random pinholes that
approximate a microelectrode array. While this analysis may be accurate for some systems, such
as SAM:s on gold in the presence of bulky redox moieties, SAMs can instead be modeled as
complete films in which through-film processes govern the electrochemical response. In a detailed
investigation of SAMs derived from CH,(CH,), ,SH on copper, Aramaki et al.® have shown that
for n > 10, the SAM can be modeled as a uniform, closely packed film through which oxygen
permeates and participates in the cathodic corrosion reaction at the surface.

The equivalent circuit that best models the EIS data in this thesis is that of a solution
resistance in series with a parallel network of a coating capacitance (C,) and resistance (R) (Figure
4.1a). In this model, the coating capacitance and resistance should be functions of SAM thickness,
and the coating resistance is that provided by the SAM against the transport of ionic species to the
metal surface. Modeling EIS data with this equivalent circuit representation allows determination
of the capacitance and resistance provided by the SAM during its lifetime and enables quantitative
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Figure 4.1. (a) Schematic illustration of the equivalent circuit used in this analysis. The model
describes a complete coating that effectively separates the underlying metal from the contacting
electrolyte. R = solution resistance, C_ = coating capacitance, and R_ = coating resistance. (b) The
generally accepted equivalent circuit for a polymer-coated metal electrode that contains terms for the
double layer capacitance (C,) and charge transfer resistance (R ) at the coating /metal interface.’
The circuit in (b) simplifies to that in (a) if R, >>R_,.
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comparison between the performances of SAMs of different thickness and composition. The
model circuit in Figure 4.1a is based on the assumption that the SAM is complete and
homogeneous and that the metal is well separated from the contacting aqueous phase. The validity
of this assumption is attributed to the nature of long hydrocarbon chains within the SAM to heal
defects, such as adsorbate vacancies. This equivalent circuit representation is similar to that
presented by Nahir and Bowden? for electron tunneling through a defect-free system on gold and
is a reduced version of the generally accepted model for the corrosion of a polymer-coated metal in
the absence of coating delamination (Figure 4.1b).7 The model circuit of Figure 4.1a is valid as a
simplified form of that in Figure 4.1b when the resistance for the coating (R,) is much larger than
the charge transfer resistance at the interface (R,) (Figure 4.1b). For SAM-coated copper
substrates examined between 0.01 and 20,000 Hz, neither a second time constant nor any Warburg
behavior indicative of corrosion at the metal/organic interface was observed over the timescales
reported in this chapter.

4.2. Results
4.2.1. Properties of n-Alkanethiols on Copper

Ellipsometry has been a convenient technique for determining the thickness of SAMs on various
substrates.? This method requires characterization of the substrate before and after formation of
the SAM. The tendency of bare copper to oxidize rapidly when exposed to air complicates these
measurements; furthermore, the necessity to minimize contact of the copper substrates with oxygen
before SAM formation is inconsistent with the requirements for ellipsometric characterization. In
contrast with ellipsometry, the use of XPS to determine thickness only requires analysis of the
sample after SAM formation and thus, provides a method of characterizing the films that is
compatible with the requisite experimental efforts to minimize oxidation of the uncoated copper
substrate. XPS provides a convenient method for examining differences in relative thickness for
n-alkanethiolate films by measuring their attenuation of photoelectrons from the underlying
substrate.10 Figure 4.2 shows the attenuation of the Cu(2p,,) signal in XPS by SAMs of various
chain lengths from n = 8 to 29. The intensity of the underlying copper decreases exponentially as
the chain length is increased, indicating a consistent and regular increase in the thickness of the
SAM. The slope of the best-fit line through the data is -0.095/CH, and is equal to '(dcr{2 / A sin
0),10 where dCHZ is the incremental thickness of each methylene group in the monolayer (dc,, =
1.27 cos ¢ = 1.24 A, where 1.27 is the incremental distance per CH, group in a trans-extended
hydrocarbon chain!! and ¢ is the average cant (12°) for the adsorbates within the SAM!0), A is the
attenuation length of photoelectrons from the underlying metal through the hydrocarbon, and 0 is
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Figure 4.2. Attenuation of the Cu(2p,,,) signal in XPS by SAMs formed from C,SH. The line
is a least-squares fit to the data and corresponds to an attenuation length of 23 A for Cu(2p,,)
photoelectrons through the hydrocarbon layer.
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the angle of the photoelectron detector with respect to the surface parallel. From the data in Figure
4.2, the attenuation length of Cu(2p,,,) photoelectrons through the n-alkanethiolate SAM is 23 A,
which agrees well with the value of 22 A determined in a previous study.!? These results suggest
that the thickness of the hydrocarbon within these films can be varied from 10 to 36 A by using
adsorbates with chain lengths between 8 and 29 and demonstrate that the coating thickness on
copper can be tuned at the angstrom-level by appropriate selection of adsorbate. This high level of
control over film thickness is pertinent in investigating the effects of film thickness on barrier
properties. It is important to note that the degree of oxidation of the copper surface must be
minimized in order to form high-quality SAMs. XPS spectra taken immediately after SAM
formation by the methodology used here indicate the absence of Cu(II) species.!3

