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ABSTRACT 

This research project was designed to investigate the surface chemistry of 

organosilanes at metal and oxide surfaces, specifically Ag, Au, Si02, and Al20 3• A 

combination of surface Raman spectroscopy, electrochemistry, scanning electron 

microscopy, x-ray photoelectron spectroscopy, and ellipsometry have been employed to 

study several important aspects of these films. 

Tetramethoxysilane (TMOS) and I-propanethiol are used as models to provide 

detailed vibrational assignments for (3-mercaptopropyl)trimethoxysilane (3MPT). The 

vibrational assignments for 3MPT are used to assess the conformational order of 3MPT 

monolayers at Ag and Au surfaces before and after hydrolysis and condensation. 

Particular emphasis is given to the p(Si-O), p(C-H) modes, and the trans and gauche p(C

S), p(Si-C), and p(C-C) modes in the frequency regions between ca. 500 to 1300 cm·1 and 

ca. 2700 to 3000 cm· l
• 

The reactivity of the residual surface silanols and the wetting properties of the 

hydrolyzed 3MPT result in the surface acting as a modifying agent for the attachment of 

thin dielectric layers such as Si02 on Ag and Au surfaces. Adhesion of the thin Si02 

films to the metal surfaces are characterized using standard qualitative and quantitative 

adhesion tests. 

Raman spectra of molecular assemblies of octadecylsilane layers, a model of 

reversed-phase liquid chromatographic stationary phase materials, are acquired using a 

thin silica gel/3MPT / Ag sandwich structure as the substrate. The Ag surface provides 

electromagnetic enhancement to the octadecylsilane overlayer. Spin coating a silica sol 
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on the modified Ag surface results in the formation of a thin silica gel layer which 

contributes minimal fluorescence background to the Raman spectra. The spectra are 

interpreted in terms of the alkyl chain conformation on dry silica surfaces as well as in 

the presence of solvents commonly used in chromatography. 

The feasibility of acquiring Raman data from an All Al20 3 surface without an 

enhancing adlayer is demonstrated. Self-assembled films of octadecylsilane, 

octadecyldimethylsilane, and stearic acid were evaluated by Raman spectroscopy in terms 

of alkyl chain conformation. These data represent the first Raman spectra reported for 

alkylsilane layers on silica and Al20 3 surfaces without an enhancing adlayer and 

demonstrate the feasibility of acquiring conformational information from alkyl chains 

bound to oxide surfaces. 
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CHAPTER 1 

Introduction: 

Organic Thin Films on Oxide Surfaces 

Organically-Modified Oxide Surfaces 

Molecular thin films are currently under investigation for future applications in 

the areas of lubrication, corrosion, biocompatability, electrochemistry, adhesion, optics, 

catalysis, separations, and patternable materials. J.J The future of organic thin film 

technology lies in designing organized films to perform new and specialized functions. 

This can only be accomplished through an understanding of how the collective properties 

of molecular arrays are affected by molecular orientation and the type and degree of 

order needed to function properly. 

Although a considerable amount of effort has been spent investigating molecular 

thin films formed by Langmuir-Blodgett techniques and by self-assembly onto metal 

surfaces, relatively little effort has been spent investigating similar films formed on oxide, 
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semiconductor, and ceramic surfaces which are germane to a variety of materials issues. 

Further characterization of these interfaces should lead to a better understanding of the 

relationship of the collective properties of the organic thin films at these surfaces. 

Vibrational spectroscopy is a powerful tool for characterizing organic systems, 

particularly molecules that contain alkyl chains, due to the sensitivity of vibrational modes 

to conformations within the alkyl chain. However, previous attempts to use vibrational 

spectroscopy for characterizing alkyl-containing molecules at oxide surfaces have suffered 

from either poor sensitivity or problems from a fluorescent background associated with 

the oxide matrix. I
•
2 Therefore, very little is known about self-assembled systems formed 

at oxide or semiconductor surfaces and how they differ, if at all, from those formed on 

metal surfaces. 

Current interest in organically-modified oxide surfaces includes those surfaces 

modified with organosilanes (R-SiX3; R=amine, hydrocarbon; X=OR', CI where 

R' = methyl or ethyl). Organosilanes are used to improve the adhesive properties of 

surface coatings, such as paints and epoxies, to AI20 3,1.3 . 1..S and Si02•
1
.
3. 1.6 Similar 

silylated surfaces are presently being used in a variety of separations applications, 

including, reversed-phase liquid chromatography, ion exchange chromatography and 

chiral chromatography. I.? 1.8 In addition, a wide variety of oxides also serve as catalytic 

supports. Si02, AI20 3, Ti02, Zr02, and Cr20 3 are all industrial catalysts for the oxidation 

of S021 CO, and other hydrocarbons. I
•
9 
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Sol-Gel Chemistry 

In order to study molecular interactions of organic thin films at oxide surfaces, 

a method to reproducibly create a variety of high purity oxide substrates is required. Sol

gel chemistry represents a unique approach for making silica, ceramics, and metal oxide 

systems without using the conventional high temperature batch melt process.l.lo. 1.11 "Sol

gel" refers to the synthesis of an inorganic network from a solution of precursors, 

typically alkoxides, through hydrolysis and condensation reactions at low temperatures, 

less than 100°C, to form a solid gel matrix. 

Compared to the batch melt method, sol-gel chemistry offers several advantages 

for making glasses and ceramics. The precursors used in sol-gel chemistry are of 

reasonably high purity and can be further purified prior to use. The process of forming 

glasses from solution also lends itself to a homogeneous distribution of reactants. Trace 

elements can be added, if desired, relatively easily and homogeneously. In addition, 

altering reaction conditions permits limited control of the physical and chemical 

properties of the gel. The low temperatures used in sol-gel chemistry are a considerable 

advantage when forming materials that either crystallize or phase-separate at high 

temperatures, thereby providing a way to create unique glasses and ceramics that can not 

be made using typical batch melt processes. 

A variety of glass and ceramic components can be made by sol-gel chemistry. 

Recently, sol-gel components containing Zr02J Ti02, and Al20 3 have been receiving 

considerable attention. Glasses made from these materials have low thermal expansion, 

high thermal stability and are resistant to alkali corrosion.1.I2. 1.14 Current interest in sol-
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gel synthesis is also focused on the formation of gradient-index (GRIN) glasses. GRIN 

glass (PbO-K20-B03-Si02) has a continuous variation of refractive index in either the 

radial or axial direction. These types of glasses are currently being used in compact 

copiers and audio/video discs. I.IS• 1.16 

Other areas of current interest include glassy fast ion conductors and organically

modified gels. Glassy fast ion conductors (Li20-P20s-Si02, LiCI-ZnO-Si02) offer a 

variety of advantages such as no grain boundaries, isotropic conduction, capable of 

forming complex shapes and high ionic conductivity coupled with low electronic 

conductivity.I.I7. 1.18 Silicon dioxide gels doped with organic dyes are being investigated 

for future applications in non-linear optics. Certain organic compounds, which have large 

third order susceptibilities, are thermally unstable. Imbedding the organics in a gel 

matrix improves their thermal stability.I.19 Other uses of organically-modified gels include 

incorporating organic dyes into inorganic sol-gel films to create thin fluorescent films. I.20 

Relevant review articles and books recounting sol-gel processing and the relevant 

chemistry are included in references 1.10, 1.11, and 1.21 - 1.25. 

Nomenclature 

The vocabulary associated with sol-gel chemistry is derived from a variety of fields 

including organic chemistry, inorganic chemistry, and materials science. The following 

is a short list of definitions, and has been provided for assistance in developing a better 

understanding of the sol-gel process. 

Sol: a liquid colloidal suspension. 
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Gel: a colloidal system which has solidified due to valence and hydrogen bond 

formation, van der Waals interactions, and mechanical entanglement. 

Alkoxide: a metal-organic compound having an organic ligand attached to a 

metal or metaloid atom, represented in a general formula as M(OR)n. 

Syneresis: the spontaneous shrinking of the gel; as the gel ages, solvent 

evaporates from the surface of the gel, forcing the gel to contract. 

Sintering: the process of heating the gel at high temperatures in excess of 1000°C 

to densify the gel matrix; the densification process eliminates pore structure and residual 

organics. 

Xerogels: formed when the solvent within the gel is removed by evaporation 

under ambient conditions; the liquid-vapor interface established during evaporation 

creates internal stresses within the gel; to avoid. cracking or fragmentation, slow drying 

is essential. 

Aerogels: obtained by removing the solvent within the gel under supercritical 

conditions; this approach prevents a liquid-vapor interface from forming, eliminating 

excessive pressures in pores and the main driving force for shrinking; therefore, aerogels 

retain their shape and size, and are highly porous. 

Cryogels: excess solvent is removed by sublimation at low temperatures; these 

conditions also eliminate the liquid-vapor interface, preventing excessive pressures from 

developing in the pores creating a highly porous gel. 
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Hydrolysis and Condensation of Silicon Alkoxides 

Silicates formed by sol-gel chemistry are typically synthesized from tetrafunctional 

alkoxide precursors, such as tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS). 

The gels are generally formed in an aqueous/organic environment, catalyzed with either 

a mineral acid (e.g. HCI, or HN03) or a base (e.g. NH3 or NaOH) involving two 

reactions, a hydrolysis reaction and a condensation reaction. Silica gel formed by sol-gel 

chemistry is similar to other types of silica systems. The word "silica" actually refers to 

a class of materials consisting of an Si02 stoichiometry and are classified as either 

crystalline or amorphous and anhydrous or hydrous. 1
•
21 For example, silica gel formed 

from silicon alkoxides is amorphous and hydrous as is chromatographic silica gel, 

sputtered silica films are amorphous and anhydrous, and quartz is crystalline and 

anhydrous. 

The first step in the sol-gel process, hydrolysis of the alkoxide, replaces an 

alkoxide group (OR) with a hydroxyl group (OH) on the silicon atom, as shown by 

equation 1.1 

(1.1) 

Condensation of hydrolyzed and partially hydrolyzed silica monomers creates a three

dimensional siloxane network by liberating either a molecule of water or alcohol, as 

shown in equations 1.2 and 1.3. 

Si(OR)4 + Si(OR)30H ... (OR)3Si-O-Si(OR)3 + ROH (1.2) 

2Si(OR)30H ... (OR)3Si-O-Si(OR)3 + H20 (1.3) 

Therefore, the overall reaction representing the conversion of the silicon alkoxides to 
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Sial> in the presence of water, is expressed as follows: 

Si(OR)4 + 2H20 ... Si02 + 4ROH (1.4) 

Sol-gel chemistry lends itself to making a variety of oxide systems formed from 

common metal alkoxides. There are many advantages to using a solution-based system 

for creating oxides. One significant advantage is that the sol can be spun onto a surface 

creating very thin dielectric films. Although these oxides can be made very thin, the 

surface can be made to physically and chemically resemble bulk oxide systems at the 

microscopic level. 

Hydrolysis. The hydrolysis of silicon alkoxides to partially hydrolyzed monomers, equation 

1.1, is an exothermic reaction.l.26 The hydrolysis reaction is controlled by several factors 

including the size of the alkoxide, the water:alkoxide ratio (r), solvent, and pH of 

solution. lo27 

The effect of pH on the hydrolysis of TEOS was initially studied by Aelion et 

al. lo28 They observed that both protons and hydroxide ions catalyze the hydrolysis 

reaction, as shown by the data in Table 1.1. Similar observations were made by Lippert 

et al. lo29 and Pohl et al. lo30 Based on studies such as these, the hydrolysis of silicon 

alkoxides have been divided into 3 pH regimes; low pH conditions (pH <2), high pH 

conditions (pH> 8), and intermediate pH conditions (3 < pH < 8).1.21 For excessively 

acidic and basic conditions, hydrolysis is accelerated relative to condensation and 

generally completed prior to condensation. Therefore, the gels made at these extreme 

pH environments contain a negligible fraction of initial starting monomer or partially 
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hydrolyzed monomer. For intermediate conditions, condensation is generally faster than 

hydrolysis. Gels made in this pH region contain a substantially larger distribution of the 

starting alkoxide and partially hydrolyzed alkoxide. 

Steric effects have been observed to significantly affect the hydrolysis of silicon 

alkoxides. I
•
31 Tables 1.2 and 1.3 show that bulky alkoxides are not hydrolyzed as 

effectively as TEOS. Large alkyl groups prevent the protons and hydroxide ions from 

reacting with the silicon and oxygen atoms, thereby reducing the rate of hydrolysis. 

The hydrolysis reaction is also significantly affected by the amount of water 

present. At the extreme minimum, only 2 moles of H20 per mole Si are required for 

complete hydrolysis of the tetrafunctional silicon alkoxides. Based on Le Chatelier's 

principle, increasing the relative water concentration should shift the equilibrium of 

equation 1.1 to favor the formation of a fully hydrolyzed monomer. Pouxviel and co

workers have studied the acid-catalyzed hydrolysis of TEOS using 29Si NMR under for 

water concentrations ranging from r = 0.3 to 10.1
•
32 They observed the rate of hydrolysis, 

for unhydrolyzed monomers and partially hydrolyzed monomers, to be facilitated by the 

presence of water, r > 4. Increasing the relative water concentration, r ~ 10, ensures 

that all alkoxides are completely hydrolyzed prior to condensation. Although increasing 

the relative water concentration favors hydrolysis, gelation times are also reduced. 

Alcohols are often added to the alkoxide solution to prevent liquid-liquid phase 

separation during the initial stages of the hydrolysis reaction. However, increasing the 

alcohol concentration favors an exchange reaction of the alcohol for a hydroxyl group or 

an alkoxide group, as shown in equations 1.5 and 1.6.1.32' 1.34 



Table 1.1 - Rates of Hydrolysis for TEOSI.28 

pH of k - Rate Constant 
Sol [mol srI 

1.2 5.72 X 10'3 

1.6 2.86 X to,3 

2.3 1.80 X to"" 

2.8 1.04 X to,6 

4.7 4.12 X to-6 

12.3 3.9 X 10'2 

12.5 4.7 X to,2 

Table 1.2 - Acid Hydrolysis Rate Constants for TetralkoxysilanesJ.31 

R - alkoxy groups 

k - rate constant 
x lQ2(mol[H+)s)·1 

Tetralkoxysilanes - (RO)4SiR k - Rake Constant 
x 102(moJ[H+)s)'1 

R = ~H5 5.1 

R = C4~ 1.9 

R = CJfl3 0.83 

R = (CH')2CH(CH2)3CH(CH,)CH2 0.30 

Table 1.3 - Acid Hydrolysis Rate Constant 
for Alkoxyethoxysilanes (RO)2Si(O~Hs)21.31 

C6HI2 CH3CH(CH,)CH1 CH,(CHJ, CH3CH(CH3)CH2 
)cH .,CH ..... CH 

./ 
H3C H3C CH3CH(CH3)CH2 

5.0 0.15 0.095 0.038 
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Si(OR)30H + R'OH ... Si(OR)30R' + H20 

Si(OR)4 + R'OH ... Si(OR)30R' + ROH 

1.5 

1.6 
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Exchange reactions slow hydrolysis and can permit reesterification (equation 1.5) or 

transesterificaction (equation 1.6) of the silicon atom. As shown in equations 1.5 and 1.6, 

both exchange reactions can result in the attachment of dissimilar functional groups on 

the alkoxide if equivalent alcohols and alkoxides are not used. 

The mechanism for hydrolysis is believed to involve a nucleophilic bimolecular 

substitution (SN2) reaction for both base and acid catalyzed reactions. Under acidic 

conditions, electron density is withdrawn from the silicon atom by the hydronium ion 

making the silicon more susceptible to attack by water, as shown in Figure 1.1. 1.30 

Electron density from the oxygen atom on water is supplied to the silicon atom, thereby 

reducing the positive charge on the protonated alkoxide. The shift in electron density 

creates a transition state by making the alkoxide a better leaving group. The 

displacement of the alkoxide, in the form of an alcohol, is accompanied by an inversion 

of the silicon tetrahedron. I. II 

Inversion of the Si tetrahedron is less favorable with poor leaving groups such as 

alkoxides1.35 . 1.37 In addition, tetrasubstituted species do not effectively undergo SN2 

reactions. I
•
38 Therefore, an alternative hydrolysis mechanism has been proposed involving 

a siliconium ion (aSi+). The siliconium ion is believed to be formed by a nucleophilic 

unimolecular substitution (SN 1) reaction, as shown in Figure 1.2.1
•
39 Under acid 

conditions, the alkoxide is rapidly protonated. Removal of the alcohol results in the 

formation of the siliconium ion. The siliconium ion reacts with water forming a silano!. 
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Inversion of the silicon tetrahedron does not necessarily accompany an SN 1 reaction, 

since water can approach the siliconium ion from either side. Although the presence of 

the siliconium ion has not been confirmed in solution,I.4O it has been observed as an 

intermediate in gas phase hydrolysis studies involving TEOS.1.41 

For base-catalyzed reactions, the hydrolysis mechanism is believed to occur via 

an SN2 reaction, similar to the acid catalyzed SN2 hydrolysis mechanism but involving the 

hydroxide ion instead of water (Figure 1.3). Under basic conditions, water dissociates 

to form nucleophilic hydroxide anions. As the hydroxide displaces the alkoxide, an 

inversion of the silicon tetrahedron occurs. 1.21 

Condensation. Formation of siloxane bonds from hydrolyzed and partially hydrolyzed 

alkoxides occurs by either a water or alcohol producing reaction (equations 1.2 and 1.3). 

At the onset of condensation two monomers are fused together to form a dimer. 

Dimerization is followed by the formation of linear trimers, cyclic trimers, higher order 

rings, and the formation silica clusters.I.21 The pH of the sol significantly influences the 

condensation reaction, controlling the rate, distribution of intermediate and starting 

materials, and the size of silica particles in the gel.1.29 

Increasingly basic reaction conditions accelerate condensation, which prevents 

complete hydrolysis of the alkoxides and fosters highly branched silica clusters. This 

effect is typically accompanied by a decrease in gelation time. Kelts et al. 1.34 observed, 

using 29Si NMR, that gels created in a basic environment have ca. 60% of the Si atoms 

coordinated to four other silicon atoms. Acidic conditions result in gels with only ca. 26% 
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of the Si coordinated to four other silicon atoms, but the gels formed under acidic 

conditions also have a smaller distribution of intermediate species and starting materials. 

Under basic conditions, the acidity of the silanols depends upon the substitution 

of the silicon atom. When basic OR and OH groups are replaced with an -OSi group, 

the acidity of the remaining silanols increases. This makes the remaining silanols more 

reactive resulting in a highly branched siloxane network. l
.
u Under acidic conditions, the 

condensation reaction is much slower and involves a nucleophilic attack of protonated 

silanols at terminal or weakly branched oligomers. Therefore, under acidic conditions, 

condensation promotes the formation of linearly polymerized silane chains. l
.
u 

Silica Gel Microstructure 

According to lier, the three-dimensional particles formed from condensation can 

serve as nuclei for further growth of the silica clusters by Ostwald's Ripening.1.21 

Ostwald's Ripening is a cluster growth phenomenon whereby larger particles continue to 

grow at the expense of smaller ones, driven by the solubility differences between the 

particles. The fmal size of the particles will depend on the solubility of the particles, time 

allowed for cluster growth, and the experimental conditions. Various recipes have been 

developed for creating silica particles from alkoxides with very narrow size distributions 

ranging from 20 nm to 2000 nm.I.42 . 1.46 In general, smaller particles and narrower size 

distributions are obtained under acidic conditions,I.42 using TMOS and methanol. 1.42. 1.43 

Stober et al. investigated the effects of water and pH on the size of the silica 

particles.I.42 As Figure 1.4 shows, the sizes of base-catalyzed particles vary significantly 
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with respect to the relative water concentration. The average size of the silica particles 

increases and approaches a maximum at a water/silicon alkoxide ratio of ca. 8. Upon 

further dilution, the size of the silica particles decreases rapidly. 

In addition to the particle size, the pore structure of the gels is also dependent 

on the size of the particles and the reaction conditions. I
•
46 Sols formed at a low pH 

produce gels with smaller, more uniform pore sizes. Under acidic conditions, the silica 

clusters are much smaller. Therefore, the gels formed under acidic conditions shrink 

more uniformly and tighter, creating a less porous structure. Under basic conditions, 

shrinkage of the gel is hindered by steric effects of the large clusters, creating larger, less 

uniform pore structures. I
•
1I Although particle-packing accounts for the majority of the 

observed pore volume, adsorption-desorption isotherms suggest that the surface of the 

silica particles also contain a notable number of smaller pores. I
•
46 

Characterization Techniques for Modified Oxide Surfaces 

The characteristics of organic layers on oxide surfaces have been extensively 

investigated with a majority of the studies pertaining to catalytic and reversed-phase 

liquid chromatographic (RPLC) systems. These studies have been conducted on a 

variety of oxide supports. RPLC systems are excellent examples in which the importance 

of molecular interactions of the organic layer at the silica surface have been related to 

the overall performance and operating conditions of a given system. 

RPLC is one of the more popular chromatographic techniques used today and 

consists of a nonpolar stationary phase and a polar mobile phase. Separation and 
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retention of solute molecules occur due to molecular interactions at the polar/nonpolar 

interface. How the bonded phase interacts with the solvent and solute molecules is of 

considerable interest in trying to develop a molecular picture of the retention process. 

Such information may lead to a more complete understanding of separations and the 

eventual development of new and better separation processes. 

An integral part of the molecular interaction of the stationary phase with solute 

and solvent molecules is believed to depend upon the molecular orientation and order 

of the alkyl chains at the silica surface. Numerous techniques have been used to 

investigate the molecular structure of the stationary phase and its role in the retention 

process including fluorescence spectroscopy, nuclear magnetic resonance (NMR) 

spectroscopy, infrared (IR) spectroscopy, and chromatography itself. Several models 

have been used to describe these surface interactions and have changed with an 

increasing knowledge of how the stationary phase interacts with the surrounding 

environment. 

Early on, the stationary phase was believed to playa passive role in retention, and 

interactions from alkyl chains were not considered. Therefore, early models depicted the 

stationary phase much like a thin nonpolar film covering the silica surface without 

considering possible contributions from the alkyl chains. I
•
47 Later models presented a 

more dynamic stationary phase, with the alkyl chains extending out away from the silica 

surface accessible to solute and solvent molecules. This picture is commonly referred to 

as the stick/brush model. l
.48. 1.49 More recently, a "liquid droplet" model has been 
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proposed, which describes the stationary phase as aggregated islands of hydrocarbons 

lying on the silica surface. I•SO, I.SI 

Fluorescence Spectroscopy 

Fluorescence spectroscopy has received a considerable amount of attention as a 

probe of organically-modified oxide surfaces due to its inherent sensitivity and ability to 

probe the interfacial chemistry of a wide range of chemical systems.I
•
S2

• I.S7 However, 

fluorescence spectroscopy requires that the molecules of interest be fluorescent, and not 

all systems of interest are naturally fluorescing. To provide the required fluorescence, 

fluorescent probe molecules are either covalently attached to the silica surface or allowed 

to adsorb onto or diffuse into the stationary phase. 

The limitations of fluorescent probes for providing an unadulterated picture of 

molecular interactions at silica surfaces are clearly illustrated by Lochmiiller's 

observations and conclusions concerning the molecular probe, pyrene. Lochmiiller et al. 

observed that pyrene preferentially aggregates in islands at the silica surface under 

varying surface coverages, 0.13 - 1.10 #tmol pyrene/m2 silica. l
.
sl

, I.S8 These workers 

assumed that alkyl chains would behave in a similar fashion on the silica surface and 

thereby proposed the Illiquid dropll model. However, pyrene molecules have a much 

stronger self-association, due to 1I'-bond overlap, than the alkyl chains that typically 

comprise reversed-phase systems. Such self-association would result in a greater 

likelihood for pyrene molecules to form aggregated islands on the silica surface.1.S9 
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Therefore, Lochmiiller's "liquid drop" picture may not be an adequate representation of 

alkyl chains on the silica surface. 

Diffusion rates of fluorescent probes into CIS stationary phases have provided 

information concerning the mobility of alkyl chains within the stationary phase. By 

photobleaching a small area on the surface of a reversed-phase chromatographic support, 

the diffusion of fluorescent probes back into the bleached area can be recorded. 

Bjarnesson et al. observed napthacene to diffuse along the surface of bare silica and 

reversed-phase chromatographic supports at ca. 2.3 ± 0.4 and 6.62 ± 0.50 10.10 cm2/s, 

respectively.I.55 The contrasting diffusion rates on these two surfaces suggests that the 

stationary phase facilitates diffusion through two mechanism: (1) mobility of the alkyl 

chains on the silica surface and (2) concealing microenvironments on the silica surface 

which would obstruct diffusion. 

Wirth and co-workers have been able to evaluate partitioning and retention 

processes of solute molecules within the CIS stationary phase, using acridine orange as 

a fluorescent probe. They observed that the rotation of acridine orange is hindered as 

it partitions into the stationary phase. Incorporating methanol as a mobile phase, which 

wets the stationary phase, permits a larger range of motion. Wetting solvents, such as 

methanol, are believed to promote expansion of hydrocarbon chains, extending them 

away from the silica surface. Therefore, methanol is believed to provide more fluidity 

to the hydrocarbon chains allowing for more movement of solutes in the CIS stationary 

phase.1.55. 1.56 
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The information obtained from fluorescence spectroscopy is based on subtle shifts 

of broad emission bands from the fluorescing molecules and on differences in the 

fluorescent lifetimes of the probe molecule in different environments. Therefore, 

fluorescence spectroscopy does not provide specific molecular information. It also raises 

questions of how well the probe molecules reflect the behavior of the hydrocarbon chains 

and whether or not the presence of the probe molecules perturbs the orientation and 

dynamics of the chains. The ability of the probe molecule to adequately portray the true 

molecular interactions are particularly relevant to Lochmiiller's studies, as eluded to 

earlier. 

Nuclear Magnetic Resonance Spectroscopy 

Both 2fI and 13C NMR spectroscopy have also been used to probe monomeric CI8 

stationary phases under a variety of different experimental conditions, including 

temperature and solvent effects. NMR provides the ability to detect the motion of the 

hydrocarbon chains, and where along the chain most of the motion occurs. The NMR 

data suggest that the terminal methyl and exterior methylene carbons have greater 

mobility than internal methylene carbons. l
.
ro . 1.63 Even below the phase transition 

temperature, methyl groups appear to have substantial movement. I
•
61 Incorporating 

methanol as a mobile phase appears to make the CI8 stationary phase more liquid-like, 1.63 

supporting the observations made by Wirth and co-workers. Although NMR 

spectroscopy provides information about the stationary phase under a variety of 

experimental conditions, it does not present a clear picture of how the stationary phase 
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interacts as an organized assembly or how individual molecules contribute to the 

retention and partitioning process. 

Chromatography 

Although somewhat empirical, chromatographic studies have been able to provide 

a tremendous amount of useful information about chromatographic systems, as well as 

information about the collective molecular interactions of the stationary phase. An 

excellent example is the use of chromatography to investigate conformational changes in 

the stationary phase. 

The van't Hoff expression describes the enthalpy of the stationary phase as a 

function of the ~artition coefficient, k', for a solute molecule and the reciprocal column 

temperature, T, as shown in equation 1.6. 

Ink' = -AH/RT + AS/R + Inrp 1.6 

A change in enthalpy, as described by a discontinuity of the slope when plotting Ink' vs 

1fT, represents a phase transition within the stationary phase, where R is the ideal gas 

constant and rp is a phase ratio. For monomeric stationary phases (.~3.0JLmol/m2), a 

phase transition is not observed and Ink' is a linear function of liT. Upon increasing 

the surface concentration (~3.0 J!moljm2), a change in slope is observed. The phase 

transitions that occur at high surface coverages are believed to represent conformational 

changes within the stationary phase, which affect the retention of the solute molecules.1
•
64 

- 1.67 
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The relationship between phase-transition and surface concentration is also 

reflected in Dorsey's observation of retention as a function of alkyl surface 

concentration.I
•
68 For surface coverages > ca. 3.0 I'mol/m2

, retention of cyclic aromatics 

is observed to decrease. At greater packing densities, the alkyl chains are believed to 

create more rigid and ordered stationary phases, with fewer conformational defects. The 

consequences of a more dense stationary phase are reflected in shorter retention but 

enhanced selectivity for homologous cyclic aromatic species.I.69, 1.'10 

Vibrational Spectroscopy 

Infrared Absorption Spectroscopy. Molecular vibrations, obtained from infrared (IR) 

absorption spectroscopy, are characteristic of specific chemical bonds and of the local 

environment in which the absorbing functional groups are located. Although IR 

spectroscopy does seem promising, it has been limited in its use for the characterization 

of organically-modified oxides due to its dependence on high surface area samples to 

provide sufficient signals of the surface bound species. I
•
71 

- 1.73 Studies based on IR 

spectroscopy also suffer from several drawbacks including large background signals from 

the oxide and residual water, both of which are strong IR absorbers. As a result, the 

majority of studies involving IR techniques have involved investigation of surface 

reactivity by estimating silanol coverages before and after the attachment of the 

stationary phase. I•7I , 1.74, 1.75 

Sander and co-workers used IR spectroscopy to evaluate Cl8 monomeric alkyl 

chains on silica surfaces, but only after significant background corrections for water and 
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silica absorption.1.71 The C-H bending region, between 1300 and 1400 cm'l, provides 

detailed information about molecular defects such as gauche conformations, within alkyl 

chains.I.76.1.77 They observed that the alkyl chains were neither completely crystalline nor 

completely liquid-like, at temperatures ranging from 44 to -30°C, The alkyl chains were 

perceived to be predominantly in an extended state containing a small fraction of internal 

gauche defects. The majority of defects occur as gauche defects at terminal methyl 

groups and as kinks within the hydrocarbon film, both of which are more easily 

accommodated by the alkyl chains. In the presence of a wetting mobile phase, internal 

gauche defects virtually disappear and the other defects are substantially reduced. These 

observations have been interpreted to indicate that the alkyl chains are ordered, 

extending out away from the silica surfaces in the presence of wetting solvents, but 

collapse onto the silica surface when dry or in the presence of non-wetting solvents, 

forming a thin liquid film on the silica surface.I.71 However, the bonded alkyl chains 

never appear to be completely "liquid-like", even at elevated temperatures. Therefore, 

envisioning the stationary phase as a collapsed liquid hydrocarbon film may not be a valid 

assessment of the conformational configuration for the stationary phase. 

The orientation of self-assembled organosilane films at oxidized silicon and 

sputtered Si02 surfaces have also been investigated using IR spectroscopy. Sagiv,I.78. 1.81 

Ohtake,I.72 and Tillmanl
•
82 have observed that alkyl chlorosilanes and their derivatives, 

such as methyl 23-(trichlorosiyl)tridecanoate (H3C02C(CH2)22SiCI3), form ordered films 

at these oxide surfaces. At submonolayer coverages, the alkyl chains adopt an 

orientation that is predominantly parallel to the oxide surface. As the surface 
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concentration approaches monolayer coverage, the alkyl chains become more ordered 

and extend out away from the oxide surface. These orientational differences, due to 

changing bonding densities, are analogous to the trends observed for stationary phases 

used in RPLC systems at different carbon 10adings.1.S9 At full monolayer coverage, the 

organosilane films appear to be comparable to the self-assembled alkyl systems formed 

at metal surfaces.1
.
83 

Raman Spectroscopy. Many questions concerning how the organic species act as 

organized assemblies on oxide surfaces remain to be answered. These questions can only 

be addressed by obtaining molecularly specific information using techniques that are 

sensitive to alkyl conformation and are not limited by strong interferences from the oxide 

matrix or require probe molecules. Raman spectroscopy is one of the few vibrational 

techniques that meet these general requirements. 

Previous Raman studies of thin organic films on metal oxides include the 

pioneering work done by Hendra et a1.1
•
84

• 1.86 The early work in this area utilized high 

surface area samples in order to increase the number of Raman scattering centers. This 

approach was limited due to fluorescence from the oxide matrix. Since then, several 

approaches have been used to improve signal acquisition while decreasing fluorescence 

background. 1.87 ·1.91 A number of approaches include pretreatment of the oxide to remove 

fluorescing contaminants, the use of multichannel detectors, and the use of excitation 

sources with longer wavelengths to minimize fluorescence. Although monolayer detection 

has been accomplished, these studies are still limited to molecules with very strong 
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Raman cross-sections in order to detect a minimal signal superimposed on a fluorescing 

background. 

To make Raman spectroscopy more feasible for studying adsorbates at oxide 

surfaces, several approaches have been designed in order to take advantage of the 

electromagnetic enhancement properties of Ag.l.92 Surface enhanced Raman 

spectroscopy (SERS) has been used quite extensively for studying adsorbates at Ag 

surfaces and other SERS active metals, such as Au and Cu. The enhancement process 

is a function of the dielectric properties of the metal and the curvature of its surface. I
•
93 

• 

1.96 The observed enhancement arises from the interactions of the reflective properties 

of the metal surface with a linearly polarized light source, such as a laser. These surface 

radiation fields, tangential and normal to the surface, provide enhancement to molecular 

vibrations of molecules adsorbed at or near the metal surface.l.97 For surface 

characterization of adsorbates at nonenhancing metals1.98 ·1.101 and oxides surface, 1.102 ·1.106 

the surfaces have been coated with Ag island films to take advantage of the SERS effect. 

This approach raises questions, however, concerning the contributions of the Ag islands 

to the vibrational information obtained at these surfaces. 

In order to circumvent possible interferences associated with the Ag island 

structures, Bohn et al. developed a rather novel approach that was designed to maximize 

signal while decrease fluorescence. 1.107 ·1.109 Bohn used Ag island structures, which were 

overlaid with a thin sputtered Si02 overlayer (30-150 A thick) to decrease the 

fluorescence from the Si02 surface. 
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Bohn's results suggest that the silver island films do not provide sufficient signal 

enhancement to study weak Raman scatters such as hydrocarbon films. I
•
107

• 1.108 Their 

approach is limited due to the ability of the electric field to penetrate the Si02 layer and 

interact with the molecular vibrations of the adsorbed species. Experimental evidence 

from SERS studies demonstrates that the increased curvature of the metal surface 

increases the magnitude of the enhanced electric field at the metal surface.l.93 . 1.96 In 

Bohn's approach, the greatest curvature occurs at the edges of the flat Ag island films. 

Therefore, the electromagnetic field was not directed toward the adsorbate interface and 

could not provide the desired enhancement effect. Nonetheless, Bohn's approach is 

fundamentally sound. To maximize enhancement, the surface electromagnetic fields need 

to interact with the interfacial species, which is perpendicular to the surface. 

General Conclusion and Motivations for this Research 

Vibrational spectroscopy is a powerful tool for characterizing organosilane 

systems, particularly alkane-containing organosilanes, because of the sensitivity of 

vibrational modes to conformation within the alkane chain. Previous attempts to use 

vibrational spectroscopy, as described earlier, suffer either from poor sensitivity or 

problems associated with a fluorescing background. By using an enhancing Raman 

surface covered with a thin oxide layer, the problems that have hindered Raman 

characterization of oxide surfaces are abated. A layered, "sandwich " approach such as 

this can be used for a variety of oxide systems. If the oxide layer does not effectively 
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attach to the enhancing metal surface, a molecular adhesive can be used to facilitate 

adhesion. 

Research Objectives 

This research project was designed to investigate the molecular orientation and 

order of molecular assemblies on metal and oxide surfaces. In order to conduct these 

experiments, a method to create stable, strongly adherent, oxide layers on a Raman

enhancing metal surface were developed and characterized. For poorly adhering oxide 

layers, a molecular adhesive was used to promote adhesion. 

Specific research goals included: 

1. Evaluate and characterize the use of a molecular adhesive layer for the 

covalent attachment of thin oxide films to Ag and Au surfaces. 

2. Develop a protocol based on sol-gel chemistry for creating thin oxide 

films on Ag and Au surfaces. 

3. Characterize the chemical and physical properties of the thin oxide films 

formed by this protocol. 

4. Assess the utility of Raman spectroscopy for characterizing organized 

molecular assemblies on the layered metal/oxide surface structure. 

5. Utilize these "sandwich" structures to characterize organized molecular 

assemblies on oxide surfaces. 
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CHAPTER 2 

Experimental 

This chapter is divided into three sections: the first section describes 

instrumentation, the second section describes materials and chemicals, including purity 

and manufacturer, and the final section documents the experimental methodologies used 

for acquiring the data presented in this dissertation. Additional experimental details are 

outlined in each chapter as appropriate. 

Instrumentation 

Raman Spectroscopic Instrumentation 

Raman spectra were acquired on a Spex model 1877 "Triplemate" spectrometer. 

This instrument is designed to accommodate mUltiple laser sources and sample 

configurations. The block diagram for the entire Raman system is shown in Figure 2.1. 
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The "Triplemate" has two main sections, as shown in Figure 2.2. The first section 

is a 0.22 m subtractive dispersion double monochromator which acts as a variable 

wavelength filter stage. The second section is the spectrograph stage and is equivalent 

to a 0.6 m single monochromator. 

The gratings in the first stage (GI and G2) are 600 grimm blazed at 750 nm. The 

grating in the spectrograph stage was 1200 grimm. The entrance slit (SI) was set at 0.5 

mm. S2 determines the bandpass of the filter stage. S2 was set at 2.6 mm for the 

Photometrics charged coupled device (CCD) detector and 4.0 mm for the Princeton 

Instruments CCD detector, to accommodate its larger spectral range. The final slit (S3) 

was varied between 0.05 and 0.20 mm depending upon the sample. Plasma lines were 

acquired using a 0.05 mm slit width. A 0.10 mm silt width provides reasonable resolution 

and throughput for solid and liquid samples. Weak Raman scatters, such as self

assembled monolayer systems, require a larger slit width. Values between 0.15 and 0.20 

mm were used for these types of systems. 

Samples were excited by either an Ar+, Ti:sapphire, or tunable dye laser. The 

Ti:sapphire and dye lasers were pumped with the Ar+ laser. Laser radiation at 514.5 nm 

radiation was supplied by a Coherent Radiation Innova 90-5 Ar+ laser. Laser powers of 

100 mW at the sample were consistently used, and measured with a Coherent model 210 

power meter. Plasma lines were removed using a 514.9 A (30 A bandwidth) bandpass 

filter purchased from Pomfret Research Optics, Inc. 

Spectra of molecules adsorbed on Au surfaces were obtained using 100 m W of 

either 600 nm radiation from an Ar+ laser-pumped Coherent CR-599 tunable dye laser 
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containing a Rhodamine 6G/ethylene glycol solution or 720 nm radiation from an Ar+ 

laser-pumped Lexel model 479 tunable Ti:sapphire laser. Fluorescent lines from the dye 

were removed with a 600.4 A (32 A bandwidth) bandpass filter purchased from Pomfret 

Research Optics, Inc. Fluorescent lines from the Ti:Sapphire were removed with a 720 

A (30 A bandwidth) bandpass filter purchased from Barr Associates, Inc. 

The laser beam was focused onto the sample using a planoconvex lens (150 mm 

focal length). The final mirror, the focussing lens, and the sample were all contained on 

a sampling stage designed to provide movement of the sample in the x, y, and z 

directions. The design of the sampling stage allowed for ease of focusing and image 

placement on the front slits of the spectrometer, as shown in Figure 2.3a and 2.3b. 

Scattered radiation was collected using a Minolta f/1.2 camera lens (50 mm focal length) 

and focused through a polarization scrambler onto the entrance slits of the spectrometer. 

The polarization scrambler corrects for the different transmission efficiencies of parallel 

and perpendicularly polarized light through the spectrometer. 

Choosing the appropriate polarization is important for obtaining the correct 

vibrational information when conducting Raman experiments. Depending upon the 

symmetry of the vibrations, the radiation scattered by these vibrations is polarized to 

varying degrees. For example, symmetric vibrations are depolarized (decrease in 

intensity) in the presence of radiation polarized parallel with respect to the plane of 

incidence but remain polarized in the presence of radiation polarized perpendicular with 

respect to the plane of incidence, whereas asymmetric vibrations remain polarized in the 

presence of both polarizations. Therefore, liquid and solid samples are typically acquired 
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Figure 2.3. Sampling stage used for Raman experiments, (a) side view and (b) front view. 0\ -
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with the laser beam polarized perpendicular to the plane of incidence. Due to the 

reflective properties of metal surfaces, Raman experiments of adsorbates at metal 

surfaces are acquired with the laser beam polarized parallel with respect to the plane of 

incidence. To account for the different polarization requirements at the sample, two 

different optical configurations are needed on the sampling stage. The optical 

configurations for the different sample considerations and lasers are discussed further 

in the following paragraphs. 

As the laser beam emerges from the Coherent Ar+ laser or the Coherent dye 

laser, it is polarized vertically with respect to the optical table. Consequently, two 

mirrors are required on the sampling stage for liquid and solid studies and three mirrors 

for surface studies, as shown in Figures 2.4a and 2.4b, respectively. For both Coherent 

lasers, the laser beam remains polarized vertically (0) as it is reflected from MJ (M = 

mirror) and M2• For liquid and solid samples, Figure 2.4a, the laser beam is directed to 

M4 from M2I bypassing M3. As the laser beam is reflected from M4, the polarization of 

the laser beam is rotated 900 resulting in a polarization perpendicular to the plane of 

incidence and horizontal to the optical table (-), the correct polarization for liquid and 

solid samples. 

For surface studies, using either Coherent laser, the laser beam is reflected from 

M2 to M3 and then to M4 without being rotated (Figure 2.4b). As the laser beam is 

reflected from M4, the polarization of the laser beam is rotated 900 resulting in a 

polarization parallel to the plane of incidence and horizontal to the optical table, the 

correct polarization for surface studies. 
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Sampling stage configuration for Coherent Ar+ laser and Coherent dye 
( a) liquid and solid samples (b) surface studies; vertical polarization is 
indicated by "." and horizontal polarization is indicated by "_". M = 
mirror. 
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As the laser beam emerges from the Ti:sapphire laser, it is polarized horizontally 

(-) with respect to the optical table. Consequently, three mirrors are required on the 

sampling stage for liquid and solid studies and two mirrors for surface studies, as shown 

in Figures 2.Sa and 2.Sb respectively. As the laser beam from the Ti:sapphire laser is 

reflected from MJ> the polarization of the laser beam is rotated 90°, placing it 

perpendicular to the plane of incidence. For solution and solid samples, Figure 2.5a, the 

reflection from M2 rotates the polarization 90°, placing it parallel to the plane of 

incidence. From M3, the laser beam is directed to M4, and the polarization is rotated 

perpendicular to the plane of incidence. The reflection from M4 does not rotate the 

polarization. The laser beam remains polarized parallel with respect to the optical table 

and perpendicular to the plane of incidence, the correct polarization for liquid and solid 

samples. 

For surface studies using the Ti:sapphire laser, only two mirrors are used on the 

sampling stage (Figure 2.Sb). As the laser beam is reflected from M:z, the polarization 

is rotated 90° placing it parallel to the plane of incidence. From M:z, the beam is 

reflected to M4, bypassing M3• The reflection from M4 does not rotate the polarization. 

The laser beam remains polarized horizontal to the optical table and parallel to the plane 

of incidence, the correct polarization for surface studies. 

Detection was accomplished using either a Princeton Instruments (PI) or 

Photometries (PM) CCD. The PM CCD is a PMS12 frontside-illuminated chip, cooled 

with liquid N2 to between -105 and -125°C. The CCD images acquired with the PMS12 

were processed with a PM RDS2000 system equipped with a custom version of 
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Sampling stage configuration for Ti:sapphire laser (a) liquid and solid 
samples and (b) surface studies; vertical polarization is indicated by "e" 
and horizontal polarization is indicated by "_". M = mirror. 
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SpectraCalclm
• The PI system uses a Tektronix TK-512T, 512x512, backside-illuminated, 

back-thinned, antireflective-coated CCD cooled with liquid N2 to -120°C. Images from 

this detector were processed using CSMA software, provided by PI. The CSMA software 

does not contain programs to effectively manage raw data files. Therefore, the CSMA 

files were converted to SpectraCalclm files for the purpose of further data manipulation 

including calibration, background subtraction, cosmic ray event removal, and co-addition. 

The PI CCD proved to be a much better detector in terms of quantum efficiency, 

spectral coverage, and number of imperfections in the CCD chip. Figure 2.6 shows plots 

of quantum efficiency (the ability of the detector to convert incident photons to 

photoelectrons) as a function wavelength, for the PI CCD (_), the PM CCD (A), and 

an RCA C31034A photomultiplier tube (PMT) (e). Ideally, the detector used for Raman 

spectroscopy should have a large and constant quantum efficiency in order to maximize 

photon collection throughout the entire wavelength region of interest. Although the 

response curve for the PI CCD is not constant, which will affect vibrational band 

intensities at different frequencies, it does have a superior quantum efficiency. The 

ramifications due to the variances observed in the quantum efficiency curves, for both 

the PI and PM CCDs, will be addressed later in this chapter. 

The PI CCD covers a spectral range of ca. 650 em'· centered at 1100 em'· using 

514.5 nm excitation. This is ca. 200 em'· larger than the PM CCD, which covers a 

spectral range of only ca. 450 em'· for the same experimental conditions. The spectral 

range covered by both cameras is related to the size of each detector element. The PI 

CCO uses a pixel that is ca. 27 p.m wide and the PM CCD uses a pixel that is ca. 20 p.m 
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Figure 2.6. Quantum efficiency curves for a Tektronix TK512 thinned, backside
illuminated CCD (.), a Photometries PM512 frontside-illuminated CCD 
(A), and an RCA C31034A PMT (e). 
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wide. Since both CCOs have the same number of detector elements, the larger pixels 

used in the PI CCO enables it to monitor a larger spectral region than the PM CCO. 

Imperfections on the CCO detector can lead to artifacts in the Raman spectra. 

These imperfections are due to variations in the response of the detector, causing 

localized dips or spikes in the Raman spectra. The spacial defects on the CCO detector 

are more significant during low light level experiments, such those on self-assembled 

monolayer systems, and therefore, need to be located in order to minimize their 

contributions in the acquired Raman spectra. 

Bryant has previously tested the PM CCO and observed that the optimum binning 

window is between pixel numbers 160 and 300, a 250 pixel wide region.201 The PI CCO 

was tested in a similar fashion using a clean Ag surface and 100 mW of 514.5 nm 

excitation. The scattered photons were collected with the Triplemate centered at 3500 

cm·1 and the spectrograph slit set at 0.10 mm. These experimental conditions provide a 

spectral region devoid of vibrational bands and enable the observation of any subtle 

imperfections associated with the PI CCD detector. A series of spectra, beginning at 

pixel row 16 and ending at pixel row 464, were acquired using 10 min integrations and 

an image size of 40 pixels high and 512 pixels wide, as shown in Figures 2.7 and 2.8. 

These results indicate that there are only a few defects on the PI CCO detector and that 

the best binning window is between pixel rows 150 and 400, a 250 pixel wide window. 



69 

Plasma Line 

200 400 

Pixel Number 
Figure 2.7. Raman spectra showing the regional imperfections on the PI CCO (a) 

pixels 16 - 56, (b) pixels 40 - 80, (c) pixels 90 - 120, (d) 120 - 160, (e) 
pixels 152 - 192, (1) pixels 180 - 200, (g) pixels 214 - 254. 
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Plasma Line 
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Pixel Number 
Figure 2.8. Raman spectra showing the regional imperfections on the PI CCD (a) 

pixels 250 - 290, (b) pixels 290 - 330, (c) pixels 330 - 370, (d) 364 - 404, 
( e) pixels 392 - 432, (f) pixels 432 - 472, (g) pixels 464 511. 



71 

Electrochemical Instrumentation 

Electrode potentials were controlled with an IBM Instruments EC/225 

Voltammetric Analyzer coupled with a Hewlett Packard 7015B X-Y recorder. Total 

charge passed during oxidation-reduction cycles was monitored with a Princeton Applied 

Research model 379 digital coulometer. 

Electrochemical Cells 

The standard three-electrode cell shown in Figure 2.9 was used for 

electrochemical experiments. A platinum wire wrapped around the Luggin capillary was 

used as the counter/auxiliary electrode. All potentials were measured and reported 

versus a Ag/AgCI reference electrode. Working electrodes (ca. 6 mm in diameter) were 

made by either cutting Ag or Au sections from a rod or by punching disks from a foil. 