Since the capacitance of a film serves as an additional probe of its thickness, the chain
length of the adsorbate should govern the capacitance of the resulting SAM.14 The capacitance of
SAMs formed from a series of n-alkanethiols were measured by electrochemical impedance
spectroscopy, assuming the equivalent circuit shown in Figure 4.1a. Through a Helmholtz model
of the interface, the capacitance of the film is related to its thickness by the following equation:

__]_'__= dSAM — dCHZn + d(S) (41)
CC 8SAM 80 8CH 2 80 8(3 ) 80

where d g, is the effective thickness of the ligating sulfur layer, ds,), is the thickness of the
monolayer (dg,y = dCH2n +d), Esay 1S the permittivity of the total film, €cy, ANd € are the
permittivities of the hydrocarbon and sulfur portions of the film, respectively, and € is the
permittivity of vacuum. The inverse capacitance increases linearly with increasing chain length of
the adsorbate (Figure 4.3), suggesting that the Helmholtz model is valid. The slope of the best-fit
line through the data in Figure 4.3 corresponds to a dielectric constant of 2.16 for the hydrocarbon
portion of the monolayers. This value is similar to the value of 2.10 measured in situ with surface
plasmon resonance for n-alkanethiols (n=16, 18) on gold!5 and compares well to the value of 2.30
for polyethylene.!® The strong dependence of capacitance on chain length is consistent with the
results from XPS attenuation (Figure 4.2) and demonstrates the high level of control over film
thickness that is available with SAMs. In addition, these data support the equivalent circuit model
presented in Figure 4.1a and discussed in Section 4.1.

Figure 4.4 shows reflection-infrared spectra of the C-H stretching region for SAMs derived
from C_SH on copper. For n > 12, the peak positions of the various modes—v,(CH,) = 2965
cm’, v(CH,) =2918 cm™, v (CH,) = 2879 cm’', and v(CH,) = 2851 cm''—are the same as those
observed for n-alkanethiols on gold and indicate that the hydrocarbon chains predominately adopt a
trans-zig-zag extended conformation. For n = 12, the peak positions indicate a less crystalline