These disks were then Ag soldered onto a brass stub which was threaded to fit into a 10 

mm brass electrode holder. Once attached to the electrode holder, the electrode and 

brass holder were wrapped with parafilm, exposing only the surface of the metal disk to 

the electrochemical solution. 

X-Ray Photoelectron Spectroscopy Instrumentation 

XPS measurements were made on Ar+ -sputtered Ag foils or vapor deposited Au 

surfaces using a Vacuum Generators ESCALAB MKII electron spectrometer equipped 

with a concentric hemispherical analyzer and channeltron electron multiplier. X-rays 

from an AI Ka source at 1486.6 eV were used for the excitation. Electrons were collected 
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Electrochemical cell used for cyclic voltammetry and ex-situ roughening. 
Ref = Ag/ AgCl reference electrode, WE = working electrode, CE = Pt 
counter electrode. 
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in the constant analyzer energy (CAE) mode with a pass energy of either 20 or 50 keY. 

Charging of the sample was corrected for using either the CIs, Ag 3d, or Au 4f peaks. 

Peak areas were calculated using a Gaussian fit program supplied by the Laboratory for 

Electron Spectroscopy and Surface Analysis (LESSA). Relative peak ratios were then 

calculated using previously published photoionization cross sections?·2 

Scanning Electron Microscopy Instrumentation 

Scanning electron microscope (SEM) images were taken on a Joel Model 840A 

SEM with a tungsten filament at 15.0 kY. The surfaces were first coated with a thin film 

(5-10 nm) of carbon by vapor deposition to provide a conductive surface. These services 

were performed at the Arizona Materials Laboratory of the Department of Materials 

Science and Engineering. 

Spin Casting Apparatus 

Spin casting of silica films on Ag and Au surfaces was done using a Spex sample 

rotator. The samples were spun at ca. 3.4 kHz. The rotation rate was determined using 

the data in Figure 2.10, supplied by Spex, which correlates the applied voltage to the rpm 

of the motor. After the samples had reached the appropriate spin rate, a prehydrolyzed 

solution of tetramethoxysilane (TMOS) was applied drop wise (ca. 0.25 - 0.50 mL/0.30 

cm2) from a disposable pipet at room temperature. The sample was spun for 1 to 2 min 
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Figure 2.10. Rotation of Spex sample rotator as a function of the applied voltage. 



75 

after deposition. The sample was then removed and placed in a desiccator for 12 to 24 

h. Further information concerning sample handling procedures for creating thin silica 

films is discussed in Chapter 5. 

Materials 

(3-Mercaptopropyl)trimethoxysilane (3MPT) (> 97%) was purchased from either 

Hiils America or Aldrich and vacuum distilled prior to use. Octadecyltrichlorosilane 

(> 97% ),t-butyldiphenylchlorosilane( > 97% ),and3,3,3-trifluropropyldimethy1chlorosilane 

(>97%) were obtained from Hiils America. Octadecyldimethylchlorosilane (95%), 

hexane (99+%), and tetramethoxysilane (98%) were obtained from Aldrich. Toluene 

(reagent grade), obtained from EM Science, was distilled and stored over molecular 

sieves prior to use. Pyridine and acetonitrile were UV high purity grade and purchased 

from American Burdick and Jackson. Anhydrous grade methanol and nitric acid 

(reagent grade) were purchased from Mallinkrodt. Stearic acid (99+%) was obtained 

from Sigma. Reagent grade H2S04 was purchased from Fisher. The 30% solution of 

H20 2 was purchased from VWR. Ethanol (absolute) was purchased from Midwest Grain 

Products. NaOH pellets, NaCI, KCI, and HCI were reagent grade and purchased from 

Baker. Pb(N03)2 was reagent grade and purchased from MCB Manufacturing Chemists. 

Water was obtained from a Milli-Q UV Plus ultrapure Millipore water system. All 

reagents were used as received unless specified otherwise. 

Polishing supplies including alumina and polishing pads were purchased from 

Buehler. 3 A, 4-8 mesh molecular sieves were purchased from Aldrich. The molecular 
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sieves were activated in a vacuum oven heated to 120°C and evacuated to ca. 38 mm Hg 

for 2 days. 

Polycrystalline Au and Ag disks (99.999%) were obtained from Johnson Matthey. 

Aluminum foil (99.998%) was obtained from Johnson Matthey. Vapor deposited Au and 

Ag surfaces on glass slides covered with a Ti02 adhesion layer were obtained from 

Evaporated Metal Films (Ithaca, NY). Vapor deposited Ag surfaces were also prepared 

on-site, by vapor depositing ca. 200 nm of Ag onto a glass slide in an ultrahigh vacuum 

chamber. The base pressure in the vacuum chamber was ca. Ix 10.9, and the rate of 

deposition was monitored with a quartz crystal microbalance. The glass slides were 

pretreated with 3MPT, in a manner similar to that described by Goss et al.2
.
3 

Procedures 

Specific procedures that are related to a single type of experiment are described 

in the appropriate chapter. For example, the procedures for silica film formation are 

found in Chapter 5, the procedures for stationary phase formation are found in Chapter 

6, and the procedures for handling and modifying AI20 3 surfaces are found in Chapter 

7. The following is a list of more commonly used experimental strategies. The 

experimental procedures are listed in order of use. 

Mechanical Polishing 

Polycrystalline Ag, Au, and AI surfaces were mechanically polished using 1.0, 0.3, 

and 0.05 JLm alumina. To remove trapped alumina, the surfaces were rinsed with water, 
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sonicated for 2-5 min in water, rinsed with water, resonicated for 2-5 min, and given a 

final rinse of water. 

Surface Cleaning 

Removing previously adsorbed thiols from the metal surfaces of the electrodes 

proved to be a persistent problem. Initial experiments indicated that thiol-modified 

surfaces were not "cleaned" (completely free from thiol contamination) by mechanically 

polishing the surfaces. Cursory observations using XPS also indicated that a "clean" 

surface would adsorb thiols from polishing pads contaminated with thiols. 

A variety of approaches were investigated in an attempt to develop a routine 

method for removing the thiols from surfaces. The quality of the cleaning was analyzed 

by Raman spectroscopy in the JI(C-S) region, as shown in Figure 2.11. Abrading the 

metal surfaces with sandpaper was attempted first. After lightly polishing with a highly 

abrasive (240 grit) silicon carbide sandpaper, cursory Raman experiments revealed that 

a significant amount of the thiols remained attached to the surface. 

Porter et al. previously reported that a "Piranha" solution (1:4 HzOz 

(30% )/HZS04) would remove the thiollayer.z.4 This approach worked relatively well for 

Au surfaces, particularly vapor deposited Au slides, but not for Ag surfaces. The Ag 

surfaces were heavily oxidized by the "Piranha" solution. 

The desorption of the thiol film at very negative potentials, in a basic solution, 

proved to be the most effective and the least destructive method for cleaning the metal 

surfaces. This procedure is based on the electrochemical study of thiols by Widrig et 
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Figure 2.11. Raman spectra of 1-propanethiol in the v(C-S) region (a) prior to 
cleaning procedures, (b) after polishing, (c) after reductive desorption for 
20 min, (d) after reductive desorption for 1 h. 
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aI.2•S Cyclic voltammograms for a bare Ag surface and a Ag surface modified with 

butanethiol films in 0.5 M NaOH are shown in Figure 2.12a and 2.12b, respectively. The 

reductive wave shows that the thiollayer is reduced back into solution at - 1.12 V versus 

a Ag/ AgCI reference electrode.2
.
1 

Metal surfaces were first polished with 1.0 I'm alumina to remove a majority of 

the thiols. The remaining thiols were then removed in a 5 M NaOH solution while the 

surfaces were held for 2 hr at -1.7 V versus a Ag/AgCI reference electrode. 

Spectroscopy of these surfaces indicated that essentially all of the thiols are removed 

relative to the original spectrum, as shown in Figure 2.11. 

Surface Roughening 

Prior to roughening, polycrystalline Au and Ag surfaces were mechanically 

polished to a mirror fmish. The surfaces were roughened using linear potential sweep 

oxidation-reduction cycles (ORCs) performed in a simple triangle wave format at 10 

mV /sec. The Ag surfaces were roughened with a single aRC and the Au surfaces were 

roughened with 5 ORCs. The ORCs were performed in 0.1 M NaCI solution. The 

potential was swept in the positive direction starting at -0.25 V and reversed when 12 mC 

of anodic charge was passed for both surfaces. 
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Figure 2.12. Cyclic voltammograms for (a) bare Ag, (b) butanethiol at a smooth Ag 
surface. Sweep rate = 100 mY Is in 0.1 M KCl. (Reprinted with 
permission from Reference 2.1.) 
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Thiol Film Formation 

Alkanethiol films were formed on "clean", mechanically polished, smooth and 

roughened, polycrystalline Ag and Au surfaces. Surfaces were placed in a holder, 

wrapped with a layer of parafilm and then immersed in a solution of ca. 20 mM 

thiol/l00% ethanol for 2 h. After film formation, the surfaces were rinsed with 100% 

ethanol and allowed to air dry. 

Acquisition of Raman Spectra 

Spectra of neat liquid and solid samples were taken in either sealed capillary or 

NMR tubes. Spectra of neat frozen samples were taken in capillary tubes. The samples 

were frozen by immersing the capillary tube in liquid Nz until the sample was completely 

solidified. Integration times of 10 sec or less were used to reduce thermal effects from 

the laser. The samples were then reimmersed in liquid Nz for ca. 1 min. A series of 

these short integrations were then averaged until an adequate signal-to-noise ratio was 

obtained. Total acquisition times ranged from 30 sec to 10 min with S3 in Figure 2.2 set 

at 0.10 mm. Scattered photons were collected at 90° with respect to the sample. A laser 

power of 100 mW was used and polarized perpendicular with respect to the plane of 

incidence, as shown in Figures 2.4a and 2.Sa. 

Spectra from modified Ag, Au, AlZ0 3, and silica surfaces were obtained using an 

incident laser power of 100 m W polarized parallel with respect to the plane of incidence, 

as shown in Figures 2.4b and 2.5b. Scattered photons were collected at ca. 60° with 
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respect to the surface normal. Typical acquisition times ranged from 15 min to 2 h. S3 

was set to 0.15 mm for Ag and silica samples, and 0.20 mm for Au and A120 3 samples. 

As discussed previously, Raman data were acquired on regions of the CCDs that 

exhibit the fewest artifacts in the Raman spectra. Images on the PM CCD were centered 

between pixel numbers 160 and 300 and binned with a slit grouping of 10 (a group refers 

to the number of divisions into which the image is divided prior to being readout). 

Images on the PI CCD were centered between pixel numbers 150 and 400 and binned 

with a default slit grouping of 1. 

The raw spectral data were averaged, when appropriate, and then calibrated using 

plasma lines.2
.
6 Under low light level conditions, the vibrational information is 

superimposed on a sloping background attributed to the spectral response of the 

spectrometer and detector. Figure 2.13a shows a representative example of a Raman 

spectrum acquired using the Spex Triplemate with the PI CCD, superimposed on the 

instrument response. 

The sloping background can be removed by fitting the sloping baseline to a 

polynomial equation supplied in the background subtraction program in SpectraCalclm
• 

A series of polynomial equations were investigated to determine the best equation for 

removing the instrument response. The polynomial equations were evaluated using 

Raman spectra of 3MPT adsorbed to smooth Ag, as shown in Figures 2.13 through 2.16. 

The raw data were fit to a linear equation using two coefficients (Figure 2.13), a 

quadratic equation using three coefficients (Figure 2.14), a third order equation using 

four coefficients (Figure 2.15), and a fourth order equation using five coefficients (Figure 
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Figure 2.13. Raman spectra of 3MPT adsorbed to a smooth Ag surface (a) with the 
background fit to a linear equation using two coefficients (b) after 
background subtraction. 
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Figure 2.14. Raman spectra of 3MPT adsorbed to a smooth Ag surface (a) with the 
background fit to a quadratic equation using three coefficients (b) after 
background subtraction. 
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Figure 2.15. Raman spectra of 3MPT adsorbed to a smooth Ag surface (a) with the 
background fit to a third order equation using four coefficients (b) after 
background subtraction. 
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Figure 2.16. Raman spectra of 3MPT adsorbed to a smooth Ag surface (a) with the 
background fit to a fourth order equation using five coefficients (b) after 
background subtraction. 
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2.16). Figures 2.13a, 2.14a, 2.15a, and 2.16a show the raw data superimposed on the 

background lines calculated using these polynomial equations. Five data points were 

used in the calculations and are indicated with an "X" in the figures. 

The linear equation results in a straight line through a weighted average of the 

five points. As indicated in Figure 2.12, the linear equation overestimates the sloping 

instrument response producing anomalies in the subtracted spectrum. The quadratic 

equation creates a slightly curved response that more closely follows the sloping 

background. The third order equation follows the spectral response very well at longer 

wavelengths but diverges at the shorter wavelengths. The third order equation is also 

more sensitive to the placement of the data points than the previous two equations. 

When a fourth order polynomial is used, the equation is increasingly more sensitive to 

the placement of the points and difficult to use. 

For the data presented within this dissertation, the sloping background was 

removed from the raw spectra using the third order polynomial equation. The third 

order polynomial equation provided a better and more consistent fit than the other 

polynomial equations. 

Spectrometer Calibration 

Spectra were calibrated using procedures developed by Carter et a1.2
.
6

•
2

•
8 Plasma 

lines, used for converting the acquired spectra from pixel number to the appropriate 

wavenumber, were acquired from the sample being analyzed. Plasma line spectra were 

acquired with the laser tuned to 520 nm, a nonlasing frequency, and the laser current set 
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to 25 amps. Capillary tubes containing solutions do not effectively scatter the plasma 

beam. Therefore, a capillary tube filled with PbCI:z, a solid, was used to improve the 

scattering of the plasma lines. Typical acquisition times for plasma line spectra range 

from 10 to 120 sec with S3 set at 0.50 mm. Plasma lines used for calibration in the 

regions between ca. 1250-2900 cm-! and 3100·3900 cm-! are included in Appendix B. 

Ellipsometry Measurements 

Ellipsometry involves measuring the change in amplitude and phase of a polarized 

light source as it is reflected from thin films at either solid or liquid surfaces. These 

amplitude and phase changes provide information about the thickness of the thin film 

(if the refractive indices of the different layers are known) or the refractive index of the 

film if the thickness is known. Ellipsometry measurements are based on the relationship 

described in equation 2.1: 

2.1 

where p represents the ratio of the reflective coefficients for the parallel and 

perpendicular components of the polarized light source, commonly referred to as the 

Fresnel reflection coefficients, '" is a measure of the change in amplitUde ratio, and A 

is a measure of the change in phase difference between the two polarization components 

of the polarized light source upon reflection. The quantities", and A are functions of the 

wavelength of the light as well as the optical constants of the surface, ambient medium, 

and overlayer. Detailed descriptions of ellipsometry can be found in references, 2.9, 2.10, 

and 2.11. 
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Ellipsometric measurements were made with a Rudolph Research model 43603-

200E ellipsometer using a He-Ne laser at an incident angle of 70°. Readings were taken 

on vapor deposited Au and Ag surfaces to establish the bare substrate optical constants 

prior to any surface modification. Au surfaces were cleaned using a "Piranha" solution 

[1:4 H20 2 (30% )/H2S04], as has been outlined previously.2.4 The Ag surfaces were either 

used directly after deposition or were sputtered with Ar+ to remove surface oxides prior 

to analysis. The surfaces were transferred from the ultrahigh vacuum chamber and 

stored for short periods of time in a container purged with UHP argon. A refractive 

index of 1.45 was used for thickness measurements of self-assembled alkanethiol films 

on Au and Ag surfaces,2.J3 and a refractive index of 1.46 was used for thin silica films on 

3MPT-modified and unmodified Ag and Au surfaces.2.J4 The ellipsometry measurements 

were used to calculate the corresponding thickness values using DaflBM version 2.0, a 

computer program supplied by Rudolph Research and implemented on a DOS-based PC 

system. 



CHAPTER 3 

Raman Spectral Assignments for 
(3-Mercaptopropyl)trimethoxysilane, 

Tetramethoxysilane, and 1-Propanethiol 

Introduction 
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During the late 40's and early 60's, a number of articles were published 

concerning the spectroscopic identification of organosilanes.3
.1-

3
.
S More recently, Koenig 

et at. and Posset et al. have used Raman spectroscopy to study both solution and 

polymerized organosilanes.3
.
6 

- 3.9 Unfortunately, these studies only provide a general 

interpretation of the vibrational data for organosilanes. A more detailed analysis is 

essential for providing a valid interpretation of organosilane surface chemistry. 

(3-Mercaptopropyl)trimethoxysilane (3MPT) is an important industrial 

organosilane used to promote desirable interfacial properties such as chemical durability, 

insulation, surface protection, and adhesion.3
.
lo 

- 3.16 The molecular structure of 3MPT 

contains two well-studied functional groups, as shown in Figure 3.1. The hydrocarbon 
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chain is terminated with the -SH moiety and represents a class of compounds known as 

thiols. n-Alkanethiols have been thoroughly characterized by both Raman3.17.3.18 and 

IR3.19. 3.20 spectroscopies. The methoxy headgroup represents a class of compounds 

known as silicon alkoxides. Tetrafunctional silicon alkoxides, such as TMOS, have been 

studied by Raman spectroscopy,3.21 ,3.23 but less extensively than the corresponding n

alkanethiols. Information from IR spectroscopy is primarily limited to characterization 

of the gels resulting from hydrolysis and condensation reactions of the starting 

material.3.24•3.25 The Raman spectral information from I-propanethiol and TMOS is used 

here to verify the vibrational assignments for 3MPT. 

The Raman spectral assignments for TMOS, I-propanethiol, and 3MPT are 

presented in this Chapter. The primary vibrational bands for these molecules include the 

p(C-S), p(Si-O), p(Si-C), p(O-C), p(C-C), and p(C-H) vibrations which are located 

between ca. 500 to 1300 cm'l and ca. 2700 to 3100 cm'l. Gauche (G) and trans (T) 

vibrations were assigned by comparing the relative spectral intensities of the neat solution 

with those of the frozen crystalline solid. All spectral assignments for TMOS are based 

on previously reported values. The assignments for propanethiol are based on previously 

reported values and on homologous n-alkanethiol systems. 

JI(C-S), JI(Si-O) Region 

Tetramethoxysilane 

Tetramethoxysilane, SiC OCH3)4, is a symmetric tetrafunctional silicon alkoxide and 

one of the more common alkoxides used in sol-gel chemistry. Numerous studies have 
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been performed on this molecule using Raman,3.21.3.22. 3.26 -3.31 IR3.24• 3.25 and 29Si NMR3.32 -

3.36 spectroscopies in order to characterize its vibrational behavior, rates of hydrolysis and 

condensation, as well as the transformation of the TMOS sol and gel to a glass. 

Figure 3.2 shows the Raman spectra for neat TMOS and crystalline (frozen) 

TMOS in the v(Si-OC) region. The vibrational bands and assignments are listed in Table 

3.1. For neat TMOS, there are two vibrations. The intense peak at ca. 639 cm- I is 

assigned to v.(Si-OC) and the broad band centered at ca. 842 cm-I is assigned to va(Si

OC).3·23 Upon freezing TMOS, both v(Si-OC) modes are better resolved. The va(Si-OC) 

mode decreases in breadth and appears as an overlapped doublet, one that diminishes 

upon freezing and one that becomes better resolved. Ignatyev et al. attributed the 

splitting of the va(Si-OC) mode to resonance coupling with the CH3
i
P rock.3.23 

1-Propanethiol 

Previous Raman studies on short chain thiols include those done by Hayashi et 

al., Joo et al., Pennington et al., and Torgrimsen et al.3.37 -3.40 Although 1-propanethiol 

has been studied by both IR and Raman spectroscopy, there are some discrepancies in 

spectral assignments. 

The region between ca. 500 and 950 cm-I contains a wealth of information 

concerning the conformation of the two carbon atoms adjacent to the thiol headgroup. 

This information is related to the order\disorder of the system. The peaks of interest 

in are shown in Table 3.1 and consist of the v(C-S), the CS-H deformations, CH2 rock, 

and CH3 rock vibrations for both G and T conformers. 
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Figure 3.2. Raman spectrum in the JI(Si-OC) region of (a) neat TMOS, (b) crystalline 
TMOS. Integration times: (a) 10 s, (b) 60 s. Excitation wavelength: 
(a and b) 514.5 nm. 
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Figure 3.3 shows the spectra of neat 1-propanethiol, cystalline 1-propanethiol, and 

aqueous 1-propanethiolate (C;H,s"). The 1-propanethiolate solution is created by 

combining neat 1-propanethiol with 5 M NaOH aqueous solution in a 1:10 volume ratio. 

Pennington originally characterized neat 1-propanethiol using Raman and IR 

spectroscopies,l·37 Since this initial investigation, there have been numerous changes to 

the vibrational assignments for 1-propanethiol in the literature. 

A number of the assignment discrepancies have centered around the two 

vibrational bands at ca. 650 and 731 cm'!. The 650 cm'! vibration has been assigned to 

v(C-S)03.4O and (C-S).kcw3.37 and the 731 cm'! vibration has been assigned to v(C-S)l4O and 

CH2 rkT.3.38.3.39 Joo established the presence of both v(C-S) conformers by comparing 1-

propanethiol with 1-propanethiolate.3.!7.3.4O Removing the H atom to create the thiolate 

shifts the v(C-S) frequency of both conformers. The Raman spectra for neat 1-

propanethiol and aqueous 1-propanethiolate are shown in Figure 3.3a and 3.3c, 

respectively. In the thiolate spectrum, the two bands at ca. 650 and 731 cm'! decrease 

in wavelength by ca. 3 and 8 cm't, respectively, suggesting that these two bands are the 

two v(C-S) conformers, as concluded by Joo. 

The two v(C-S) modes are from gauche (G) and trans (T) conformations of the 

S atom with the two adjacent C atoms. Comparing the relative intensities of the v(C-S)o 

band at 650 cm'! with the v(C-Sh band at 731 cm'! provides information about to the 

uniformity of the molecular packing, or the order/disorder of the molecular system. In 

solution, the alkyl chains are inherently disordered and are capable of existing in a 

variety of conformations. This disorder is indicated by the presence of G conformations 
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Figure 3.3. Raman spectra in the JI(C-S) region of (a) neat liquid 1-propanethiol, (b) 
crystalline 1-propanethiol, (c) aqueous 1-propanethiolate. Integration 
times: (a) 20 s, (b) 10 s, (c) 300 s. Excitation wavelength: (a - c) 514.5 
nm. 
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in the alkane chain. For neat 1-propanethiol (Figure 3.3a), the p(C-S)o intensity is 

greater than p(C-S)TI suggesting that the molecules are predominantly in a disordered 

configuration. 

More uniform packing is facilitated if the alkane chains exist in a T conformation. 

When neat propanethiol is cooled to a solid with liquid N2, the vibrational bands 

observed in the spectrum (Figure 3.3b) are better resolved and the relative intensities of 

the p(C-S)o and p(C-Sh bands change drastically, the p(C-S)o band being eliminated and 

the p(C-Sh band increasing in intensity. Similar trends are observed for the G and T 

bands of the CHS def, CH2 rk, and CH3 rk modes. These changes are indicative of an 

increasing molecular order and have been observed for other crystalline alkane 

systems.3.18. 3.41. 3.42 Therefore, assuming the Raman cross-section does not change, the 

observed increase in the p(C-Ch band relative to the p(C-S)o band of 1-propanethiolate 

(Figure 3.3c), suggests that 1-propanethiol adopts a more ordered orientation upon 

forming the thiolate. The implications of the increased order for 1-propanethiolate are 

addressed below in the discussion of the p(C-C) region. 

The CSH deformational mode is also sensitive to conformation of the two carbon 

atoms adjacent to the S atom. Pennington and Hayashi both originally assigned the band 

at ca. 811 cm·1 to CSH defT and that at ca. 880 cm'l to CSHO.3.37.3.38 Upon forming the 

thiolate, both vibrations disappear, indicating that they are coupled with the thiol group. 

Hayashi based his assignments on studies of 1,2-ethanedithiol and the deuterated analog, 

DSCHzCHzSD.3
•
43 Using an n-alkanedithiol eliminates contributions from methyl groups 

and deuterating the terminal H atoms provides a means of monitoring contributions that 
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are strictly associated with the thiol species. Hayashi observed that the vibrational modes 

in question are shifted ca. 200 em"! when the terminal H atoms are deuterated, and 

therefore, assigned them to CSH deformations. 

An additional discrepancy in assignments is the band centered at ca. 705 em"!. 

Joo et aI. assigned this vibration to CH2 rkT' while it was assigned to JI(C-Sh in prior 

studies.3
•
39 Although the CH2 rkT assignment does seem plausible, Snyder and 

Schachtshneider calculated the lower frequency limit for methylene rocking vibrations to 

be ca. 720 em"!, using normal coordinate analysis.3
•
44 In addition, the 705 em"! band is not 

present in the thiolate spectrum (Figure 3.3c). Removing the H atom disrupts the bonds 

associated with the 705 em"! band, suggesting that this mode likely involves the thiol 

group. Bryant, studying longer n-alkanethiols, made similar assumptions and designated 

the 705 em"! band, which is also prevalent in longer n-alkanethiols, as T,G but did not 

propose an assignment.3
•
4! Although experimental evidence does suggest that this mode 

is associated with a T conformation of the alkylfthiol chain, there is still some 

uncertainty associated with the assignment for the 705 em"! band. 

(3-Mercaptopropyl)trimethoxysilane 

Only a limited amount of information is available concerning the vibrational 

assignments of organosilanes. However, comparing the Raman spectra of TMOS and 1-

propanethiol has provided substantial insight and further clarification of the vibrational 

assignments for 3MPT. Figure 3.4 shows Raman spectra in the region between 500 and 

950 em"! for neat 3MPT and crystalline 3MPT. The bands of interest in this region, as 
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Figure 3.4. Raman spectra in the v(C-S) v(Si-OC), and v(Si-C) region of (a) neat 
liquid 3MPT, (b) crystalline 3MPT. Integration times: (a) 15 s, (b) 30 s. 
Excitation wavelength: (a and b) 514.5 nm. 
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shown in Table 3.1, are assigned to the v.(Si-OC), va(Si-OC), v(S-Ch, v(S-C)o, v(Si-C)T' 

and v(Si-C)o modes. 

Figure 3.4a shows the neat liquid 3MPT spectrum. Two bands in the neat 3MPT 

spectrum, ca. 649 and 742 cm-I, correspond to the v(C-S)o and v(C-Sh bands in neat 1-

propanethiol and are assigned accordingly. When neat 3MPT is cooled to a solid with 

liquid N2, the vibrational bands (Figure 3.4b) are better resolved, and the relative 

intensities of the v(C-S)o and v(C-Sh (ca. 649 and 742 cm- I respectively) bands change, 

analogous to what is observed with 1-propanethiol. The intensity of the v(C-S)o band 

decreases substantially relative to the intensity of the v(C-Sh band. Similar trends are 

observed for the bands at ca. 677 cm- I and 684 cm-I. These vibrational bands are 

assigned to v(Si-C)o and v(Si-Ch modes, respectively, in accordance with previous 

assignments made for other Si-C containing molecules.3•
4s 

- 3.48 

Comparing the neat TMOS spectrum (Figure 3.2a) with the neat 3MPT spectrum 

(Figure 3.2a) shows that the two peaks in neat TMOS, assigned to v(Si-OC) modes, occur 

at approximately the same frequencies as three peaks in neat 3MPT. The two symmetric 

bands at ca. 611 and 639 cm- I in the neat 3MPT spectrum correspond to the band at ca. 

639 cm-! in the neat TMOS spectrum and are assigned to v.(Si-OC). The observed 

splitting of the v.(Si-OC) for 3MPT is believed to be due to the loss of C3y symmetry 

from the attachment of the hydrocarbon chain.3
•
6 

- 3.8 The broad asymmetric band 

centered at ca. 820 cm-! in the neat 3MPT spectrum corresponds to the band at ca. 842 

em-! and is assigned to Pa(Si-OC). 
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Bands at ca. 866 and 922 em-I correspond to two rocking modes observed in 

propanethiol, and are assigned to the CH2 rkT and CH2 rko, respectively. The CH2 rko 

(771 em-I), CSH defo (788 em-I), CSH defT (811 em-I), and CH2 rkT (839 em-I), present 

in neat and crystalline 1-propanethiol are not observed in the 3MPT spectrum. However, 

these modes may be present amid the larger vibrational bands that occur between ca. 600 

to 850 em-I. The vibration at ca. 714 em-I is left unassigned, but appears to be analogous 

to the 705 em-I band in 1-propanethiol, which was also left unassigned. 

v(C-C), v(C-O) Region 

Tetramethoxysilane 

Four distinct bands are observed for neat TMOS and crystalline TMOS in the 

v(C-O) region between 950 and 1350 em-I, as shown in Figure 3.5 and Table 3.1. The 

two less intense bands at ca. 1159 and 1195 em-I have been associated with the rocking 

motion of the methyl groupS.3.23 According to Ignatyev, the CH3 in-plane rocking modes 

occur at higher frequencies than the CH3 out-of-plane rocking modes and are therefore 

assigned accordingly.3.23 The two more intense bands in this region are associated with 

c-o stretching vibrations. The va(SiO-C) band, at ca. 1095 em-I appears as a shoulder 

on the v.(SiO-C) band, at ca. 1114 cm'I.3.23 

These assignments were further verified through polarization studies, as shown 

in Figure 3.6. The depolarization ratio p is defined as: 

3.1 
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Figure 3.5. Raman spectra in the v(C-O) region for (a) neat liquid TMOS, (b) 
crystalline TMOS. Integration times: (a) 60 s, (b) 60 s. Excitation 
wavelength: (a and b) 514.5 nm. 
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Figure 3.6. Raman polarization data in the II(e.O) region of TMOS for (a) parallel 
polarized radiation, (b) perpendicularly polarized radiation. Integration 
times: (a) 300 s, (b) 300 s. Excitation Wavelength: (a and b) 514.5 nm. 
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when L_ is the intensity of the radiation polarized perpendicular to and II is the intensity 

of the radiation polarized parallel, relative to the laser beam. Asymmetric vibrations 

have depolarization ratios of ca. 0.75. Symmetric vibrations have depolarization ratios 

that are significantly lower than 0.75.3
•
49 

Polarization data were acquired using a Tiffen 55 nm polarizer. Due to the 

overlapping peaks in this region, peak heights could not be used to accurately estimate 

peak intensities. Therefore, peak areas were estimated by curvefitting the polarized 

spectra to four peaks. The polarization ratios were then calculated using these peak 

areas, as shown in Table 3.2 

The 1095 and 1114 cm-' bands are assigned to asymmetric and symmetric ,,(SiO

C) modes, respectively. The 1159 cm-' band has a depolarization ratio of 0.59, not 

completely polarized or depolarized. Therefore, the 1195 cm-' band is assigned as 

partially polarized, consistent with the assignment made by Ignatyev. The 1195 em" band 

is an asymmetric vibration and has a depolarization ration of 0.96. This is somewhat 

surprising, since the theoretical maximum for the depolarization ratio is 0.75. These 

discrepancies may indicate the observed peaks actually represent a combination of 

vibrations, each contributing to the overall depolarization ratio. 
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Table 3.2 - Polarization Data for TMOS 

Peak frequency em'· Polarization Area p Assignment 

I 
1095 

I 
h 

I 
309904 

I 
0.76 

I 
asymmetric 

I 1095 II 234614 

I 
1114 

I 
L, 

I 
252822 

I 
0.23 

I 
symmetric 

I 1114 II 58826 

1159 I.L 99895 0.59 partially polarized 

1159 II 59266 

I 
1195 

I 
I.L 

I 
101557 

I 
0.96 

I 
asymmetric 

I 1195 II 94977 

1-Propanethiol 

The p(C-C) region between ca. 950 and 1350 em'! contains order/disorder 

information about the carbon-backbone. Three main skeletal p(C-C) bands comprise this 

region, two T bands and one G band. Figure 3.7 shows the spectra for neat 1-

propanethiol, crystalline 1-propanethiol, and aqueous 1-propanethiolate. The bands of 

interest are the two p.(C-Ch bands, at ca. 1033 and 1107 em'!, and the p(C-C)o band 

which appears as a shoulder in the neat liquid spectrum at ca. 1054 cm· l
• These 

assignments agree with those reported by Torgrimsen and those observed for longer n-

alkanethiols.3.39.3.4! Torgrimsen and co-workers assigned the band at 1087 em'! to p(C-

Ch. The 1087 cm-! band is observed for longer n-alkanethiols, but is not observed for 

long-chain alkanes3.~ or phospholipids.3.S! '3.54 This information suggests that the 1087 

em-I band might be associated with the thiol moiety, possibly a T rocking mode. 



107 

a 

>-
+-' .-
C/) 

c 
.fB b c 

c 

1000 1100 1200 1300 

Wavenumbers (cm-1) 
Figure 3.7. Raman spectra in the II(C-C) region of (a) neat liquid I-propanethiol, (b) 

crystalline 1-propanethiol, (c) aqueous I-propanethiolate. Integration 
times: (a) ~O s, (b) 15 s, (c) 300 s. Excitation wavelength: (a - c) 514.5 
nm. 
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The disappearance of the v(C-C)o in the 1-propanethiolate spectrum, Figure 3.7c, 

suggests that the alkyl chains in the aqueous 1-propanethiolate are in an ordered 

orientation.3
•
4

' Bryant observed similar trends for butanethiolate. The observed increase 

in alkyl chain order may represent the amphipathic nature of the aqueous thiolates. 

Amphipathic molecules consist of a hydrophilic headgroup, such as a thiolate, and a 

hydrophobic tail. In an aqueous environment these molecules form micelles to maximize 

hydrophobic and van der Waals interactions. Therefore, the observed order of these 

systems may possibly represent the initial steps toward micellar formation. 

According to Snyder et aI., who have studied several long chain alkane systems, 

the vibrational bands that occur between ca. 1175 and 1300 cm-' are a mixture of twisting 

and rocking modes.3
•
44

• 3.SS To avoid confusion, the vibrations that occur in this region, 

at ca. 1215, 1247, 1293, 1334 cm-', will be referred to as twisting modes, which is 

consistent with the notation used by Snyder, and are assigned to CH2 twisto, CH2 twistT.Ot 

CH2 twistT, and CH2 twistT, respectively. 

(3-Mercaptopropyl)trimethoxysilane 

The spectra between 950 and 1350 cm-' appear to overlap the bands observed 

with TMOS and 1-propanethiol, as shown in Figure 3.8 and Table 3.1. The bands at ca. 

1006 and 1032 cm-' are assigned to v(C-Ch and CH2 rkT' respectively. These two bands 

increase in intensity when the neat solution is frozen, relative to the band at ca 1044 cm-' 

which is assigned to v(C-C)o. The bands at ca. 1241, 1260, 1302, 1341 cm-', are assigned 
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Figure 3.B. Raman spectra in the pee-C) region of (a) neat liquid 3MPT, (b) 
crystalline 3MPT. Integration times: (a) 30 s, (b) 60 s. Excitation 
wavelength: (a and b) 514.5 nm. 
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to CH2 twisto, CH2 twistT•o, CH2 twistn CH2 twistn respectively. These assignments 

correspond to similar vibrations observed for 1-propanethiol. 

The bands at ca. 1087, 1104, 1163, and 1181 cm'\ are assigned to vaCSiO-C), 

v.(SiO-C), (CH3)rk"P, and (CH3)rk
ip

, respectively. Although the frequencies are slightly 

shifted, they are similar to those observed for TMOS. These assignments were verified 

by comparing the polarization data for 3MPT (Figure 3.9 and Table 3.3) with the 

polarization data for TMOS (Figure 3.6 and Table 3.2). Interpretation of the 

polarization data and justification of polarization assignments are addressed in the 

preceding section of this Chapter. 

Table 3.3 - Polarization Data for 3MPT 

Peak frequency em·1 Polarization Area p Assignment 

I 
1087 I..L 14211 0.64 

I 
asymmetric 

I 1087 II 9208 

I 
1004 I..L 50602 033 

I 
symmetric 

I 1004 II 16474 

I 
1163 I..L 7011 0.93 

I 
asymmetric 

I 1163 II 6561 

1181 I..L 11415 0.52 partially polarized 

1181 II 5930 
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Figure 3.9. Raman polarization data in the v(C.C) region of 3MPT for (a) parallel 
polarized radiation, (b) perpendicularly polarized radiation. Integration 
times: (a) 300 s, (b) 300 s. Excitation wavelength: (a and b) 514.5 nm. 



p(C-H) Region 

Tetramethoxysilane 
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The Raman spectra for neat TMOS and crystalline TMOS between 2700 and 3100 

cm-I are rather simple. All observed vibrations in this region are associated with the 

methyl groups of the alkoxides, as shown in Figure 3.10 and Table 3.1. The intense 

singlet at ca. 2843 cm- I is assigned to the symmetric C-H stretch. The asymmetric C-H 

stretch occurs at longer wavelengths, ca. 2977 em't, as a shoulder on the v.(CH3,FR) band, 

ca. 2945 cm- I
, and is more prominent in the crystalline TMOS spectrum. 

1-Propanethiol 

Although the v(C-H) region of alkane systems is very complex, containing up to 

as many as 14 bands, the vibrational behavior in this region has been well

characterized.3
•
S6 Figure 3.11 shows the v(C-H) region for neat 1-propanethiol, crystalline 

1-propanethiol, and 1-propanethiolate. This region is comprised of five vibrational 

modes, the v.(CH2), v.(CH3), v.(CH2,FR), v.(CH3,FR), and va(CH3). The reader is 

referred to Table 3.1 for corresponding peak assignments. Previous vibrational studies 

of 1-propanethiol have neglected the v(C-H) region. Therefore, the assignments 

presented here are based on longer n-alkanethiols.3
•
18

• 3.41 

For the neat 1-propanethiol (Figure 3.11a), the two vibrations associated with 

the methylene units, v.(CH2) and v.(CH3,FR) are observed at ca. 2857 cm'l and 2924 cm-t, 

respectively. The remaining three vibrational modes are attributed to the methyl group 

and are assigned to the v.(CH3), JI.(CH3,FR), and Jla(CH3) at ca. 2873, 2931, and 
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Figure 3.10. Raman spectra in the vee-H) region for (a) neat liquid TMOS, (b) 

crystalline TMOS. Integration times: (a) 10 s, (b) 20 s. Excitation 
wavelength: (a and b) 514.5 nm. 
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Figure 3.11. Raman spectra in the II( C-H) region of ( a) neat liquid 1-propanethiol, (b) 
crystalline I-propanethiol, (c) aqueous I-propanethiolate. Integration 
times: (a) 6 s, (b) 6 s, (c) 180 s. Excitation wavelength: (a - c) 514.5 nm. 
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2964 cm-!, respectively_ These assignments are consistent with those for longer n-

alkanethiols_3.!8.3.4! Upon freezing 1-propanethiol, the v.(CH3,FR) mode and the second 

v.(CH2) mode are no longer observed. However, two new vibrations are observed, one 

at ca. 2840 cm-! and the other at ca. 2914 cm-!, which appears as a shoulder on the 

V(CH20FR) band. The first band is assigned to v.(CH2) and the second band is assigned 

to va(CH2). These assignments are based on previous studies of longer n-alkanethiols.3.!8 

For 1-propanethiolate, the v.(CH2) and lJa(CH2) bands at ca. 2947 and 2914 cm-!, 

respectively, significantly increase in intensity compared to neat I-propanethiol and 

crystalline 1-propanethiol and may be an indication that the alkyl chains are in an 

ordered environment, as discussed previously. 

(3-Mercaptopropyl)trimethoxysilane 

The spectral information in the v(C-H) region of 3MPT is similar to that of 

TMOS and 1-propanethiol. Figure 3.12 shows the spectra of the neat liquid 3MPT and 

crystalline 3MPT. The intense band at ca. 2842 cm-! is assigned to v.(CH3) of the 

methoxy groups. The next most intense band is assigned to the methyl Fermi resonance 

at 2941 em-I, p.(CH3,FR). These assignments are in excellent agreement with those of 

TMOS. 

The remaining bands in the 3MPT spectrum are associated with methylene units. 

The bands at 2889 and 2928 cm-! are assigned to v.(CH2) and v.(CH2,FR), respectively. 

For I-propanethiol, there is a band at 2873 cm-! which is assigned to p.(CH3). The band 

at 2889 was not assigned to p.(CH3) based primarily on hydrolyzed 3MPT data as will 
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Figure 3.12 Raman spectra in the v(e-H) region of (a) neat liquid 3MPT, (b) 
crystalline 3MPT. Integration times: (a) 5 s, (b) 16 s. Excitation 
wavelength: (a and b) 514.5 nm. 
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be discussed in Chapter 4. Likewise, the shoulder at ca. 2964 cm'l is assigned to I'a(CH2) 

and not Jla(CH3) based on hydrolyzed 3MPT data and will also be discussed in Chapter 

4. Although not noticeable in the solution spectrum, an additional asymmetric band at 

ca. 2910 cm'l becomes evident when the neat solution is frozen, and is assigned to 

Jla(CH2)· 

Conclusions 

3MPT is comprised of two functional groups that resemble TMOS and 1-

propanethiol. TMOS and 1-propanethiol were used as models to provide detailed 

vibrational assignments for 3MPT. Although there are subtle changes in peak 

frequencies, both TMOS and 1-propanethiol proved to be excellent models for studying 

3MPT. The vibrational assignments will be used to asses the conformational order of 

3MPT at Ag and Au surfaces before and after hydrolysis and condensation reactions. 

The surface Raman spectra will be compared to the neat 3MPT and crystalline 3MPT 

in order to ascertain the molecular orientation of the surface adsorbed species. 
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CHAPTER 4 

Characterization of Self-Assembled Monolayers of 
(3-Mercaptopropyl)trimethoxysilane 

and Their Hydrolysis Products 
on Ag and Au Surfaces 

Introduction 

Formation of organic monolayer films by self-assembly is a common approach for 

modification of a variety of metal and oxide surfaces. These monolayer systems have 

characteristic structures and properties (eg. monolayer, non-polar, highly ordered, and 

densely packed at their Van der Waals radii4.1 -4.4) that find applications in the areas of 

adhesion, corrosion, lubrication, biocompatability, and catalysis.4.5 The interaction of 

organic molecules at surfaces is dependent on the structure of the molecule and the 

nature of the substrate. This is evident from the studies of self-assembled monolayers 

(SAMs) of thiols at Ag,4.I, 4.4, 4.5, 4.6 AU4.1. 4.4, CU,4.1, Pt,4.7 and Ge4.8, alkanoic acids on 

AI 0 4.9 and Ag 4.10.4.11 and chlorosilanes at SiO 4.12, 4.13 and AU4.14 surfaces Techniques 2 3, 2 • 
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employed in the aforementioned studies for the characterization of these molecular 

assemblies include IR spectroscopy,4.I, 4.3, 4.S -4.12,4.14,4.15,4.16 Raman spectroscopy,4.4, 4.6, 4.7 

ellipsometry,4.2, 4.3, 4.9, 4.11, 4.13, 4.16, 4.17 contact angle measurements,4.I, 4.12, 4.17, 4.IS x-ray 

photoelectron spectroscopy,4.I, 4.9, 4.13,4.17 and electrochemistry,4.2, 4.3, 4.14 Studies of SAMs 

at metal and oxide surfaces have predominantly involved n-alkanes terminated with a 

single reactive functional group such as -SH, -COOH, or -SiCI3• However, organic 

molecules containing two functional groups are also of interest. This approach has been 

demonstrated quite effectively with organosilanes. 

In past work, organosilanes of the general structure R' -Si(O R )3' where R' contains 

a terminal amino or thiol group, have been used in glass-phenolic and polyester resin 

composites to improve the mechanical properties of these materials in the presence of 

water and to improve the adhesive properties of surface coatings, such as paints and 

epoxies, to stainless steel and A120/·19-4.28 (3-Mercaptopropyl)trimethoxysilane (3MPT) 

has been used to provide surface protection, promote adhesion of thin metal films to 

oxide surfaces,4.2S and to tether molecules such as zeolites4
•
29 to a metal surface. 

3MPT is comprised of two reactive functional groups. The thiol tail is able to 

form a covalent bond to a variety of metal surfaces (e.g. Ag, Au, Pt, Cu, and Ge) through 

the sulfur atom.4
•
t -

4
•
S The methoxy headgroup can undergo hydrolysis and condensation 

reactions, which are the basis of sol-gel synthesis.4.30 These two functional groups allow 

3MPT to act as a molecular adhesive between metal and oxide surfaces.4.1D 
- 4.23 

As with other organosilanes, little work has been done to investigate the surface 

chemistry of 3MPT at the surfaces it is used to modify. The molecular orientation of 
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3MPT on Ag and Au surfaces is discussed in this Chapter. Particular attention is given 

to possible orientational changes that may occur as the self-assembled monolayer 

undergoes hydrolysis and condensation reactions. 

Raman Characterization 

Modified Ag Surfaces 

v(C-S), v(Si-C), and v(Si-O) Region. Figure 4.1 shows Raman spectra in the region 

between ca. 450 and 900 cm'\ for neat 3MPT, 3MPT after gelation, 3MPT adsorbed to 

a smooth Ag surface before hydrolysis and condensation, 3MPT adsorbed to a smooth 

Ag surface after hydrolysis and condensation under acidic conditions, and 3MPT 

adsorbed to a roughened Ag surface after hydrolysis and condensation under basic 

conditions. The vibrational modes of interest in this region are v.(Si-OC), va(Si-OC), v(S

Ch, v(S-C)o, v(Si-Ch, JI(Si-C)o, v(S-S), and v(Si-O-Si). Vibrational assignments and their 

corresponding frequencies are listed in Table 4.1. 

Figure 4.1a shows the Raman spectrum of liquid 3MPT. The relative intensities 

of the v(C-S)o band at ca. 649 cm'\ and the v(C-Sh band ca. at 742 cm'\ provide 

information about the uniformity and order of the molecular layer. The higher intensity 

of the v(C-C)o band relative to the v(C-Ch band in the spectrum of neat 3MPT suggests 

that the molecules are in arelatively disordered environment, as expected, in the liquid. 

Gelled 3MPT was formed by hydrolyzing 3.0 mL 3MPT with 10.0 mL of 50/50 

(v/v) water/methanol. The sol gelled overnight and resembled gels made from TMOS. 

Excess solvent was removed by heating the gel at 10DOC for 24 h. In the spectrum of 
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Gelled JMPT, and JMPT Adsorbed to a Ag Surface. 