SAM with a greater density of gauche conformers that result from a less efficient packing of the
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Figure 4.3. Inverse capacitance of SAMs of C_SH on copper in oxygenated 50 mM
Na,SO,(aq). Capacitance values were determined by fitting impedance data to the equivalent
circuit shown in Figure 4.1a. The line is a least-squares fit to the data and has a slope that
corresponds to a dielectric permittivity of 2.16. The dashed portion of the line represents an
extrapolation to n = 0. The nonzero intercept of C_' is due to the capacitance Erovxded by the thiol
head group and is similar to that observed by Porter et al. for thiols on gold.!
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Figure 4.4. Grazing incidence polarized infrared spectra of the C-H stretching region for SAMs
of CSH (n = 12, 16, 18, 20, 22, and 29) on copper. The dashed lines indicate the positions of
the prlmary modes for a trans-extended monolayer with no gauche defects v,(CH,) = 2965 cm
v,(CH,)) =2918 cm™, v (CH,)=2879 cm’, and v (CH,) = 2851 cm’'. The spectra have been
offset vertlcally for clarlty
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shorter chains. For the series of n-alkanethiols, the intensities of the methylene stretching
vibrations exhibit a linear dependence with chain length (not shown), as observed previously.!0
The intensities of the methylene stretching vibrations indicate that the hydrocarbon chains of the
adsorbates tilt ~12° from the surface normal on the substrate; this nearly perpendicular orientation
indicates the formation of a more densely packed system than is formed for thiols on gold where
the chains tilt ~30 ° from the surface normal. The dense packing of these adsorbates on copper
enables the formation of SAMs that can provide effective barriers against the diffusion of small
molecules such as 0,517 and H,018 to the underlying copper surface.

Figure 4.5 shows electrochemical impedance spectra in the form of Bode magnitude
(Figure 4.5a) and phase angle (Figure 4.5b) plots for copper, both bare and protected by SAMs
derived from C SH. At high frequencies, the resistance of the solution dominates the impedance
and thus, the Bode magnitude data exhibit a slope of zero while the phase angle is near 0°. In the
intermediate frequency regime for coated samples, the capacitance of the films provides a
significant impedance, and log IZl increases linearly with a slope of 1 with decreasing log
frequency (Figure 4.5a) while the phase angle is approximately 90° (Figure 4.5b). The smaller
capacitance and greater impedance provided by the thicker films is evident in Figure 4.5a by
comparing the various spectra in the intermediate frequency regime. At low frequencies, the
plateaus in |ZI for C, and C,, films are consistent with the onset of ionic penetration into the SAM
and correspond to the resistances (R,) that the SAMs provide against the diffusion of these ions.”
For copper protected by thicker films (n = 16), the coating resistance is sufficiently large that it is
not directly observable on the magnitude plot; however, the slight decrease in phase angle (Figure
4.5b) at low frequencies suggests the onset of ionic penetration into these films. The coating
resistances for these films are 30, 55, and 77 MQecm® for C,,, C,,, and C,, films, respectively,
and were determined by fitting Nyquist plots of the data (not shown) with the equivalent circuit
model shown in Figure 4.1a. The greater protection provided by the longer-chained thiols is
probably a result of the more effective packing, superior crystallinity, and greater thickness of
these films. For all coatings, the impedance provided is orders of magnitude greater than that for
unprotected copper (Figure 4.5a). The observed impedance of the bare metal at low frequencies in
Figure 4.5 may be the result of a Warburg process indicating active corrosion at the surface during
impedance characterization. A Warburg impedance corresponds to a phase angle of 45°, and the
data in Figure 4.5b for bare copper approach this value. The results in Figure 4.5a show that a
monolayer film can produce large (three to four orders of magnitude) enhancements of impedance
and therefore provide significant protection against corrosion. Figure 4.6 shows the chain-length
dependence of the coating resistance (R,) for n-alkanethiols on copper; the values of R, were
obtained by fitting EIS data to the equivalent circuit shown in Figure 4.1a. The coating resistance
is linearly related to chain length for n > 16, suggesting that each additional methylene group
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Figure 4.5. Bode magnitude (a) and phase angle (b) plots for copper protected with SAMs of
C.SH (n =8, 12, 16, 22, 29) and unprotected in oxygenated 50 mM Na,SO,(aq).
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within the SAM behaves as a resistance in series. The slope of a least-squares fit to the data for n
> 16 corresponds to an increase in R_ of 4.2 MQecm?CH,. This large incremental increase in R,
with each methylene is probably due to the close packing of the chains and their tendency to
minimize free volume, as suggested by the IR results in Figure 4.4. The calculated value of
conductivity for these films (n > 16)—5.8+1.0 x 10" Q'cm™—is nearly constant with chain
length and indicates that the defect-free nature of these films prevents tunneling.! This value of
conductivity agrees well with that of 4.6+3.0 x 10™° Q'cm obtained for SAMs of
alkyltrichlorosilanes on silicon?0 and is only roughly an order of magnitude greater than that of 2 x
10" Q'cm for bulk polyethylene.20 For n = 8 and 12, the coating resistances were 0.14 and
0.81 MQecm?, respectively. The departure from the linear behavior in R_ for these thinner SAMs
is attributed to the less ordered environment of their chains. That the line in Figure 4.6 intercepts
the x-axis at n ~10 may approximate the minimum chain length necessary to form a SAM on
copper that contains segments of hydrocarbon that are sufficiently crystalline to resist the
penetration of ions. This value agrees well with results from Aramaki and co-workers who
concluded that n-alkanethiolate SAMs with n > 10 are more resistant to O, diffusion due to better
packing of the hydrocarbon chains.® Computer simulations suggest that the crystalline portion of
the SAM is likely to be along the middle of the polymethylene chain as gauche conformers
concentrate at the chain ends.2! Infrared data on SAMs show a predominately crystalline structure
for chain lengths of n > 16, with those of n = 12-15 having intermediate crystallinity based on the
line shape and peak position of the asymmetric methylene [v,(CH,)] absorption band.!4 Combined
with the resistance data, the structure of the SAMs may be considered to contain roughly n - 10
methylenes in a crystalline state that are encapsulated by less ordered hydrocarbon units at the
Cu/SAM and SAM/air interfaces. The crystallinity determined from IR data would reflect a
composite of the phase states within the SAM.