Liquid Gel 
(an-') (em-') 

_. 
S07 

- 520she 

611 -
639 -
649 649 

677 -
684 -
714 -
742 742 

- -
- 798 

820 

866 862 

922 918 

95S -
1006 1003 

1032 1031 

1044 1041 

- -
1087 -
- lh 

1104 -
- 1112 

- 1126 

1163 -
- -

1181 -
1241 124Jlh 

1260 1260 

1302 1303 

1341 1343 

2842 -
- 2B61lh 

2889 

2928 

2941 

2964lh 

1- • not observed 
'1' • trans 

2888 

2921 

-
2959 

Smoolh 
AS (an-') 

-
-
sh 

sh 

632 

-
-
-

704 

-
-

811 

-
-

9S4 

999 

1033 

sh 

-
1088 

1097 

lh 

-
-
-

117" 

-
1242 

-
-
-

2844 

-
2891lh 

2922 

2938 

-

Smoolh AS Smoolh AS 
Aller H· Aller OW 
(em-') (em") 

- -
514 520 

- -
- -

63J 634 

- -
684 681 

- -
lh lh 

757 751 

799 799 

- -
- -
- -

953 952 

998 998 

1034 1032 

sh sh 

1081 1082 

- -
lh 1097 

- -
lh lh 

lh lh 

- -
1173 1171 

- -
1242 1141 

- -
- -
- -
- -

28S4lh 28S6 

2890sh 2B93sh 

2919 2918 

lh -
296Jlh 2961lh 

·sh a shoulder 
Sjp • in-plane 

AS1ignmenl 

vb(S-S) 

v (Si·O-Si) 

v.(Si·OC)) 

v.(Si-OC» 

v (S-C)Gd 

v(Si.(;)G 

v(Si.(;),· 

v (S-C), 

v(SI-OH) 

v (Si-O-Si) 

v.(Si-O.(;) 

CH2 rk,' 

CH] rkG 

v.(C'(;), 

CH2 rk, 

v(C.(;)G 

CH2 1WU1, 
v.(5iO,(;) 

CH2 lWiSi 

v.(5;0'(;) 

v(5i-OoSl) 

CH2 1WilI, 

CH] rio ope 

CH2 IWilI 

CH] rio ,ph 

CH2 1WilI, 

CH2 1Wisl, G 

CH2 1WilI, 

CH2 IWiSl, 

v.(CH]) 

v.(CH2) 

v.(CH2) 

v.(CH2·FR) 

v.(CH].FR) 

v.(CH2) 

dO = gauche 
hop .. out-of-plane 

121 



>-
~ .-
en 
c 
(]) 
~ 

c 

500 600 700 800 900 

Wavenumbers (cm-1) 

122 

Figure 4.1. Raman spectra in the JI(C-S) region of (a) neat (liquid) 3MPT, (b) bulk 
3MPT gel, (c) 3MPT adsorbed at smooth Ag surface before hydrolysis 
and condensation, (d) 3MPT adsorbed at smooth Ag surface after 
hydrolysis and condensation in an aqueous acidic solution, (e) roughed Ag 
surface after hydrolysis and condensation in an aqueous basic solution. 
Integration times: (a) 30 s (b) 30 min, (c) 150 min, (d) 120 min (e) 10 
min. Excitation wavelength: (a-e) 514.5 nm. 
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gelled 3MPT, Figure 4.1b, the larger intensity of the JI(C-S)o mode, relative to the JI(C-Sh 

mode, indicates considerable disorder in this system as well. Spectroscopic evidence for 

the hydrolysis of the methoxy groups is indicated by the absence of the two JI.(Si-OC) 

bands and the broad Jla(Si-OC) band. These bands appear in the solution spectrum 

(Figure 4.1a) at ca. 611, 639, and 820 cm- I
, respectively. Confirmation of siloxane bond 

formation as a result of condensation is indicated by the presence of the two bands at 

ca. 520 and 798 cm-I•4.26 -28, 4.31 -4.33 Additional cross-linking between the 3MPT molecules 

in this gel is indicated by the band at ca. 507 cm- I
, which is assigned to the JI(S-S) mode 

indicating disulfide bond formation.4
•
34 

In the spectrum of the 3MPT monolayer on the Ag surface, Figure 4.1c, the JI(C

S)T band (ca. 704 cm-I
) shifts ca. 38 cm- I and the JI(C-S)o band (ca. 632 cm- I

) shifts ca. 17 

em-! to lower frequencies relative to their positions in neat 3MPT. The JI(C-S)o mode 

decreases in intensity and the JI(C-Sh increases in intensity, relative to the spectrum of 

neat 3MPT. The spectra from the Ag surfaces in Figure 4.1 are dominated by the JI( C-S) 

modes, due to the proximity of bond to the Ag surface. The JI(C-Sh and JI(C-S)o modes 

both shift to lower frequencies and change in relative intensity upon adsorption of the 

thiol to the Ag surface. These observations are consistent with the results obtained for 

1-propanethiol, which are discussed in Appendix C. The change in JI(C-S) frequency is 

characteristic for thiols adsorbed to metal surfaces, and is indicative of thiolate-metal 

bond formation at the Ag surface.4•4• 4.6, 4.35, 4.36 The decrease in the intensity of JI(C-S)o 

band relative to the intensity of JI(C-Sh band indicates that, upon adsorption, the two C 

atoms closest to the S exist predominantly in a T conformation in the monolayer film. 
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Interestingly, the two v.(Si-OC) bands decrease in intensity upon adsorption, and 

appear as shoulders on the v(C-S)o band (ca. 632 cm·I
), but the va(Si-OC) band (ca. 811 

cm·l) appears to be relatively unchanged. These spectral discrepancies are believed to 

be due to the orientation of the methoxy groups relative to the Ag surface. Surface 

selection rules dictate that vibrations more perpendicular to the surface are enhanced 

relative to vibrations parallel to the surface.4
.
31 

"4.38 Based on these rules, the results 

suggest that the v.(Si-OC) vibration is largely parallel to the surface while the va(Si-OC) 

vibration is predominantly perpendicular to the surface. 

Upon hydrolysis and condensation in either an aqueous acidic (0.1 M HCI) or an 

aqueoues basic solution (0.01 M NaOH) for ca. 12, the v(C-Sh band (ca. 704 cm"l) 

decreases in intensity while the v(Si-Ch band (ca. 684 cm"l) increases in intensity, as 

shown in Figures 4.1d and 4.1e. Based on surface selection rules, these results suggest 

that a reorientation of the surface-adsorbed molecules occurs. The S-C bond is rotated 

into a predominantly parallel orientation, with respect to the Ag surface, and the Si-C 

bond becomes largely normal to the Ag surface. 

Further evidence for reorientation of adsorbed 3MPT by hydrolysis and 

condensation is shown more explicitly in Figure 4.2. For this series of spectra, the 

3MPT-modified surface was immersed into boiling water. These experimental conditions 

permitted observation of the conformational rearrangement over time by accelerating the 

hydrolysis and condensation reactions. Although the elevated temperatures do introduce 

some disorder into the self-assembled film, as suggested by the larger intensities of both 
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Figure 4.2. Raman spectra in the v(C-S) and v(Si-O) region, showing the 
reorientation of 3MPT as a result of hydrolysis and condensation reaction 
(a) before hydrolysis and condensation and after immersing surface in 
boiling water for (b) 5 min, (c) 10 min, (d) 35 min. Integration times: (a
d) 10 min. Excitation wavelength: (a-d) 514.5 nm. 
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the JI(C-S)o and JI(Si-C)o bands at ca. 622 and 675 cm'!, respectively, hydrolysis and 

condensation reactions do take place and changes in surface chemistry are observed. 

It is believed that hydrolysis and condensation of the 3MPT layer causes a 

reorientation of the self-assembled film to allow formation of a bridging Si-O-Si network. 

This reorientation is believed to be accomplished by a rotation of the 3MPT molecule 

around the C-S bond. In the new orientation, the C-S bond is more parallel to the 

surface, as suggested by the decrease in the JI(C-Sh intensity. Such a rotation brings the 

JI(Si-C) bond more perpendicular to the surface. In this position, the three oxygen atoms 

are in a more planar arrangement with respect to the surface, and are capable of forming 

the expected siloxane (Si-O-Si) network across the Ag surface, supported by the thiol 

chain. Evidence for the formation of this thin siloxane film is indicated by the presence 

of the JI(Si-O-Si) bands at ca. 525 and 800 cm·!. Similar bands are observed in the 

spectrum of gelled 3MPT, as shown in Figure 4.1b. The proposed change in 3MPT 

orientation and commensurate siloxane bond formation is shown schematically in Figure 

4.3. 

The weak band at ca. 755 cm'! in Figures 4.1d and 4.1e is believed to be 

associated with surface Si-OH groups, based on the observations of Artaki in a study of 

the hydrolysis of TMOS.4.39
, 4.40 Similar assignments have also been made by Koenig et 

aI. using prehydrolyzed aqueous solutions of other organosilanes such as 'Y-aminopropyl

triethoxysilane, vinyltrimethoxysilane, and 'Y-aminopropyldimethylethoxysilane.4.26. 2B 
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To further verify the assignment for the 755 cm'l band, the methoxy groups were 

hydrolyzed using a dilute alkaline solution, Figure 4.4a is a spectrum of a 20% solution 

of 3MPT in a 50/50 wt% methanol/water at a 1:6 mole ratio of silane:KOH, Figure 4.4b 

shows a spectrum of the same 20% solution, but without KOH. Both solutions were 

stirred vigorously for 5 min. The addition of KOH promotes hydrolysis of the methoxy 

groups as indicated by the absence of both p,(Si-O) bands, the Pa(Si-O) band and the 

presence of an intense band p(Si-OH) at ca. 755 cm'l. The 20% 3MPT solution is dilute 

enough to prevent considerable condensation of the methoxy groups as indicated by the 

weak intensity of the p(Si-O-Si) band at ca. 525 cm'l and the absence of the p(Si-O-Si) 

band at ca. 800 cm'l. Comparing the relative intensities of the 755 cm'l bands in Figure 

4.4a with the hydrolyzed surface 3MPT (Figures 4.1d and 4.1e) suggests that the surface 

fIlm contains only a small portion of Si-OH defect sites. The use of XPS to estimate the 

surface silanol coverage is described later in this Chapter. 

p(e-G) Region. Additional evidence for the formation of an organized 3MPT monolayer 

is found in the p(C.C) region shown in Figure 4.5. Analogous to the p(C·S) bond, the 

p(C.C) bonds of the alkyl chain exhibit separate vibrations for the G and T conformers. 

These modes also provide insight into the order/disorder of the propyl chain in the 

3MPT layer.4.4· 4.36 
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Figure 4.4. Raman spectra in the JI(C-S) region demonstrating hydrolysis of methoxy 
groups, (a) 20% 3MPT solution with KOH, (b) 20% 3MPT solution 
without KOH. Integration times: (a) 20 min, (b) 40 min. Excitation 
wavelength: (a-b) 514.5 nm. 
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Figure 4.5. Raman spectra in the II(C-C) region of (a) neat (liquid) 3MPT, (b) bulk 
3MPT gel, (c) 3MPT adsorbed at smooth Ag surface before hydrolysis 
and condensation, (d) 3MPT adsorbed at smooth Ag surface after 
hydrolysis and condensation in an acidic aqueous solution, ( e) 3MPT 
adsorbed at smooth Ag surface after hydrolysis and condensation in an 
aqueous basic solution. Integration times: (a) 5 min, (b) 40 min, (c) 120 
min, (d) 90 min, (e) 10 min. Excitation wavelength: (a - e) 514.5 nm. 
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The vibrational modes of interest in this region are the v(C-Ch, v(C-C)o, and 

va(SiO-C) bands. Vibrational assignments and the corresponding frequencies are listed 

in Table 4.1. The vibrations associated with the carbon backbone of the propyl chain 

occur between ca. 1000 and 1050 cm·\. The two bands at ca. 1006 and 1044 cm·\ are 

assigned to the v(C-Ch and v(C-C)o modes, respectively. Posset et aI. have previously 

assigned the 1006 cm·\ band to vibrational coupling of the v(Si03) and v(SiC) modes.4
•
4

\ 

However, the Raman data do not support this, as discussed below. The ca. 1032 cm-\ 

band is assigned as a CH2 rkT• The broad band centered at ca. 1100 cm-\ contains two 

overlapping (SiO-C) vibrations, an asymmetric vibration at ca. 1087 cm-\ and a symmetric 

vibration at ca. 1104 cm"t, as discussed in Chapter 3. 

As mentioned in Chapter 3, the large intensity of the v(C-C)o vibration (ca. 1044 

cm"\) for neat 3MPT (Figure 4.5a) suggests a disordered alkyl conformation. This 

disordered environment is maintained upon forming the gel (Figure 4.5b). The 

vibrational bands associated with the methoxy groups, the v.(SiO-C) and va(SiO-C) at ca. 

639 and 820 cm"\, respectively, are virtually absent in the spectrum of gelled 3 MPT, 

suggesting that the methoxy groups are fully hydrolyzed. Two bands appear in the 

spectrum of gelled 3MPT at ca. 1112 and 1126 cm"\ which are not observed in neat 1-

propanethiol, TMOS or 3MPT (refer to Chapter 3). The 1112 cm"\ mode is tentatively 

assigned to v(Si-O-Si). Vibrations associated with siloxane bonds have previously been 

reported in this frequency region for silica gel systems.4
•
42 The 1226 cm"\ vibration is 

assigned to a CH2 twistT and is analogous to a similar vibration observed in crystalline 

I-propanethioI. 
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Figure 4.5c is a Raman spectrum of 3MPT adsorbed to a smooth Ag surface prior 

to hydrolysis and condensation reactions. Figures 4.5d and 4.5e are Raman spectra of 

3MPT adsorbed to a smooth Ag surface after hydrolysis and condensation reactions in 

an aqueous acidic solution and an aqueous basic solution, respectively. When 3MPT 

adsorbs to a Ag surface, the p(C-C)r band increases in intensity relative to the p(C-C)o 

band. This observation is consistent with the results obtained for I-propanethiol 

(Appendix C) and further suggests that 3MPT adsorbs as an ordered layer on these 

surfaces. 

The p(C-C)r vibration, observed at ca. 1006 cm"· in neat 3MPT, shifts to ca. 999 

cm"· upon adsorption to the Ag surface. These vibrational changes suggest that the 1006 

cm"· band is due to an alkyl vibration, possibly associated with the thiol group. If the 

1006 cm"· band is due to vibrational coupling of the ,,(Si03) and p(SiC) modes, as 

suggested by Posset,4.4. a shift in frequency might be expected to accompany hydrolysis 

and condensation but not adsorption through the thiol tail of the molecule. The spectra 

in the p(C-C) region show that hydrolysis and condensation do not shift the frequency 

of the 1006 cm"! band, even though reorientation of the alkyl chain occurs to 

accommodate siloxane bond formation. These observations reaffirm the vibrational 

assignments for 3MPT, including the p(C-C)r assignment for the 1006 cm"! band, and 

suggest that the alkyl chains remain in a T conformation, normal to the surface, 

throughout the reorientation process, as shown in Figure 4.3. 

Three bands appear in the surface spectra, at ca. 1174, 1081 and 1097 cm"·, that 

need further consideration and clarification. The first band appears to be unaffected by 



133 

hydrolysis and condensation and is tentatively assigned as a CH2 twist, based on the 

observations made by Snyder et a1.4.43.4.44 The frequencies of the other two bands are 

similar in frequency to the v(SiO-C) modes of neat 3MPT. As the methoxy groups are 

hydrolyzed, these SiO-C vibrations should disappear, as was observed for the 3MPT gel. 

Since the Raman spectra in the v(S-C) and v(C-H) regions suggest that the methoxy 

groups are fully hydrolyzed, these bands can not be due to v(SiO-C) modes and are 

therefore assigned to CH2 twist modes. 

vee-H) Region. Figure 4.6 shows Raman spectra in the region between ca. 2700 and 3100 

em'l for neat 3MPT, 3MPT after gelation, 3MPT adsorbed to a smooth Ag surface before 

hydrolysis and condensation, 3MPT adsorbed to a smooth Ag surface after hydrolysis and 

condensation under acidic conditions, and 3MPT adsorbed to a roughened Ag surface 

after hydrolysis and condensation under basic conditions. The vibrations of interest in 

this region are the v.(CH3), v.(CH2), v.(CH2,FR), v.(CH3,FR), and v,,(CH2) modes. The 

vibrational assignments and corresponding frequencies are listed in Table 4.1. 

For neat 3MPT, Figure 4.6a, the symmetric methyl and the symmetric methyl 

Fermi resonance vibration, at ca. 2842 and 2941 cm'l, respectively, are the most intense 

vibrations. For gelled 3MPT (Figure 4.6b), both of these methyl vibrations disappear as 

expected. During hydrolysis and condensation, the methoxy groups are removed as 

methanol to form silanols and siloxane bonds. Therefore, the remaining v(C-H) 

vibrations in the gelled solid are associated with the CH2 groups of the propyl chain, 

v.(CH2), and v.(CH2,FR). 



a 

>- b -f--J .-
(f) 

c 
Q) 

-f--J 
C 

2700 2800 2900 3000 

Wavenumbers (cm-1) 

134 

Figure 4.6. Raman spectra in the vee-H) region of (a) neat (liquid) 3MPT, (b) bulk 
3MPT gel, (c) 3MPT adsorbed at smooth Ag surface before hydrolysis 
and condensation, (d) 3MPT adsorbed at smooth Ag surface after 
hydrolysis and condensation in an aqueous acidic solution, ( e) 3MPT 
adsorbed at a roughened Ag surface after hydrolysis and condensation in 
an aqueous basic solution. Integration times: (a) 5 min, (b) 20 min, (c) 
120 min, (d) 60 min, (e) 10 min. Excitation wavelength: (a - e) 514.5 nm. 
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The spectrum of unhydrolyzed 3MPT on Ag contains the expected JI(C-H) bands 

associated with the methoxy groups, as shown in Figure 4.6c. Upon hydrolysis and 

condensation, these peaks disappear, leaving only the vibrational modes associated with 

the methylene groups (Figure 4.6d and 4.6e). In fact, these spectra are very similar to 

that of the gelled solid, further supporting the premise that sol-gel chemistry is occurring 

on the adsorbed 3MPT species. 

It should be noted that the band at ca. 3064 cm'! is assigned to Jla(CH2) and not 

JliCH3) and the band at ca. 2856 cm'! is assigned to JI.(CH2) and not to JI.(CH3), as has 

been suggested by previous studies of n-alkanethiols,4.4· 4.36 based on hydrolyzed 3MPT 

data. If the 3064 band was a Jla(CH3) mode, then it should decrease proportionally with 

the JI.(CH3,FR) and the JI.(CH3) bands, and it clearly does not. The extremely acidic and 

basic solutions should ensure that all the methoxy groups are fully hydrolyzed after 12 

h, as suggested by the methyl vibrations. The 2856 cm'! band is clearly present only after 

hydrolysis and condensation and therefore assigned to JI.(CH2). 

JI(O-H) Region. A spectrum in the JI(O-H) region between ca. 3300 and 3775 cm'! for 

3MPT adsorbed on Ag after hydrolysis and condensation under acidic conditions is 

shown in Figure 4.7. The assignments of the JI(O-H) bands observed are based on 

vibrational data from sol-gel and chromatographic systems.4.43. 4.4S, 4.47 The observation 

of mUltiple bands in this region suggests the presence of physisorbed H20 and the 

presence of Si-OH defects. The broad band between 3450 and 3550 cm'! is assigned to 

physisorbed H20 at the surface.4.4s. 4.47 The two weak bands at ca. 3658 
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Figure 4.7 Raman spectra in the JI(O-H) region of 3MPT adsorbed to Ag after 
hydrolysis and condensation reactions. Integration time: 35 min. 
Excitation wavelength: 514.5 nm. 
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and 3637 cm-! indicate the presence of several surface silanol environments. The band 

at 3658 cm-! has been previously assigned to a bridged (i.e. hydrogen-bonded) surface 

silanol groUp.4.4S. 4.47 The small shoulder at 3738 cm-! is indicative of the presence of 

isolated (i.e. not hydrogen-bonded) surface silanol groups.4.46. 4.47 Thus, ample qualitative 

evidence exists for the presence of different silanol groups on the surface of these 

monolayers. Unfortunately, surface Raman spectroscopy is not a good quantitative tool 

for assessing relative surface silanol populations. The use of XPS to estimate surface 

silanol coverage is discussed below. 

Modified Au Surfaces 

JI(C-S), JI(Si-C), and JI(Si-O) Region. Figure 4.8 shows spectra in the JI(C-S) region for a 

layer of 3MPT adsorbed on a mildly roughened Au surface before and after hydrolysis 

and condensation reactions, and a 3MPT layer adsorbed on a smooth Au surface before 

and after hydrolysis and condensation reactions. The vibrational modes of interest in this 

region are the JI.(Si-OC), Jla(Si-OC), JI(S-C)r. JI(S-C)o, JI(Si-Ch, JI(Si-C)o, JI(S-S), and ,,(Si

O-Si) and are listed in Table 4.2. 

Comparison of the spectra of adsorbed 3MPT on Ag, rough Au, and smooth Au 

surfaces, Figure 4.1c with Figures 4.8a and 4.8c, respectively, shows that the vibrational 

spectra for 3MPT on Au is significantly different than that on Ag. This is indicated, most 

noticeably, by the differences in relative intensity of the JI.(Si-OC) and ,,"(Si-OC) bands, 

between the two surfaces. For the 3MPT layer on Au, the two JI.(Si-OC) bands at ca. 611 

and 634 cm-! are both strong and the Jla(Si-OC) band at ca. 820 cm-! is weak. 



Liquid 
(an-') 

_8 

-
611 

639 

649 

677 

684 

714 

742 

-
-

820 

866 

922 

955 

1006 

1032 

1044 

-
1087 

-
1104 

2842 

-
2889 

2928 

2943 

2964 

Table 4.2 • Raman Frequeyncies and Assignments for 
3MPT Adsorbed to a Au Surface. 

Gel Rough Au Rough Au Smooth Smooth Au 
(an-') (an-') After H+ Au (an-') After H+ 

(an-') (em-') 

S07 - - - -
520shc - 531 - 527 

- sh - 615 -
- 634 - 633 -

649 - 632 - 630 

- - - - -
- - 684 - 681 

- - - - -
742 710 702 711 702sh 

- - 752 - 752 

798 - 802 - 794 

818 - 822 -
862 - - - -
918 - - - -
- sh sh sh sh 

1003 996 997 997 99S 

1031 1037 1036 1033 1032 

1041 - - - -
- - 1084 - 1079 

- 1089 - 1087 -
sh - sh - 1096 

- - - - -
- 2840 - 2836 -

2861sh - 2853sh - 2858 

2888 2884 2889 2892 2890 

2921 - 2921 - 2922 

- 2936 - sh -
2959 - 2963 - 2961sh 

Assignment 

vb(S-S) 

v(Si-O-Si) 

vs(Si-OC» 

vs(Si-OC» 

v (S-C)Gd 

v(Si-C)G 

v(Si-C)Te 

v (S-C)T 

v(Si-OH) 

v(Si-O-Si) 

va(Si-O-C) 

CH2 rk\ 

CH3 rkG 

vs(C-C)T 

CH2 rkT 

v (C-C)G 

CH2 twistT 

va(SiO-C) 

CH2 twist 

vs(Si-OC) 

v s(CH3) 

vs (CH2) 

v a(CH2) 

vs(CH2,FR) 

v s(CH3,FR) 

va(CH2) 

8.. = not observed 
~ = trans 

bV = stretch 
(rk = rock 

csh = shoulder dO = gauche 
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Figure 4.8. Raman spectra in v(C-S) region of (a) 3MPT adsorbed at mildly 
roughened Au surface before hydrolysis and condensation, (b) 3MPT 
adsorbed at mildly roughened Au surface after hydrolysis and 
condensation in aqueous acidic solution, (c) 3MPT adsorbed at smooth 
Au surface before hydrolysis and condensation, (d) 3MPT adsorbed at 
smooth Au surface after hydrolysis and condensation in an aqueous acidic 
solution. Integration Times: (a) 30 min, (b) 30 min, (c) 40 min (d) 60 
min. Excitation wavelength: (a - b) 600 nm, (c - d) 720 nm. 
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This behavior is opposite to that observed for the 3MPT layer on Ag. Surface selection 

rules suggest that on Au, the Si-OCH3 bonds have a significant component perpendicular 

to the surface. This orientation is consistent with the larger intensities of the two p.(Si-

OC) bands at ca. 615 and 634 cm-I relative to the intensity of Pa(Si-OC) at 820 em-I. This 

orientation also requires the S-C bond to be more parallel to the surface and the Si-C 

bond to be more perpendicular to the surface, as shown in Figure 4.9. As a result, the 

p.(Si-OC) vibrations are strong for 3MPT on Au but weak for 3MPT on Ag. Similarly, 

the Pa(Si-OC) is strong for 3MPT on Au but weak for 3MPT on Ag. 

These different orientations for 3MPT on Ag and Au surfaces are consistent with 

the behavior of other S-containing molecules on Ag and Au. Previous studies have 

shown that the orientations of self-assembled monolayers of alkanethiols on Ag and Au 

are different. The alkyl chains are tilted from surface normal by varying degrees, ca. 13° 
. 

for Ag and ca 30° for Au, and rotated about the chain axis so the S-C bond is more 

perpendicular to the surface for Ag and more parallel to the surface for Au.4•I, 4.4, 4.15 - 4.18 

Raman spectra of the self-assembled 3MPT layers on Au after hydrolysis and 

condensation, Figures 4.8b and 4.8c, exhibit bands associated with siloxane bond 

formation at ca. 525 and 800 cm- I
, as observed on Ag. After hydrolysis and condensation, 

all three Si-OC vibrations disappear, further confirming that the methoxy groups are 

hydrolyzed. However, unlike the 3MPT layer on Ag, the molecules on Au do not require 

a rotation around the S-C bond to form the Si-O-Si network. This is shown schematically 

in Figure 4.9. 
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Comparison of the v(Si-O-Si), v(Si-OC), v(Si-C), and the v(S-C) vibrations for 

3MPT on Au with those on Ag suggests that the hydrolyzed 3MPT layers on both 

surfaces are essentially identical. Thus, although the initial orientation of 3MPT on the 

two metal surfaces is different, hydrolysis and condensation reactions force the self

assembled 3MPT fIlm to adopt an orientation dictated by siloxane bond formation. 

v(C-C) Region. Figures 4.10a and 4.1Ob are Raman spectra of 3MPT adsorbed to mildly 

roughened Au surfaces before and after hydrolysis and condensation reactions in an 

aqueous acidic solution, respectively. Figures 4.10c and 4.1Od are Raman spectra of 

3MPT adsorbed to smooth Au surface before and after hydrolysis and condensation 

reactions in an aqueous acidic solution, respectively. The vibrations of interest in this 

region are the v(C-Ch, v(C-C)o, and va(SiO-C) bands and are listed in Table 4.2. 

Comparing the spectra of adsorbed 3MPT on Au with those on Ag (Figure 4.5) 

shows that the vibrational spectra are strikingly similar. The large intensity of the v(C

Ch band, at ca. 996 cm'l, relative to the v(C-C)o band, which is not observed, suggests 

that 3MPT adsorbs to Au surfaces in an ordered fashion. After hydrolysis and 

condensation reactions, the spectra do not show significant changes in the v(C-C) region, 

analogous to the observations made for 3MPT on Ag. 

v(G-H) Region. Figures 4.11a and 4.11b are Raman spectra of 3MPT adsorbed to mildly 

roughened Au surfaces before and after hydrolysis and condensation reactions in an 

aqueous acidic solution, respectively. Figures 4.1lc and 4.11d are Raman spectra of 
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Figure 4.10. Raman spectra in the JI(C-C) region of (a) 3MPT adsorbed at mildly 
roughened Au surface before hydrolysis and condensation, (b) 3MPT 
adsorbed at mildly roughened Au surface after hydrolysis and 
condensation in aqueous acidic solution, (c) 3MPT adsorbed at smooth 
Au surface before hydrolysis and condensation, (d) 3MPT adsorbed at 
smooth Au surface after hydrolysis and condensation in an aqueous acidic 
solution. Integration times: (a) 30 min, (b) 40 min, (c) 240 min, (d) 180 
min. Excitation wavelength: (a - d) 600 nm. 
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Figure 4.11. Raman spectra in the v(C-H) region of (a) 3MPT adsorbed at mildly 
roughened Au surface before hydrolysis and condensation, (b) 3MPT 
adsorbed at mildly roughened Au surface after hydrolysis and 
condensation in an acidic solution, (c) 3MPT adsorbed at smooth Au 
surface before hydrolysis and condensation, (d) 3MPT adsorbed at 
smooth Au surface after hydrolysis and condensation in an aqueous acidic 
solution. Integration times: (a) 10 min, (b) 30 min, (c) 120 min (d) 40 
min. Excitation wavelength: (a - d) 600 nm. 
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3MPT adsorbed to smooth Au surface before and after hydrolysis and condensation 

reactions in an aqueous acidic solution, respectively. The vibrational bands observed in 

this region are PI(CH3), p.(CH2), p.(CH2,FR), p.(CH3,FR), and Pa(CH2). The 

corresponding assignments and frequencies are listed in Tables 4.2. 

Comparing the spectra of adsorbed 3MPT on Au with adsorbed 3MPT on Ag 

shows that the vibrational spectra are similar in this region as well. Unhydrolyzed 3MPT 

on Au and Ag contain both pee-H) bands associated with the methoxy groups. Upon 

hydrolysis and condensation, these peaks disappear, leaving only the vibrational modes 

associated with the methylene groups. These spectra are also similar to the spectra of 

the gelled solid, Figure 4.6b. 

It is interesting to note that before hydrolysis and condensation, the PI(CH3) 

vibration is more intense on Au than on Ag. This spectral difference is consistent with 

the proposed orientations for 3MPT on Ag and Au and is consistant to the observations 

made in the p(C-S) region. The orientation for 3MPT on Au places the PI(CH3) 

vibration more normal to the surface resulting in greater intensity for this band. 

Figures 4.11c and 4.11d show 3MPT adsorbed at smooth Au before and after 

hydrolysis and condensation reactions, respectively. As was observed in the C-S and C-C 

regions, the response from the smooth Au surface resembles that from the roughened 

Au surface; therefore, similar orientations of the film are indicated on both surfaces. 
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Cyclic Voltammetry 

Cyclic voltammetry has been used extensively to characterize SAMs formed from 

alkyltrichlorosilane4.1 4• 4.48 ·4.50 and n-alkanethiols.4.2• 4.3. 4.6. 4.SI. 4.S2 Much of this interest has 

centered on preparing well-defined models for studies of interfacial heterogeneous 

electron transfer, ion transport, and the electrochemical double layer. Self-assembled 

films of alkyltrichlorosilanes and n-alkanethiol monolayers provide a convenient and 

versatile method for preparing well defined molecular films on the electrodes. 

Evaluation of redox processes at SAM-modified electrode surfaces provides 

information about the ability of ions and molecules to penetrate the SAM, thereby giving 

an indication of film quality. Electron transfer through a closest-packed monolayer of 

alkyl chains is predicted to have an exponential dependence on the separation between 

the electron donor and the electron acceptor.4
.
3 As the degree of structural integrity 

decreases, the extent of heterogeneous electron transfer significantly increases. Previous 

results have shown that SAMs formed from n-alkanethiols hinder redox reactions at the 

metal surface. For long chain alkanethiols (e.g. CI8), the van der Waals interactions of 

the alkyl chains create a molecular film that is a highly effective dielectric barrier. 

However, the shorter alkanethiols (e.g. C3 or C4) provide a less effective dielectric 

barrier; these self-assembled films appear to contain more defect sites such as pinholes, 

domain edges, and conformational defects.4
•
3 These defects are believed to be caused by 

grain boundaries, step sites, and kink sites on the electrode surface. The shorter 

aIkanethiols can not accommodate the changes in the underlying metal surface as well 

as the longer aIkanethiols. 
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Octadecyltrichlorosilane and octadecyldimethy1chlorosilane have also been used 

as electrode blocking agents. Chlorosilanes are less reactive toward the metal electrodes 

than alkanethiols, and therefore, do not cover the electrode surface as effectively as 

alkanethiols. Rubinstein et al. have been able to use these properties to create uniform 

pinholes which function as microelectrodes.4
•
49

• 4.50 

Like other electrochemical probes of SAMs, deposition of Pb onto SAM

modified electrode surfaces provides a way to investigate the defect structures of seIf

assembled monolayers. The degree of penetration of the Pb +2 through the thiol film to 

the electrode surface gives an indication of permeability and disorder within the thiol 

film.4.s. 4.36 

The reduction of Pb+2 at a Ag surface results in the deposition of two types of 

Pb atoms, monolayer Pb and bulk Pb. Deposition of the monolayer occurs at a potential 

more positive than the standard Nernst potential for the redox couple. This phenomenon 

is known as underpotential deposition (UPD). The first monolayer of Pb atoms attach 

to the Ag surface through the formation of a stable Pb-Ag bond.4
•
s3 The increased 

stability of the first monolayer is attributed to the partial charge transfer from the Pb 

atoms to the Ag surface, and is proportional to the difference between their 

e1ectronegativites.4
.S4 - 4.56 Bulk deposition occurs at the standard Nernst potential for the 

redox couple and represents the reduction of additional Pb atoms onto the first 

monolayer. 
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Figure 4.12. Pb UPD on (a) bare Ag electrode, (b) unhydrolyzed 3MPT film on Ag, 
(c) hydrolyzed 3MPT film on Ag. Sweep rate = 15 mY Is in 0.01 M 
KCljO.OOl M Pb(N03)z' 
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Figure 4.12a shows the cyclic voltammogram for the deposition of Pb onto a bare 

Ag surface. The two cathodic waves at ca. -0.35 and -0.47 V (versus a Ag/ Agel 

reference electrode) represent monolayer and bulk deposition, respectively. Previous 

studies in this laboratory have shown that the bulk and underpotential deposition of Pb 

occur at potentials positive of alkanethiol reductive desorption and negative of Ag 

oxidation.4
•
36 Therefore, these UPD studies are performed in a potential window in 

which the interfacial chemistry of the 3MPT / Ag systems is electrochemically stable. 

A broad cathodic UPD peak is observed for 3MPT-modified Ag surfaces at ca. 

-4.03 V, as shown in Figure 4.12b. The presence of the UPD peak suggests that a small 

number of Pb+2 atoms do penetrate the 3MPT layer and reach the Ag surface. The 

negative shift of the UPD peak, ca. 0.1 V relative to this process on an unmodified Ag 

surface, reflects the enery required to drive Pb +2 through the thiol film to the Ag surface. 

3MPT acts like a thin dielectric film, which hinders electron transfer. Therefore, the 

potential for bulk Pb deposition on the 3MPT-modified surface is also shifted slightly 

negative by ca. 0.01 V. 

When the 3MPT-modified surface is hydrolyzed, only bulk deposition is observed 

(Figure 4. 12c), suggesting that the siloxane film prevents the Pb+2 from coming in 

immediate contact with the Ag surface. This further supports the theory that, upon 

hydrolysis, the 3MPT layer forms a cross-linked Si-O-Si network across the Ag surface. 

This cross-linked layer appears to be free from gross defects, for it prevents the Pb+2 

from reaching Ag surface. The blocking ability of the hydrolyzed 3MPT layer is 
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comparable to that provided by longer alkanethiollayers, and is significantly better than 

short-chain alkane thiols.4.2• 4.6. 4.36. 4.52 

Ellipsometry 

The expected 3MPT monolayer thicknesses can be estimated using previously 

reported bond lengths and angles4
.
57

• 4.59 and with the assumption that the hydrocarbon 

chains are orientated normal to the surface. These predicted thicknesses are given in 

Table 4.3. Experimental estimates of the 3MPT were determined by ellipsometry. A 

refractive index of 1.45 was used for the thiol monolayer.4
.
16 Refractive indexes of the 

substrates were measured prior to surface modification for each surface. The measured 

film thickness values are also listed in Table 4.3. Each sample was measured 3 to 4 times 

and at least 3 different surfaces were studied. The observed variance in these thickness 

measurements is comparable to that previously reported for ellipsometry measurements 

of n-alkanethiol films.4•3• 4.15. 4.16 

The ellipsometry data further confirm that 3MPT forms a SAM on Ag and Au 

surfaces, similar to other alkanethiol systems. The predicted values for 3MPT before 

hydrolysis and condensation agree well with the ellipsometrically determined values on 

both Ag and Au. However, after hydrolysis and condensation, the measured thicknesses 

for both Ag and Au are considerably less than expected. The discrepancy between the 

measured and calculated values of the hydrolyzed films may be due to assumptions made 

in the thickness calculation. These assumptions include (1) no changes in the Si-O bond 

angle and bond length following hydrolysis and condensation, (2) no additional strain 
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upon the hydrocarbon chain due to the formation of the siJoxane linkages, (3) and no 

desorption or loss of the 3MPT monolayer from these surfaces. 

The cyclic voltammetry and x-ray photoelectron spectroscopy data (discussed 

below) suggest that the films remain intact upon condensation that there is not a 

significant amount of depsorption or loss of the 3MPT monolayer. If the hydrocarbon 

chain is slightly compressed due to condensation, this compression would be expected to 

result in the blocking ability of the hydrolyzed 3MPT film that was observed in the Pb 

UPD experiments. It is also reasonable to believe that changes in bond length and angle 

do occur as a result of condensation, which may reduce the thickness of the hydrolyzed 

3MPTfilm. 

Table 4.3 - Ellipsometry Thickness Measurements and 
Theoretical Thickness Values for 3MPT. 

Before Hydrolysis and After Hydrolysis and 
Condensation Reactions Condensation Reactions 

Ag 11.22 ± 2.1 A 3.40 ± 0.53 A 
Au 10.00 ± 2.2 A 4.57 ± 1.86 A 
Calculated 
Theoretical 10.10 A 8.81 A 
Thicknesses 
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X-ray photoelectron spectroscopy (XPS) was initially used to assess the reactivity 

of the methoxy groups and investigate the surface chemistry of 3MPT before and after 

hydrolysis and condensation reactions. The monolayers were formed on Ar+ -sputtered 

Ag foils for these experiments. 3MPT was vapor deposited or adsorbed by immersion 

into a 3MPT/ethanol solution. XPS analysis was done prior to and after hydrolysis and 

condensation. A thin film of hydrolyzed TMOS was used as a model of a gelled silica 

system. 

In certain studies, 3MPT was vapor deposited onto the metal surface to prevent 

oxide formation and hydrocarbon contamination of the Ag surface. Vapor deposition 

was done by back-filling the UHV chamber with 3MPT for 150, 300, and 600 Langmuirs. 

The Ag surface was cooled with liquid N2 during vapor deposition to facilitate film 

formation. A stable film was not formed if vapor deposition was done at room

temperature, even after 600 Langmuirs. After vapor deposition, the Ag surface was 

allowed to reequilibrate to room-temperature prior to analysis. The XPS intensities did 

not change after the initial 150 Langmuirs suggesting that film formation is complete at 

this exposure. Other 3MPT-modified Ag surfaces were prepared as described previously 

in Chapter 2. A gelled layer of TMOS was prepared by dip-coating an unmodified Ag 

surface into neat TMOS and allowing a gel to form in an ambient environment. XPS was 

done using an AI Ka x-ray source and a band pass energy of 50 eV. 
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Figure 4.13 shows the XPS spectra of the 0 Is electrons for four different 

surfaces. For the 3MPT vapor deposited film (Figure 4.13a), the 0 Is electrons have a 

binding energy of ca. 532.6 eV. For 3MPT adsorbed from solution, prior to and after 

hydrolysis and condensation (Figures 4.13b and 4.13c respectively), the 0 Is electrons are 

shifted slightly (ca. 0.3 eV) to lower binding energy, relative to the 3MPT vapor 

deposited film. The larger 0 Is signal intensity reflects oxide formation. Freshly 

prepared Ag surfaces have previously been shown to be readily oxidized in an 

alkanethioljethanol solution.4
.
16 The 01s binding energy for hydrolyzed TMOS, Figure 

4.13d, occurs at ca. 533.5 eV. 01s electrons from typical silica gel have a binding energy 

of ca. 532.2 - 532.9 eV.4
.«J.4.61 The higher binding energy for the 01s electrons from the 

TMOS gel suggests that not all the methoxy groups within the TMOS gel are fully 

hydrolyzed. 

Figure 4.14 shows the XPS spectra of the C Is electrons for the four surfaces. 

The two peaks observed in Figure 4.14a suggest that there are two carbon environments 

for the vapor deposited 3MPT layer, one for the carbons of the methoxy groups (ca. 286 

eV) and one for the carbons of the alkyl chain (ca. 284.4 eV). When 3MPT is adsorbed 

from solution, prior to and after hydrolysis and condensation (Figures 4.14b and 4.14c 

respectively), the signal from the C Is electrons increases in intensity and a CIs peak 

doublet is not observed. These observations reflect hydrocarbon contamination from the 

preparation protocol. The C Is peak for hydrolyzed TMOS, Figure 4.14d, indicates the 

presence of hydrocarbons trapped within the gel. For a pure Si02 system, C should not 
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Figure 4.13. XPS spectra of 0 1s electrons for (a) vapor deposited 3MPT on Ag 

surface, (b) adsorbed on Ag surface, ( c) adsorbed on Ag surface after 
hydrolysis and condensation, (d) TMOS gel. 
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Figure 4.14. XPS spectra of C Is electrons for (a) vapor deposited 3MPT on Ag 
surface, (b) adsorbed on Ag surface, ( c) adsorbed on Ag surface after 
hydrolysis and condensation, (d) TMOS gel. 
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be observed in the XPS spectrum. The hydrocarbons in the TMOS gel are most likely 

in the form of methanol and unreacted methoxy groups. 

Figure 4.15 shows the peaks associated with the S 2p and the Si 2s electrons. The 

S 2p and Si 2s electrons have binding energies of ca. 161.8 and ca. 153.0 eV, respectively, 

for vapor deposited 3MPT, as shown in Figure 4.15a. For 3MPT adsorbed from solution, 

prior to and after hydrolysis and condensation (Figures 4.15b and 4.15c respectively), the 

S 2p has a binding energy of ca. 161.9 eV. Since the binding energy does not change, 

these results suggest that the S atom is unaffected by hydrolysis and condensation. 

Unlike the S 2p, the Si 2s electrons are expected to shift to higher binding energies after 

hydrolysis and condensation due to the formation of the siloxane bonds.4.ro. 4.6\ 

Interestingly, the binding energy of the Si 2s electrons (ca. 152.8 eV) does not change to 

an appreciable extent after hydrolysis and condensation. The implications of this 

observation are discussed in further detail in the following paragraph. A spectrum of 

hydrolyzed TMOS was not acquired in this binding energy region. 

Figure 4.16 shows the peaks associated with the Si 2p electrons. For the 3MPT

modified surfaces, the Si 2p peak appears as a shoulder on the Ag 4s peak. The Si 2p 

electrons from vapor deposited 3MPT have a binding energy of ca. 100.6 eV, as shown 

in Figure 4.16a. This binding energy corresponds to other organo-silicon compounds, 

such as M~SiOSiM~ and Ph3SiOSiPh3,4.6\ and is ca. 1.7 eV lower than the binding 

energy of silica gel (ca. 103.5 eV).4.ro. 4.6\ For 3MPT adsorbed on a Ag surface prior to 

hydrolysis and condensation, the Si 2p electrons have a binding energy of ca. 101.2 eV, 

as shown in Figure 4.l6b. After hydrolysis and condensation, Figure 4.16c, the binding 
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Figure 4.15. XPS spectra of S 2p and Si 2s (a) vapor deposited 3MPT on Ag surface, 
(b) adsorbed on Ag surface, (c) adsorbed on Ag surface after hydrolysis 
and condensation. 



158 

Si2p 

a 

109 90 

Binding energy (eV) 

Figure 4.16: XPS spectra of Si 2p electrons for (a) vapor deposited 3MPT on Ag 
surface, (b) adsorbed on Ag surface, ( c) adsorbed on Ag surface after 
hydrolysis and condensation, (d) TMOS gel. 
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energy of the Si 2p electrons changes to ca. 101.6 eV. The subtle shift toward higher 

binding energies reflects the formation of a cross-linked Si-O-Si network and not a bulk 

silica system, Figure 4.16d, and is consistent with the observations for the Si 2s electrons. 

Elemental ratios can also provide information about possible reactivity and film 

formation. For the 3MPT vapor deposited films, the C /0 ratio is ca. 2/1 as would be 

expected if the methoxy groups are unhydrolyzed. This implies that the methoxy groups 

are not reacting or otherwise fragmenting on the Ag surface as 3MPT forms a self

assembled monolayer. The S/Si ratios for vapor deposited 3MPT and 3MPT adsorbed 

from solution, prior to and after hydrolysis and condensation are 0.7, 0.7, 0.7, 

respectively. Therefore, the XPS data suggests that the thiol film remains intact upon 

hydrolysis and condensation. Elemental ratios for 3MPT adsorbed from solution were 

not calculated due to oxide formation and hydrocarbon contamination, as discussed 

previously. 

Surface Silanol Coverages 

The surface concentration of the residual surface silanols was estimated by 

selectively reacting the surface silanols with 3,3,3-trifluoropropyldimethylchlorosilane 

(3TFDS) and analyzed by XPS. 3TFDS was chosen as a chemical probe, because F 

atoms have a large photoionization cross section,4.62 the chlorosilane is highly reactive 

toward surface silanols, and use of a dimethylchlorosilane ensures that cross-linking does 

not take place, since only a single molecule of 3TFDS reacts with a silano!. The reaction 

scheme is shown schematically in Figure 4.17. 
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Figure 4.17. Schematic showing surface chemistry of 3TFDS with residual 
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3MPT-modified Au surfaces, prepared and hydrolyzed as described in Chapter 

2, were reacted in a 0.1 M 3TFDS/distilled toluene solution for O.5h, 1 h, and 1.5 h. 

Excess 3TFDS was removed by Soxhlet extraction in distilled toluene and methanol for 

3 h each. Surface analysis was done using an AI K" x-ray source and a band pass energy 

of 50 eV. 

Figures 4.18 - 4.21 show the XPS results for the F1s, Au 4p and 0 Is, C Is, and 

S 2p and Si 2s electrons, respectively, for 3MPT adsorbed to Au, 3MPT adsorbed to Au 

after hydrolysis and condensation, and 3MPT adsorbed to Au after hydrolysis and 

condensation and reacted with 3TFDS for 0.5 h, 1.0 h, and 1.5 h. Table 4.4 shows the 

expected F IS and F lSi ratios for different Si-OH surface coverages, assuming all surface 

silanols react with 3TFDS. Table 4.5 shows the observed F IS and F lSi ratios for the 

three different immersion times. 

The results in Table 4.4 indicate that the different immersion times do not 

significantly affect the F IS and F lSi, suggesting that all surface silanols react within the 

first 0.5 h. The F IS and F lSi ratios are in good agreement with each other. The 

observed differences most likely reflect the variances in surface silanol coverage for the 

three surfaces. In total, these results indicate that ca. 3 - 4% of the surface Si-O- groups 

in a monolayer of hydrolyzed 3MPT are in the form of surface hydroxyls. This number 

is consistent with the Raman data, suggesting that 3MPT forms a highly cross-linked 

siloxane film across the metal surface upon hydrolysis and condensation. 
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Figure 4.18. XPS spectra for F Is electrons for 3TFDS reaction times of (a) prior to 
reaction, (b) 0.5 h, (c) 1.0 h, (d) 1.5 h. 
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Figure 4.19. XPS spectra for Au 4p and 0 Is electrons for 3TFDS reaction times of 
(a) prior to reaction, (b) 0.5 h, (c) 1.0 h, (d) 1.5 h. 
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Figure 4.20. XPS spectra for C Is electrons for 3TFDS reaction times of (a) prior to 
reaction, (b) 0.5 h, (c) 1.0 h, (d) 1.5 h. 
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Figure 4.21. XPS spectra for S 2p and Si 2s electrons for 3TFDS reaction times of (a) 
prior to reaction, (b) 0.5 h, ( c) 1.0 h, (d) 1.5 h. 



Table 4.4 - Expected F /S and F lSi Ratios for Different 
Surface Fractions of Si-OH Groups 

I Si-OH Surface Coverage I F/S I F/Si I 
3 Si-OH/S 9 2.25 

1 Si-OH/S 3 1.5 

0.10 Si-OH/S 0.30 0.27 

0.01 Si-OH/S 0.03 0.03 

Table 4.5 - Observed F /S and F lSi Ratios for Different Immersion Times 

I Immersion Times I F/S I F/Si I 
0.5 h 0.10 0.9 

1.0 h 0.7 0.9 

1.5 h 0.9 0.8 
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Conclusions 

The results presented in this Chapter suggest that 3MPT adsorbs through the S 

atom to Ag and Au surfaces and forms ordered, monolayer films. 3MPT adsorbs to 

these metals in different orientations. On Ag, the molecules form an ordered monolayer 

with the methoxy headgroup more parallel to the surface and the C-S bond more 

perpendicular to the surface. On Au, the molecules form an ordered monolayer with the 

methoxy headgroup more perpendicular to the surface and the C-S bond more parallel 

to the surface. When the methoxy groups are hydrolyzed, they cross-link through the 

formation of siloxane bonds across the surface, supported by an alkyl thiol film. 

Although Raman spectroscopy and XPS indicate that the siloxane film contains 

a number of unreacted surface hydroxyls, UPD experiments suggest that the Si-O-Si 

network is highly cross-linked and free from gross defects. For 3MPT adsorbed to Ag, 

a reorientation is required prior to condensation and formation of the siloxane fIlm. For 

3MPT adsorbed to Au, this is not required. However, the final orientation of the 3MPT 

film after hydrolysis and condensation reactions is the same on both Ag and Au. 