4.2.2. Properties of SAMs upon exposure to 1 atm of O, at 100% RH

After exposing SAM-coated copper to an environment of 1 atm of oxygen and 100% RH at room
temperature for various periods of time, the barrier properties of the films deteriorated. Figures
4.7a and b show plots of the Bode magnitude and phase angle, respectively, for C,,, C,,, and Cy
films on copper after exposure to the humid, oxygen-rich conditions for 40 h. For the C( film,
the resistive plateau decreased by two orders of magnitude after the 40-h exposure and the phase
angle is 0° at the lowest frequencies. For thicker films of C,, and C,,, the decrease in R_ over the
exposure was less pronounced. The data in Figure 4.7 suggest that chain length is an important
parameter governing the effectiveness of the films to maintain their barrier properties upon
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Figure 4.6. The effect of chain length (n) on the coating resistance of SAMs prepared from
C,SH on copper. Coating resistances were determined by fitting impedance data to the equivalent
circuit shown in Figure 4.1a. The line is a least-squares fit to the data for n > 16.
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Figure 4.8. (a) Time-dependence of the coating resistance for SAMs of C_ SH (n = 12, 18, 22,
and 29) on copper upon exposure to 1 atm of O, at 100% RH. Coating resistances were
determined by fitting impedance data to the equivalent circuit shown in Figure 4.1a. The lines are
least-squares fits to the data and were constrained to intersect the initial (t = 0) data point. (b)
Relation between the rate of coating-resistance falloff (from Figure 4.7a) and the chain length (n)
of the adsorbate that forms the coating for n = 12, 16, 18, 20, 22, and 29. The line represents a
least-squares fit to the data. From the slope of the line, the incremental chain length that is required
to reduce the coating-resistance falloff by a factor of 1/e is 6 CH, units.
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exposure to a corrosive environment. This trend is illustrated in greater detail in Figure 4.8a where
the coating resistance is plotted as a function of exposure time to 1 atm of O, at 100% RH. The
data in Figure 4.8a illustrate that R_decreases exponentially with time and that the thicker films are
better able to maintain their protective properties over extended periods of exposure to the given
conditions. This ability is likely a result of the increased number of van der Waals interactions for
the thicker films (vide infra). In Figure 4.8b, the rate of falloff in R_ is plotted as a function of the
chain length of the adsorbate. The slope of the line in Figure 4.8b indicates that the rate of R,
falloff decreases by 50% for every five carbons in the adsorbates forming the SAM. This result is
comparable to that of Laibinis and Whitesides who observed that the rate of oxidation of the
underlying copper decreases by 50% for every four carbons in the n-alkanethiol adsorbates.!” The
similarities in these results suggest that the phenomena affecting the loss in performance are related
(vide infra).

The decrease in R, with time may be the result of a structural change within the films. The
structural properties of these films were monitored with IR spectroscopy as a function of exposure
time to the oxidizing conditions (1 atm O, at 100% RH). Figure 4.9 displays the C-H stretching
region of IR spectra for copper protected by C,¢, C,,, and C,, films as initially prepared and after
exposure to the corrosive conditions. After exposure for 22 h, the spectrum for the C,, film
exhibits broadening of the peaks and an increased intensity in the methylene peaks, suggesting a
less densely packed film in which the average orientation of the chain axis is more canted from the
surface normal. This structural evolution is accompanied by a shift in peak position to higher
wavenumbers for the CH, modes [i.e. v,(CH,) = 2926 cm™'] that indicates a loss of crystallinity in
the hydrocarbon film. Although broadened, the integrated intensity for the methyl peaks remains
constant over the 22-h exposure. For the C , film at longer times (not shown), the appearence of
new peaks in the IR spectra at 3360, 1490, and 1405 cm’ suggests the formation of Cu(OH), and
CuCO, species underneath the SAM. At these longer times, the peaks within the C-H stretching
region continue to broaden, and v,(CH,) shifts to 2930 cm™. For C,, and C,, films after 22 h of
exposure, a related, albeit smaller, increase in integrated methylene peak intensities is observed due
to a broadening of the bands; however, in contrast to the C ¢ film, the C,, and C,, films exhibit
only a slight loss of crystallinity [v,(CH,) = 2919 cm™'] during this time period.22 Nevertheless,
the coating resistance for the C,, and C,; SAMs decrease by factors of 5 and 2, respectively, after
the 22-h exposure as shown in Figure 4.8a. That this large reduction in coating resistance occurs
with a slight change in the structure of the film reveals the sensitivity of molecular structure on the
barrier properties of a protective coating. At longer times, the spectra for the C,, (400 h) and C,,
(640 h) films show a continued increase in the intensity of the methylene modes, suggesting
greater tilt of the hydrocarbon chains within the film. A loss of intensity in the v (CH,) mode and a
corresponding increase in intensity in the v,(CH,) mode (both with considerable peak broadening)
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Figure 4.9. Grazing incidence polarized infrared spectra of the C-H stretching region for SAMs
of C;¢<SH, C,,SH, and C,;SH on copper before and after exposure to 1 atm of O, at 100% RH for
various times. The dashed lines represent the positions of the primary modes for a trans-extended
monolayer with no gauche defects v,(CH,) = 2965 cm™, v (CH,) = 2918 cm’, v (CH,) = 2879
cm’, and v (CH,) = 2851 cm™. The spectra have been offset vertlcally for clarlty
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also suggest greater average cant of the molecular adsorbates but indicate that there is no loss of
hydrocarbon adsorbates within the film during this structural evolution. The positions of the
methylene modes at these longer times for the C,, film [v,(CH,) = 2919 cm™; v,(CH,) = 2851
cm’'] and the C,, film [v,(CH,) = 2920 cm™; v,(CH,) = 2851 cm’'] indicate only a slight loss in
crystallinity throughout the exposure, and there was no appearance of peaks corresponding to
Cu(OH), or CuCO, in the spectra of either film. These spectra suggest that the adsorbates within
the C,, and C,, SAMs also become more canted upon exposure to corrosive conditions, but in
contrast to the C,, film, these adsorbates remain relatively crystalline for much longer periods of
time.