Interestingly, there do not appear to be any vibrational differences between films 

hydrolyzed in acidic versus basic solutions. Other studies of bulk sol-gel systems have 

shown that hydrolysis and condensation reactions are highly dependent on the pH of the 

solution as discussed in Chapter 1. The fIlm order and proximity of the methoxy groups 

appear to have an important effect on the surface chemistry and orientation of the 

resulting siloxane film. 
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The presence of residual surface hydroxyls and the highly ordered nature of the 

hydrolyzed 3MPT film suggests many unique uses of these films. For instance, many 

metal surfaces, such as Au, are hydrophobic and not wet by aqueous solvents. 

Modification of these surfaces with 3MPT monolayers creates a hydrophilic environment, 

and the residual surface hydroxyls provide way of further chemically modifying these 

surfaces. The reactivity of the residual surface silanols and the wetting properties of the 

hydrolyzed 3MPT layer should provide a mechanism for attaching thin dielectric layers 

on Ag and Au surfaces. The implications and the characterization of these thin dielectric 

films are discussed in Chapter 5. 



CHAPTERS 

Characterization of Sol-Gel Thin Silica Films 
on (3-Mercaptopropyl)trimethoxysilane-Modified 

Ag and Au Surfaces 

Introduction 
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Creating a strong durable adhesion between metal and dielectric (i.e. ceramic and 

glass) surfaces has been of continued interest for a range of applications such as 

electronics packaging and integrated circuit technologies,4.1 . 4.S for the fabrication of 

modified electrodes,4.6.4.ls and for the production of various optical components.4.16. 4.17 

The adhesion problems encountered at metal - dielectric interfaces is clearly illustrated 

by the adhesion problems encountered between Au and oxide surfaces. Au is widely 

accepted as the preferred conductor for integrated circuits, because it has very good 

electrical conductivity properties and is resistant to corrosion, but its applications are 

limited by its inability to form a strong durable adhesion to the dielectric surface. 

Therefore, typical metal oxide semiconductor field effect transistors (MOSFET) use AI 
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as the conducting metal surface. Al and its alloys adhere much better to thermally grown 

Si02 and silicate glasses.4
.
18 However, there are certain circumstances when Au or an 

alternative noble metal are required to interface with a dielectric surface, and the means 

to create a reliable and durable adhesion between these metals and oxide surfaces is still 

needed. 

Thin metal films are generally formed by depositing the metal, as a liquid in the 

form of a sol or by vapor deposition, on the oxide surface and allowing the metal film 

to solidify. Adhesion between the two surfaces depends upon the resultant surface 

tensions which affect the wetting properties of the liquid at the solid surface, as shown 

in Figure 5.1. The relationship between the forces at the solid-liquid-vapor interface and 

the wetting properties of the liquid at the solid interface are described by equation 5.1: 

5.1 

where ."(v is the surface tension at the solid-vapor interface, ."(1 is the surface tension at 

the solid-liquid interface, I"(v is the surface tension at the liquid-vapor interface, and 0 is 

the contact angle of the liquid at the solid surface. When ."(1 and I"(v are small compared 

to ."(VI the contact angle is reduced and the liquid wets the solid surface. This allows the 

liquid to adhere to the surface, as it solidifies, through a variety of different mechanisms 

such as chemical bond formation and mechanical anchoring. By definition, wetting 

occurs when the contact angle is < 90° and non-wetting occurs with the contact angle is 

> 90°.4.19.4.20 Au provides an excellent example of the relationship between wetting and 

adhesion. For instance, the contact angle for Au on an Al20 3 surface is ca. 120° and on 

silica it is ca. 62o.4.S.4.19 The surface tension at the Au/ Al20 3 interface prevents Au from 
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Figure 5.1. Schematic showing wetting angles for (a) non-wetting surface, (b) wetting 
surface. 
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wetting the Al20 3 surface, and as a result, Au does not adhere to the Al20 3 surface.s For 

Au on a Si02 surface, the contact angle suggests that Au only slightly wets the Si02 

surface; as a result, Au is poorly adherent to silica.4
•
19 

Adhesion is an attractive force (Fad) that is exerted between two surfaces and is 

defined by the energy required to separate the two surfaces a distant x, as shown in 

equation 5.2: 

5.2 

where Wad is defined by the specific surface energies, SI and S2' and the interfacial 

energy, SI.2 of the two materials, as shown in equation 5.3: 

Wad = SI + S2 - SI.2 5.3 

From equations 5.2 and 5.3, it can be seen that Fad is greatest when two similar surfaces 

with high surface energies are in close contact. This situation maximizes the surface 

energy and minimizes the interfacial energy. Therefore, in order to improve the 

adhesion of Au or other noble metals to a dielectric surface, the two surfaces need to be 

made more compatible in order to minimize the interfacial repulsive forces, SI.2 and .1'1' 

which decrease the contact angle. 

Several methods have been developed for promoting adhesion between a 

conducting metal (such as Au, Ag, Pt and Pd) and a dielectric (such as Si02). For 

example, Ti and other transition metals (such as W, V, Nb, Zr, and Cr) are often used 

to promote the adhesion of metals to oxides.4.2.4.13 The role of the transition metal is to 

react with the dielectric material and form a covalently-bonded mixed oxide (equation 

5.4), thereby providing a more chemically-compatible surface for depositing a metal film. 
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Ti + Si02 = Ti0<2_x) + SiOx 5.4 

Although this approach does improve adhesion, the transition metal has been observed 

to migrate along grain boundaries within the conducting metal, which may be undesirable 

for certain applications.4.1. 4.3.4.(;.4.17 Pd and Pt have both been used as a barrier layer 

between the transition metal and the conducting metal to impede the migration process 

but with only limited success.4.1. 4.17 In other methods, adhesion is promoted by 

bombarding vapor-deposited metal surfaces with either electrons or ions. Although a 

complete understanding of how this approach improves adhesion is not known, it is 

generally believed that the impinging ions and electrons provide localized heating at the 

interfacial region which facilitates bond formation.4.4. 4.21 Oxygen-ion-assisted deposition 

of thin Au films has been shown to improve the adhesion of Au to silica. Adhesion is 

believed to be enhanced by the formation of a thin metal-oxide layer at the metal

dielectric interface, which aids wetting and facilitates bond formation.4.22
•
4.23 

Several bi-functional organics have also been used to modify oxide surfaces and 

promote adhesion of vapor-deposited metal films.4.24
• 4.25 Molecules such as (3-

mercaptopropyl)trimethoxy-silane,4.14. 4.26 11-trichlorosilylundecyl thioacetate 

[CI3Si(CH2)l1SCOCH3] and the corresponding thioI4.27. 4.28 have two reactive centers, one 

that will react with an oxide and one that will react with a metal. The bi-functional 

nature of these organic species improves adhesion by reacting with both surfaces and 

reducing the repulsive forces at the metal/oxide interface. 

The aforementioned methods have been used predominantly to improve the 

adhesion of thin metal films to thick oxide surfaces. The work presented within this 
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Chapter describes a procedure for creating thin oxide films on metal surfaces. The oxide 

surfaces were characterized by ellipsometry, x-ray photoelectron spectroscopy, and 

Raman spectroscopy. The adhesion properties were characterized using both qualitative 

and quantitative adhesion tests. Although the procedures described within this Chapter 

are applicable to a variety of dielectric materials for use with either single or multi

component oxide systems including single and multi-layered surfaces, only a silica-based 

system will be discussed. 

Methodology 

Adhesion between Ag and Au metals and an oxide is facilitated with a molecular 

adhesive, (3-mercaptopropyl)trimethoxysilane (3MPT). The 3MPT-modified Ag or Au 

surfaces are hydrolyzed in an aqueous acidic solution prior to attachment of the silica 

fIlms. As discussed in Chapter 4, Raman spectroscopy indicates the presence of a small 

number of surface silanols associated with the 3MPT monolayer after hydrolysis. We 

believe that these Si-OH groups provide reaction sites and points of attachment for the 

thin silica film. Additional details pertaining to surface preparation and characterization 

of the 3MPT-modified Ag and Au surfaces are addressed in the preceding Chapters. 

Thin silica films were made by spin coating a dilute, prehydrolyzed 

tetramethoxysilane (TMOS) solution onto either a 3MPT-modified Ag or Au surface. 

The TMOS sol was prepared using the recipe of Bertoluzza et aI., using 4.0 mL TMOS, 

5.5 mL methanol, 16.3 mL water, and 0.03 moles HCl/TMOS.S
.
29 The solution was 

heated mildly for 0.5 h to facilitate the hydrolysis process. These reaction conditions 
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ensure that all methoxy groups are hydrolyzed and that the viscosity of the solution is 

suitable for spin coating. 

Spin casting of silica films on Ag and Au surfaces was accomplished using a Spex 

sample rotator, as discussed in Chapter 2. After the samples had reached the 

appropriate spin rate, ca. 3.4 kHz, the prehydrolyzed solution of tetramethoxysilane 

(TMOS) was applied drop wise (ca. 0.25 - 0.50 mL/O.30 cm2
) from a disposable pipet at 

room temperature. The sample was spun for 1 to 2 min after deposition. The sample 

was then removed and placed in a desiccator for 12 to 24 h. 

Surface Characterization 

Ellipsometry 

Ellipsometry measurements were made with a Rudolph Research model 43603-

200E ellipsometer using a He-Ne laser at an incident angIe of 70°. Readings were taken 

on bare, vapor deposited Au and Ag surfaces to establish the substrate optical constants 

prior to surface modification. Au surfaces were cleaned using a "Piranha" solution [1:4 

H20 2 (30% )/H2S04], as outlined previously.5.30 The Ag surfaces were either used directly 

after deposition or were sputtered with Ar+ to remove surface oxides prior to analysis. 

The surfaces were transferred from the ultrahigh vacuum chamber and stored for short 

periods of time in a container purged with UHP argon. Previously reported values 

for the refractive index of silica sol-gel systems range from 1.28 to 1.46.5.31 A refractive 

index of 1.46 was used for the thickness calculations. This refractive index is consistent 

with a dense silica gel,5.31 such those believed to be formed on 3MPT-modified Ag and 
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Au surfaces. Multiple measurements were taken on each sample and at least three 

samples were used. The ellipsometry measurements were used to calculate the 

corresponding thickness values using DafIBM version 2.0, a computer program supplied 

by Rudolph Research and implemented on a DOS-based PC system. The ellipsometry 

measurements of the silica films result in estimates of film thickness of ca. 87 ± 3 nm 

on Ag and ca. 90 ± 8 nm on Au, as shown in Table 5.1. For comparison, if a lower 

refractive index (such as 1.28) is used in the thickness calculations (which would be 

consistent with a more porous silica film) the thickness increase by ca. 25 nm. 

Table 5.1 - Silica Film Thickness Measurements 

I I Ag I Au I 
With 3MPT 87 ± 3 nm 90 ± 8 nm 

Without 3MPT 0- 80 nm 0- 2 nm 

X-Ray Photoelectron Spectroscopy 

The chemical nature of the surface of the thin silica films was investigated using 

x-ray photoelectron spectroscopy (XPS) in order to verify that these films resembled bulk 

silica gel. Figures 5.2a and 5.2b show the Si 2p signal for the thin silica film (102.4 eV) 

and chromatographic grade silica (102.7 eV), respectively. The 0 1s signal is observed 

at a binding energy of 532.4 eV (Figure 5.3a) for the silica layer and 532.8 eV (Figure 

5.3b) for the chromatographic grade silica. Sample charging was corrected using the C 

1s peak at 284.6 eV. The XPS data suggest that the chemical environment of the thin 

silica layer is similar to that of bulk silica.s.32• S.33 
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Figure 5.2. Si 2p XPS signal for (a) thin silica layer, (b) chromatographic grade silica. 
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Figure 5.3. 0 Is XPS signal for (a) thin silica layer, (b) chromatographic grade silica. 
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Raman Spectroscopy 

Raman spectra of a monolayer of 3MPT on a smooth Ag surface after hydrolysis 

and condensation and a thin silica layer on a hydrolyzed, 3MPT-modified Ag surface are 

shown in Figures 5.4 and 5.5, for the II(C-C) and II(C-H) regions, respectively. The 

vibrational assignments are listed in Table 5.2. The spectrum from the surface of the 

thin silica film in the II(C-C) region reveals that the response is dominated by the 

underlying 3MPT layer, with only minor contributions from the silica. 

Table 5.2 - Raman Frequencies for 3MPT Adsorbed to a Ag Surface 
After Hydrolysis and Condensation and with Thin Silica Film 

3MPT After H+ (em>l) Silica Film (em>l) Assignment 

799 798 Ji"(Si-O-Si) 

953 953 

998 998 JI,(C-Chb 

1034 1038 JI,(CCh 

1083 1083 (CH2) twistT 

sh 1087 (CH0 twistT 

_c 1117 JI(Si-O-Si) 

1173 1173 (CH2) twist 

1242 1241 (CH2) twistT 

2854shc 2854sh JI,(CH0 

2890sh 2891sh JI,(CH0 

2919 2921 JI,(CH2,FR) 

2963sh sh JI.(CH2) 

a" = stretch "T = trans c __ = not observed csh = shoulder 
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Figure 5.4. Raman spectra in the p(C-C) region for (a) hydrolyzed, 3MPT-modified 
Ag surface, (b) thin silica layer on a hydrolyzed, 3MPT-modified Ag 
surface. Integration times: (a) 90 min, (b) 50 min. Excitation 
wavelength: (a and b) 514.5 nm. 



>-
+-' .-
C/) 
c 
Q) 
+-' 
C 

2700 2800 2900 3000 

Wavenumbers (cm-1) 

181 

Figure 5.5. Raman spectra in the vee-H) region for (a) hydrolyzed, 3MPT-modified 
Ag surface, (b) thin silica layer on a hydrolyzed, 3MPT-modified, Ag 
surface. Integration times: (a) 10 min, (b) 5 min. Excitation wavelength: 
(a and b) 514.5 nm. 
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A similar conclusion is drawn from the spectra in the vee-H) region. Noteworthy, 

however, is the fact that in the vee-H) region, the vee-H) mode associated with the 

methoxy groups ofTMOS at ca. 2846 cm'l is not present in the spectrum of the thin silica 

film, further confirming that TMOS is fully hydrolyzed upon gel formation. 

Raman spectroscopy was also used to evaluate the chemical nature of the surface 

of the thin silica film using pyridine as a molecular probe. The position of the symmetric 

ring-breathing vibration of pyridine, VI' is extremely sensitive to the chemical environment 

of the lone pair electrons of the nitrogen. The more strongly interacting the lone pair 

of electrons, the larger the shift in "1 to higher frequencies, as shown in Table 5.3. 

Table 5.3 - Pyridine Vibrational Behavior 

Pyridine Environment III em'l "12 em'l Mode of References 
Interaction 

Pyridine (neat) 991 1030 534 - 536 

Pyridine/CC14 991 1031 No interaction 535,536 

Pyridine/H2O 1003 1036 H-bonding 535,536 

Pyridine/chromatographic 1010 1035 H-bonding 535,536 
grade silica (low coverage) 

Pyridine/chromatographic 991 1031 Physisorption 536 
grade silica (high coverage) 

Observed values - 991 1028 
neat pyridine 

Observed values - pyridine 1011 1030 H-bonding 
adsorbed from CC~ 

Observed values - pyridine 1011 1031 H-bonding 
adsorbed from HP 
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As shown by the spectra in Figure 5.6, the symmetric ring-breathing vibration of 

pyridine, "1> shifts from ca. 991 cm·1 in neat pyridine to ca. 1011 cm-I upon adsorption to 

the thin silica fIlm. The shift in frequency for "1 in Figures 5.6a and 5.6b suggests that 

pyridine is adsorbed at surface silanols, which are Bronsted acid sites, through the 

nitrogen atom from both aqueous and CCl4 solutions. The additional bands in Figure 

5.6a and 5.6b are 3MPT and silica vibrations, as mentioned previously. 

The trigonal ring-breathing mode, "12' at ca. 1032 cm-I in neat pyridine, is less 

sensitive to chemical environment but does shift ca. 3 cm- I toward higher frequencies. 

However, the lower relative intensity of the "12 band for pyridine adsorbed from aqueous 

solution, Figure 5.6c, is consistent with additional hydrogen bonding as compared to the 

spectrum observed from pyridine adsorbed from a CCl4 solution.s.37 Peaks associated 

with bulk pyridine are not present in either spectrum, suggesting that only a monolayer 

of pyridine is present on the silica surface. The adsorption studies of pyridine on these 

thin silica fIlms are similar to those observed on other silica surfaces. 

Scanning Electron Microscopy 

The surfaces of the thin silica fIlms were further characterized by scanning 

electron microscopy (SEM). Figures 5.7 - 5.10 show the SEM images of a bare polished 

Ag surface, a 3MPT-modified Ag surface, a hydrolyzed, 3MPT-modified Ag surface, and 

a thin silica layer on a hydrolyzed, 3MPT-modified Ag surface, respectively. 
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Figure 5.6. Raman spectra in the "ring breathing" region of (a) neat pyridine, (b) 
pyridine adsorbed to the thin silica film from CCI4, (c) pyridine adsorbed 
to the thin silica film from H20. Integration times: (a) 0.25 min, (b) 10 
min, (c) 10 min. Excitation wavelength: (a - c) 514.5 nm. 
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Figure 5.7. SEM image of bare a Ag surface at (a) low magnification (b) high 
magnification. 
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Figure 5.8. SEM image of a 3MPT-modified Ag surface at (a) low magnification (b) 
high magnification. 
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Figure 5.9. 

187 

SEM image of a hydrolyzed, 3MPT-modified Ag surface at (a) low 
magnitication (b) high magnification. 
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Figure 5.10. SEM image of a thin silica film on a hydrolyzed, 3MPT-modified Ag 
surface at (a) low magnification (b) high magnification. 
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The darker areas, which are observed on the SEM image of the bare Ag surface 

(Figure 5.7), are believed to be due to surface oxidation. SEM analysis could not be 

performed directly after polishing, and therefore, the surfaces were exposed to the 

ambient environment for several hours. The corrugated lines on the Ag surface are 

roughness features formed by mechanical polishing of the metal surface and appear in 

all the SEM images. The 3MPT-modified Ag surface did not appear to be oxidized and 

dark patches, similar to those in Figure 5.7, were not observed in the SEM image of the 

3MPT-modified Ag surface (Figure 5.8). The SEM images of the hydrolyzed, 3MPT

modified Ag surface (Figure 5.9) appear similar to the previous two surfaces, except for 

several small surface features, which are more clearly observed in the high resolution 

SEM image (Figure 5.9b). The small particles are formed after the surfaces are 

immersed in an aqueous acid solution, and may be residual salts. Upon spin casting a 

thin silica film on the modified Ag surface (Figure 5.10), the SEM images indicate that 

the thin silica film adopts the surface roughness of the underlying Ag surface and appears 

to be fairly dense and thin. 

Adhesion 

Methods typically used for the measurement of adhesion are designed to cause 

a mechanical stress at the interface, and typically depend upon application of a 

measurable or known force to the overlayer. If the mechanical stresses exceed the 

adhesive forces between the two materials, an adhesive failure at the interface is 

observed. The mechanical stresses applied to the overlayer can either be tensile 
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(perpendicular to the interface) or shear (parallel to the interface). Several tests have 

been developed to measure adhesion such as the Scotch tape test ( qualitative), abrasion 

test (qualitative), the stud pull test ( quantitative), and the scratch test (quantitative ).5.38 

For further information concerning adhesion testing, the reader is referred to reference 

5.38. 

Several types of adhesion tests were performed in an attempt to quantify the 

adhesion of the silica films to the 3MPT-modified and unmodified metal surfaces. Stud 

pull tests were performed by Adhesion International, Division of Quad Group, Inc. 

Qualitative tests were performed in this laboratory and interpreted according to the 

methods of Mattox et al.S
.
22 

Mattox has previously correlated common qualitative tests with a Kentron 

Mircrohardness Tester modified to measure scratch resistance, while investigating the 

adhesion of thin Au films to a silica surface in the presence of an O2 environment. 

These researchers concluded that films which fail the tape test also fail the scratch test 

with a load of 5 g or less. Such films have been defined as poorly adhering. Moderately 

adherent films fail the scratch test with a load of between 25 - 100 g. These films pass 

the tape test, but can be removed by abrading the film with the point of a pencil. Highly 

adherent films resist scratch damage with a load in excess of 600 g and can be scratched 

with a sharp point without removing all of the overlayer. 

Thin silica films formed from TMOS solution on bare (unmodified) Au surfaces 

were found to be poorly adherent on the basis of visual observations and ellipsometric 

measurements. When using unmodified Au surfaces, the majority of the TMOS solution 
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was spun off during the spin coating procedure leaving small islands of silica on the Au 

surface. Ellipsometric measurements of the unmodified Au after spin coating with the 

TMOS solution, Table 5.1, indicate that the silica film thickness were between ca. 0 and 

20 A, not including the small silica islands which were too small to measure. These silica 

islands were able to withstand tape tests, but did not remain attached after tapping the 

surface with the point of a pencil. The tape tests were performed by firmly placing a 

piece of "Scotch" tape (Magictm Tape 810) across the entire sample and manually 

removing the tape at 900 with respect surface normal at ca. 1 cm/s. Based on these 

collective results, the silica islands film can be classified as poorly adhering, although the 

silica islands themselves can be classified as moderately adhering. 

On unmodified Ag surfaces, the TMOS solution wets the Ag surface more 

effectively than Au creating an adherent silica layer. However, the silica films formed 

on the unmodified Ag surfaces were uneven and had thicknesses between ca. 0 and 80 

nm. These silica films were able to withstand the tape test, but were scratched off with 

a point of a pencil. According to the observations of Mattox, these thin silica films are 

moderately adhering. The native oxide layer on the Ag surface is believed act as an 

adherent layer for the attachment of the silica film. Au does not readily form an oxide 

layer; therefore, the silica can not adhere to the Au surface. 

Silica films formed on 3MPT-modified Ag and Au surfaces were able to withstand 

tape tests and abrading with the point of a pencil. A sharper point, such as sharp razor 

blade, penetrated the silica surface and etched the underlying Ag and Au surface. 

However, this abrasion did not cause the surrounding silica overlayer to flake off. 
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Therefore, the silica films formed on 3MPT-modified Ag and Au surfaces are classified 

as highly adhering according to the scheme proposed by Mattox. Adhesion was 

maintained even after heating the samples to 1500 C in a vacuum oven at 635 mm Hg. 

Stud pull tests were preformed in order to provide a more quantitative 

assessment of the adhesion between the thin silica layer and the 3MPT-modified Ag 

surface. In this test, metal studs are attached to the surface of interest using a thin epoxy 

film. The stud is then pulled perpendicular to surface until the stud detaches. A 

maximum load of 11.33k PSI (PSI - pounds per square inch) was achieved before 

separation. Epoxy was left on both the silica surface and the stud surface, suggesting that 

the adhesion failed due to a cohesive failure within the epoxy and not due to rupture of 

the 3MPT molecular monolayer or the thin silica film. 

It is believed that the strong adhesive nature of these systems is due in part to 

the densely packed, highly ordered orientation of the 3MPT molecular monolayer on the 

metal surface, as well as the ability of 3MPT to covalently anchor the silica to the metal 

surface. In addition, residual hydroxyls on the hydrolyzed 3MPT surface allow the TMOS 

solution to more completely wet the metal surface, and provide for more even film 

formation. 
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Conclusions 

The results presented here demonstrate that organosilanes can be used to modify 

metal surfaces in order to attach thin silica layers to Ag and Au surfaces. This approach 

can easily be applied to a variety of different single and multilayered sol-gel systems, as 

well as metal surfaces. The thin silica surfaces formed by this method have been shown 

to be representative of other silica gel systems. The adhesion between these two surfaces 

is accomplished through the chemical attachment of the silica layer to metal surface by 

a molecular adhesive. If the molecular adhesive was not used, the silica layer did not 

adhere as effectively to the metal surface. 