As discussed above, the increase in the intensities of the methylene stretching modes
suggests that the adsorbates within the SAM become more tilted and less densely packed with time.
This structural transformation of the SAM can also be probed electrochemically since the coating
capacitance should increase as the films become less densely packed and more permeable to ionic
species. Figure 4.10 shows the effect of exposure to 1 atm of O, at 100% RH on both the sum of
the integrated intensities for the asymmetric and symmetric methylene stretching modes (Figure
10a) and the coating capacitance (Figure 4.10b) for SAMs formed from C,SH, C,,SH, and
C,,SH on copper. The methylene intensities have been normalized to the value for a freshly
prepared SAM from the respective adsorbate. For a C,; SAM, the methylene intensity increases
rapidly upon exposure to the corrosive conditions, indicating major structural changes for the
hydrocarbon chains within the coating (Figure 4.10a). The capacitance of C, films also increases
sharply with exposure time (Figure 4.10b), indicating that structural changes within the
hydrocarbon chains result in a film that is more permeable to ionic species. This increased
capacitance could result from the SAM becoming effectively thinner and/or having an increased
dielectric permittivity. For a C,, SAM with greater van der Waals interactions, the methylene
intensities increase slightly for the first 70 h while the capacitance remains constant. On a similar
timescale, the coating resistance for the C,, SAM decreases sharply (Figure 4.8a) suggesting that
the subtle change in molecular structure affects the coating resistance of the film more strongly than
the capacitance. After ~100 h, both the methylene intensities and the capacitance increase sharply
indicating a transformation to a less densely packed film with a smaller effective thickness. The
SAM derived from C,,SH exhibits a slight increase in both methylene intensity and capacitance,
but the rates of increase are far smaller than those for the thinner C,; and C,, films. These results
demonstrate that structural changes within a coating can be correlated to its capacitance and that
thicker SAMs with greater intermolecular interactions can better maintain a densely packed

hydrocarbon lattice that is less permeable to ionic species.
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Figure 4.10. Effect of exposure to 1 atm of O, at 100% RH on (a) the sum of the integrated
intensities for asymmetric and symmetric methylene stretching modes—v,(CH,) + v (CH,) =
V(CH,)—in IR and (b) the coating capacitance in oxygenated 50 mM Na,SO,(aq). The methylene
intensities in (a) were normalized to the value for a freshly prepared coating of the same adsorbate.
Capacitance values were determined by fitting impedance data to the equivalent circuit shown in
Figure 4.1a.
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4.3. Discussion
4.3.1. Chain-length Effects on the Protection of Copper by n-Alkanethiols

The barrier properties of initially formed SAMs on copper depend on the chain length of the
adsorbates that form the film (Figures 4.5 and 4.6). SAMs formed from C_ SH with n < 12
provide coating resistances that are at least 30 times smaller than SAMs from n = 16. The poor
barrier properties are likely a result of the inferior packing and crystallinity of the shorter-chained
adsorbates as initially formed; the peak positions of v,(CH,) for C; and C,, films on copper are
2924 and 2922 cm’', respectively, indicating films with predominately liquid-like characteristics.
The initial impedance spectra for thicker films (n > 16) are primarily controlled by their capacitance
(Figure 4.5), indicating that these films provide a greater physical barrier to the diffusion of ionic
species present in the contacting aqueous phase. The superior barrier properties of these thicker
films are attributed to the densely packed, crystalline hydrocarbon layer that separates the
underlying copper from the external environment. Coating resistances for these SAMs increase
linear with film thickness for n > 16 (as shown in Figure 4.6), suggesting that the CH, groups
within the hydrocarbon chains behave as a series of resistors to the permeation of ionic species.
Upon exposure to 1 atm of O, at 100% RH, the thickest films exhibit the slowest transition
to a less densely packed structure (Figure 4.10) and the slowest loss of coating resistance (Figure
4.8). Time-dependent infrared spectra demonstrate that the films formed from longer-chained
adsorbates are more effective at maintaining their crystalline structure under oxidizing conditions
than films formed from shorter-chained analogues. These IR data are consistent with results from
Chapter 3 in which thicker SAMs were observed to be more effective in mai<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>