CHAPTER 6 

Raman Spectroscopy of Covalently-Bonded 
Alkylsilane Layers on Thin Silica Films 

Introduction 
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A number of oxide surfaces such as silica, alumina, zirconia, tin oxide, and 

titanium dioxide are used to support covalently anchored alkylsilane films.6.1 Less stable 

films are also formed on oxidized boron, iron and carbon surfaces.6.1 The structures of 

these oxide-bound alkylsilane layers are of particular importance due to the diversity of 

applications in which these surface-immobilized species are used including catalysis,6.2. 6.3 

chromatographic separations,6.2 electrochemistry,6.4· 6.6 microsensors,6.s and adhesion.6.3. 

6.12 Although the study of organically-modified oxide surfaces has received intense 

interest in recent years, research in this area has suffered from the lack of spectroscopic 

techniques capable of adequately characterizing the organic-oxide interface. 

These issues are specifically relevant to the characterization of organically-

modified silica surfaces used in reversed-phase liquid chromatography (RPLC). RPLC 
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is one of the more popular separation techniques and is used for isolating nonpolar 

molecules. Retention and separation is accomplished through interaction of the nonpolar 

analytes with a polar mobile phase and a nonpolar stationary phase. 

Stationary phases used in RPLC are typically formed by covalently attaching 

either ~ Ca, or Cia alkylchlorosilanes to a silica gel support using mono-, di-, or 

trichIoroaIkylsilanes. The Cl atoms are highly reactive toward surface silanols and anchor 

the alkylsilanes to the silica gel surface through Si-O-Si bond formation. Di- and 

trichlorosilanes have mUltiple reaction sites which allow cross-linking and possible 

multilayer formation. Therefore, chromatographic materials made from these precursors 

are referred to as "polymeric" stationary phases. Monochlorosilanes have a single 

reactive CI group and form a single Si-O-Si bond with the silica gel surface. 

Chromatographic materials made from these precursors are referred to as "monomeric" 

stationary phases. Although chemists have a general understanding of the role of 

monomeric and polymeric stationary phases in retention, the specific molecular 

interactions that occur at, on, or in the stationary phase and which lead to separation and 

retention are still not understood. 

Several models have been proposed to describe the interfacial interactions of the 

stationary phase involved in retention, including possible contributions from alkyl chain 

conformation. Originally, the stationary phase was pictured as a silica surface covered 

with a thin, nonpolar film as shown in Figure 6.1a.6
•
13 Later models described a more 

dynamic stationary phase. In the stick/brush model shown in Figure 6.1b, the stationary 

phase is envisioned with the alkyl chains extending away from the silica surface, moving 
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RPLC MODELS 

(a) Film 

(b) Brush 

(c) Liquid Drop 

Figure 6.1. Models of molecular organization of stationary-phase chains in RPLC: (a) 
"film", (b) "brush", (c) "liquid drop". 
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freely in the mobile phase and accessible to both solute and solvent molecules.6.14.6.15 

More recently, the "liquid drop" model (Figure 6.1c) has been proposed in which the 

stationary phase exists as self-associated aggregated islands of hydrocarbon chains lying 

on the silica surface.6.16 . 6.18 

As discussed in Chapter 1, evidence for these models has been obtained using an 

assortment of techniques including fluorescence spectroscopy, nuclear magnetic 

resonance (NMR) spectroscopy, infrared (IR) spectroscopy, and chromatography. These 

studies suggest that the stationary phase is a dynamic molecular assembly that can 

respond to changes in temperature, solvent, and surface concentration.6.19 However, 

there are still many questions concerning the effect of experimental conditions on the 

molecular orientation of the stationary phase and the retention process. These issues can 

only be addressed by obtaining molecularly specific information using techniques that are 

sensitive to alkyl chain conformation. All of the aforementioned techniques are limited 

due to sensitivity, strong interference from bulk silica, or the fact that they require probe 

molecules. Raman spectroscopy is one of the few vibrational techniques that might 

provide the desired information with relative immunity to these limitations. 

The major limitation of Raman scattering is that it is inherently a weak 

phenomenon, especially for alkane systems. Development of a procedure to enhance the 

Raman scattering efficiency would make Raman spectroscopy a more viable tool for 

studying weak Raman scatters on oxide surfaces. Bohn et al. developed a rather novel 

approach based on the electromagnetic enhancement properties of Ag.6.20
• 6.21 These 

workers used flat Ag island structures, sputtered with a thin Si02 overlayer, to study the 
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adsorption interactions ofp-nitrobenzoic acid and phthalazine with the Si02 surface. The 

premise behind their layered approach was that the Ag island structures would provide 

long range enhancement to the adsorbed species at the silica surface via the surface 

enhanced Raman scattering (SERS) phenomenon.6
•
22

• 6.23 Their results suggest that the 

thin Ag island structures do provide nominal enhancement to these adsorbed species, but 

not significant enough for studying weak Raman scatters such as alkane systems. 

Experimental evidence from SERS studies and predictions from electromagnetic 

calculations demonstrate that the strength of the enhanced electric field at the surface 

of a Ag particle scales with the degree of curvature of the metal surface.6
.
20

• 6.21 The thin 

Ag islands used by Bohn and co-workers exhibit the greatest degree of curvature at their 

edges. Therefore, the majority of the electromagnetic field is parallel to the interface, 

not directed toward the Si02-adsorbate interface, and can not provide the desired 

enhancement. In order to maximize the enhancement realized at the surface of a thin 

dielectric overlayer such as Si02, the electromagnetic field needs to be enhanced in a 

direction perpendicular to the Si02/ Ag interface. The method used for the work in this 

Dissertation allows for enhancement in the desired direction to be realized. 

The previous Chapter discussed the attachment and physiochemical 

characterization of thin silica films on Ag substrates. The use of these thin silica film/ Ag 

assemblies for the Raman spectroscopic study of adsorbates or chemically-anchored 

modifiers at oxide surfaces is presented in this chapter. Particular attention is directed 

toward ascertaining molecular conformation of the alkyl chains, and conformational 

changes induced by typical mobile phases. 
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Methodology 

Molecular assemblies of octadecylsilane and tert-butyldiphenylsilane were studied 

on the thin silica gel/ Ag sandwich structures by taking advantage of the electromagnetic 

enhancement properties of Ag. The Ag surface was initially chemically modified with 

3MPT as shown in Figure 6.2b and discussed in Chapter 3. The thin silica layer is 

formed by spin coating a small portion of a TMOS-based sol-gel solution onto the 3MPT

modified Ag surface. The thin silica films were then allowed to dry 12 to 24 hr in a 

desiccator; specific details concerning silica film formation and characterization were 

discussed in Chapter 5. 

Although silica systems such as sol-gel silica, chromatographic silica, vapor 

deposited SiOz, and quartz are stoichiometrically equivalent, the physical and chemical 

properties of the silica systems are different. For example, chromatographic and sol-gel 

silica are hydrated and amorphous materials. Vapor deposited SiOz is amorphous but 

anhydrous, and quartz is crystalline and anhydrous.6
•
24 Unlike vapor deposited SiOz or 

quartz, sol-gel and chromatographic silica also exhibit a range of particle diameter and 

pore sizes, depending on the experimental conditions used for the formation of the 

silica.6
.
24

•
6

•
29 Sol-gel and chromatographic silica are similar, because both forms are 

products of hydrolysis reactions of tetrafunctional silanes. Chromatographic silica is 

generally formed from the hydrolysis of SiCI4,6.24 whereas sol-gel silica is generally formed 

from the hydrolysis of tetraalkoxides, Si(OR)4 (R = OCH3 or OCHzCH3)6.30. Therefore, 

the thin silica films created by sol-gel techniqueys should model the chemical and physical 



I 3MPT film 
~ formation 

I Spin coat 
~ sol-gel silica 

Ag 

modifiers 

Ag 

200 

Figure 6.2: Schematic showing "Sandwich" approach for acquiring Raman spectra on 
silica surfaces: (a) Ag surface, (b) Ag surface modified with a monolayer 
of 3MPT, ( c) 3MPT-modified Ag surface with a thin layer of silica gel, (d) 
attachment of alkylchlorosilanes to silica surface. 
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environment of chromatographic grade silica better than vapor deposited Si02 films or 

quartz. 

Figure 6.2d shows the Ag/3MPT/silica surface design used to study organic 

modifier/silica interactions. The Ag surface in this "sandwich" structure provides long 

range electromagnetic enhancement to the surface of the silica, and an attachment 

mechanism for the silica gel overIayer that facilitates the acquisition of Raman spectra 

of covalently-bound alkysilanes at the silica gel surface. 

Surface Modification Chemistry 

The silica surfaces were prepared as described previously, and modified using two 

different reaction conditions. Initial experimental conditions followed standard 

chromatographic procedures reported in the literature, with minor alterations.6
.
31 The 

silica surfaces were immersed in a solution of 0.1 M alkylchlorosilane in distilled toluene 

for 24 h at room temperature. These surfaces were removed and cleaned by Soxhlet 

extraction, first in distilled toluene (3 h) and then in methanol (3 h), to remove excess 

alkylsilane. Vibrational spectra of the surfaces prior to and after Soxhlet extraction 

suggest that the majority of alkyl chains are strongly adherent to the silica surface, as 

shown in Figure 6.3. The methylene Fermi resonance band does decreases slightly due 

to the Soxhlet extractions. This attributed to removal of excess octadecylsilane from the 

silica surface. 

Vibrational intensities of the modified silica surfaces in the JI(C-H) region reveal 

that this silanization procedure results in inconsistent alkylsilane surface coverages. For 
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Figure 6.3. Raman spectra in the v(e-H) region of octadecylsilane adsorbed to the 
thin silica film (a) before Soxhlet extraction (b) after Soxhlet extraction. 
Integration times: (a and b) 20 min. Excitation wavelength: (a and b) 
514.5 nm. 
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example, different vibrational spectra can be obtained using similar surfaces immersed 

in the same solution for equivalent immersion times, as shown in Figure 6.4. The larger 

methylene intensity in Figure 6.4a suggests that this silica surface contains a larger 

surface concentration of octadecylsilane than the modified silica surface of Figure 6.4b. 

To improve the consistency of the silanization reaction, an alternative procedure 

was investigated. The second silanization procedure resembles the experimental 

conditions used by Sagiv6
•
32

• 6.34 and Ohtake6
.
3s for the formation of alkylsilane organized 

molecular assemblies. The silica surfaces were prepared by immersion in a solution of 

0.1 M aIkylchlorosilane in distilled toluene at room temperature for 0.5 h, rinsed with 

distilled toluene, and reimmersed for another 0.5 h. For immersion times of 0.5 h 

(Figure 6.5b), vibrational bands associated with the octadecyl chains are barely 

discernable above the vibrational bands associated with the Ag/3MPT /silica layer (Figure 

6.5a). For immersion times of 1.0 h, vibrational bands associated with the octadecylsilane 

stationary phase are more clearly present (Figure 6.5c). Immersion times in excess of 

1.0 h do not appear to substantially increase the v(C-H) signal associated with the 

stationary phase, as shown in Figure 6.5d. 

The second procedure for creating alkylsilane films on these silica surfaces was 

more reproducible than the first. The second method resulted in alkylsilane films that 

could be readily sensed by Raman spectroscopy ca. 70% of the time versus ca. 25% for 

the first method. Although the second method does improve the reproducibility of the 

silanization reaction, it is still inadequate. Carbon loadings continue to vary from sample 

to sample. 
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Figure 6.4. Raman spectra in the p(C-H) region of octadecylsilane adsorbed to the 
thin silica film using the first silanization scheme for (a) high carbon 
loading (b) low carbon loading. Integration times: (a and b) 20 min. 
Excitation wavelength: (a and b) 514.5 nm. 
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Figure 6.5. Raman spectra in the vee-H) region of octadecylsilane adsorbed to the 
thin silica film using the second silanization reaction scheme for 
immersion times of (a) 0.0 h, (b) 0.5 h, (c) 1.0 h, (d) 1.5 h. Integration 
times: (a - c) 10 min, (d) 15 min. Excitation wavelength: (a - d) 514.5 
nm. 
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The lack of reproducibility of the silanization reactions may be due to variations 

in water content from gel to gel. The amount of residual water would have a profound 

effect on hydrolysis and cross-linking of the alkylchlorosilane at the silica surface. On 

chromatographic silica, water adsorbs to the surface in three distinct layers.6
.
36

• 6.37 The 

water molecules closest to the silica surface interact with the surface silanols through 

hydrogen bonding, forming a highly adherent monolayer which can only be completely 

removed by heating the silica to temperatures in excess of 650· C. The second layer of 

water is weakly adsorbed and is removed at 120·C, under low vacuum, or with drying 

agents. The third layer of water is removed at 70·C or with drying solvents, such as 

methanol. 

The silica gels formed by sol-gel chemistry are expected to contain at least 2 to 

3 monolayers of water, similar to chromatographic silica. Further research needs to be 

conducted to further quantify the amount of chemically and physisorbed water and its 

role in the covalent anchoring of modifiers to the silica surface. 

Predicated and Observed Alkylsilane Coverages 

The theoretical coverage of silanols on a silica surface is estimated to be ca. 4.5 

OH'/lOO A2.6.38 This places each surface hydroxyl ca. 5 A apart, as shown in Figure 6.6, 

with a surface concentration of ca. 8xlO"O moles/cm2
•
6

.
38 Interestingly, similar surface 

coverages are obtained with self-assembled monolayer systems of alkanethiols formed on 

metal surfaces, at ca. 9-1OxlO"O moles/cm2
,6.39 and of alkylsilanes on silicon surfaces.6

.
40 
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rSiOH - 4.5 OH/100A2 

o 

10 A 

For 8 = 1.0 ML r = 8X 10-10 moles/cm2 

IIPolymerll phase r = 5X10-1O moles/cm2 

IIMonomerll phase r = 2-3X1 0-10 moles/cm2 

Figure 6.6. Schematic showing theoretical coverage of surface silanols. 
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These systems have been studied extensively and appear to form highly ordered, densely 

packed molecular arrays on the metal surface. 

For the average polymeric stationary phase used in chromatography, the alkyl 

chains are estimated to be ca. 5.7 A apart, at a coverage of ca. 5xl0-tO moles/cm2
•
6

•
38 This 

places the alkyl chains in the polymeric stationary phase, on average, only slightly farther 

apart than the alkyl chains of the self-assembled monolayers formed on metal and silicon 

surfaces. Therefore, it is reasonable to assume that the hydrocarbon chains that 

comprise the polymeric stationary phase also form relatively ordered, densely packed 

molecular arrays on the silica surface. 

Monomeric stationary phases used in chromatography applications typically have 

surface coverages of ca. 2-3x10- tO moles/cm2
• At these concentrations, the alkyl chains 

are ca. 8.2 A apart and unable to completely cover the silica surface. Accordingly, the 

alkyl chains are not expected to form densely packed, molecular arrays and are more 

likely to contain alkyl chain defects. 

Surface Characterization 

Polymeric Stationary Phases 

Scanning Electron Microscopy Characterization. After the silica surface is modified with 

octadecyltrichlorosilane, the low resolution SEM image of the surface (Figure 6. 7a) shows 

a number of large fissures. Even though the film is fractured, it still remains strongly 

adherent to the Ag surface. Cursory visual observation of the gels using a Central 

Scientific binocular microscope at 3X magnification, indicate that these fractures are 
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Figure 6.7. 
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SEM images of the thin silica surface after attachment of 
octadecyltrichlorosilane (a) low resolution, (b) high resolution. 
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caused by the gel shrinking during Soxhlet extraction and are not associated with the 

chemical modification of the silica surface. Cracks in the gel predominantly occur on the 

edges of the Ag surface, sometimes occurring during the toluene extraction, sometimes 

during the methanol extraction, and other times not at all. The inconsistent cracking of 

the silica surfaces may be attributable to varying film thicknesses, with a greater degree 

of fragmentation expected for thicker films. However, ellipsometry measurements 

suggest that the thicknesses of these silica films were fairly reproducible at ca. 80 ± 5 

nm. Nonuniformity of the Ag surface may be an alternative explanation. As the Ag 

surfaces are polished, they develop rounded edges and uneven ridges. Therefore, as the 

gel solidifies, these surface morphologies may introduce uneven stresses, which eventually 

crack the gel. 

At lower resolution (Figure 6.7a), the scanning electron microscopy (SEM) 

images of the modified silica surfaces appear reasonably flat and smooth. At higher 

resolution (Figure 6.7b), the films appear to contain a variety of surface features. The 

high resolution SEM image indicates that there is a considerable amount of roughness 

associated with the silica surface. The increased roughness is believed to be the result 

of the covalent immobilization chemistry of the alkylchlorosilanes. The formation of the 

Si-O bond in the reaction between the surface silanol and the alkylchlorosilane is a highly 

exothermic reaction, and HCI is a by-product of the reaction. It is believed that the HCl 

released during the silanization reaction etches the silica surface, generating these 

microscopic surface features. 
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Raman Spectroscopic Characterization in the v(C-C) Region. Figure 6.B shows the Raman 

spectra between ca. BOO-1200 cm·1 for neat octadecyltrichlorosilane (a), crystalline 

octadecyltrichlorosilane (b), hydrolyzed octadecyltrichlorosilane (c), the polymeric phase 

on a silica surface (d), the polymeric phase plus acetonitrile ( e), and the polymeric phase 

plus deuterated methanol (1). The bands of interest in this region are the v(C-Ch and 

v(C-C)o from octadecylsilane, VI(C-C) from acetonitrile, and v(O-C) from deuterated 

methanol. The band assignments and peak frequencies are tabulated in Table 6.1. 

Vibrational spectra of the polymeric phase in the presence of water was not obtained for 

this frequency region. 

For neat liquid octadecyltrichlorosilane (Figure 6.Ba), the large v(C-C)o intensity 

at ca. lOBO cm- I
, relative to the two V(C-C)T bands at ca. 1065 and 1124 cm- I

, and the 

broad CHz twistT,o at 1303 cm-I suggest that the alkyl chains are considerably disordered. 

Cooling octadecyltrichlorosilane to liquid nitrogen temperatures, Figure 6.Bb, causes the 

alkyl chains to become more ordered.6
.
41 The v(C-C)o band disappears from the 

spectrum while the two v(C-Ch bands increase in relative intensity and shift ca. 3 cm- I 

to lower frequencies. The CHz twist band at ca. 1300 cm- I increases in intensity, shifts 

10 em-I to lower frequencies, and becomes much narrower and symmetrical. 

When octadecyltrichlorosilane is hydrolyzed, Figure 6.Bc, the chlorosilanes cross

link to form a siloxane network, similar to what is observed for 3MPT as discussed in 

Chapter 4. Unlike bulk 3MPT, which remains relatively disordered upon condensation, 

the intensity of the two v(C-Ch bands relative to the v(C-C)o suggests that the 

hydrocarbon chains adopt a relatively ordered configuration upon condensation. 
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Figure 6.8. Raman spectra in the p(C-C) region of (a) neat octadecyltrichlorosilane, 
(b) crystalline octadecyltrichlorosilane, (c) hydrolyzed octadecylsilane, (d) 
octadecylsilane anchored to the thin silica film, (b) octadecylsilane 
anchored to the thin silica layer in the presence of acetonitrile (*), (f) 
octadecylsilane adsorbed .to the thin silica layer in the presence of 
deuterated methanol (+). Integration times: (a) 10 min, (b) 10 min, (c) 
5 min, (d) 60 min, (e) 35 min, (f) 90 min. Excitation wavelength: (a - f) 
514.5 nm. 
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The CHz twist at ca. 1296 cm'! remains relatively narrow which also suggests that the 

alkyl chains are in a predominantly ordered configuration. Octadecylsilane has a much 

longer alkane chain than 3MPT, which may provide stronger van der Waals forces for 

self-association and the greater ordered. However, the CHz twist is broadened slightly 

to higher frequencies and is only shifted 6 cm'! to lower frequencies compared to 10 cm,l 

in the crystalline spectrum. This would suggest that the alkyl chains in the hydrolyzed 

spectrum, are not completely ordered and do contain defects. 

When a polymeric octadecylsilane phase is covalently anchored to the thin silica 

surface, Figure 6.8d, the alkyl chains appear to adopt a predominantly ordered 

configuration. The p.(C-Ch, Pa(C-Ch, and CHz twist bands are observed at ca. 1062, 

1126, and 1297 cm,l, respectively; these frequencies correspond to those observed for 

crystalline octadecyltrichlorosilane, suggesting that the chemical environment of the alkyl 

chains is similar in each case. The peak frequency of the CHz twist and the shoulder on 

the p .. (C-C)T band, assigned to a weak v(C-C)o mode at ca. 1080 cm'l, indicate that these 

films contain a minimal amount of disorder. 

Exposing this polymeric phase to acetonitrile, Figure 6.8e, does not appear to 

disrupt the alkyl chain order significantly. However, the two v(C-Ch peaks and the CHz 

twist peak appear to decrease in intensity and broaden slightly signifying greater mobility 

of the alkyl chains. With deuterated methanol, Figure 6.8f, the two V(C-C)T bands and 

the CHz twist band appear to be slightly narrower. The p(C-C)o band does not appear 

to be significantly affected by the either mobile phase. 
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It should be noted that the ability to obtain Raman spectra from these 

organosilane layers in the v(C-C) region is not as consistent as in v(C-H) region (ca. 25% 

of the films versus ca. 70% of the films, respectively), because the v(C-C) modes are 

substantially weaker Raman scatters than the v(C-H) modes. Consequently, the limited 

vibrational spectra that were recorded for the modified silica surfaces in the v(C-C) 

region most likely reflect a dense alkylsilane film. 

Raman Spectroscopic Characterization in the v(C-H) Region. Figure 6.9 shows Raman 

spectra between ca. 2700-3100 cm'· for neat octadecyltrichlorosilane (a), crystalline 

octadecyltrichlorosilane (b), hydrolyzed octadecyltrichlorosilane (c), the polymeric phase 

on silica (d), the polymeric phase plus acetonitrile (e), the polymeric phase plus 

deuterated methanol (f), and the polymeric phase plus water (g). The bands of interest 

in this region are the JI.(CH2), Jla (CH2), JI.(CH2,FR), JI,,(CH3) from octadecylsilane and the 

JI.(CH3) from acetonitrile. Deuterated methanol and water do not have vibrational bands 

in this frequency region. The band assignments and peak frequencies are tabulated in 

Table 6.1. 

Neat liquid octadecyltrichlorosilane, Figure 6.9a, exhibits four vibrational modes 

in this region at ca. 2851, 2890, 2927, and 2957 cm'·. These bands are assigned to the 

JI.(CH2), Jla(CH2), JI.{CH:z,FR) and v,,(CH3) modes, respectively. When 

octadecyltrichlorosilane is frozen (Figure 6.9b), the hydrocarbon chains adopt a more 

ordered or "crystalline" configuration. The increase in order is exhibited in the 

methylene (Jla(CH2) and v.(CH2» vibrations through a change in peak frequency and 
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Figure 6.9. Raman spectra in the v(e-H) region of (a) neat octadecyltrichlorosilane, 
(b) crystalline octadecyltrichlorosilane, ( c) hydrolyzed octadecylsilane, (d) 
octadecylsilane anchored to the thin silica film, ( e) octadecylsilane 
anchored to the thin silica layer in the presence of acetonitrile (*), (f) 
octadecyIsilane anchored to the thin silica layer in the presence of 
deuterated methanol, (g) octadecylsilane anchored to the thin silica layer 
in the presence of water. Integration times: (a) 5 min, (b) 5 min, (c) 20 
min, (d) 10 min, (e) 10 min, (f) 15 min, (g) 15 min. Excitation 
wavelength: (a - g) 514.5 nm. 
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relative peak intensity.6.42 This transformation is reflected in the methylene vibrational 

peak intensity ratio, [Iv,,(CH2)/Iv.(CH2)], which can be used as an indicator of 

conformational changes within alkyl chains.6.43 

When octadecyltrichlorosilane is frozen, this methylene ratio changes from 0.938 

± 0.005 for the neat liquid to 1.92 ± 0.02 for the solid. Gaber et al. observed similar 

peak ratios for liquid and solid hexadecane.6.43 Since the C-H envelope contains a 

number of vibrational modes, the methylene peak intensity ratio exhibits a range of 

values, depending upon the molecule of interest and complexity of the C-H frequency 

region. Therefore, the value of the methylene ratio lies not in comparing absolute 

numbers, but in being able to monitor the relative effects of specific environmental 

variables on given a system. 

When bulk octadecyltrichlorosilane is hydrolyzed, Figure 6.9c, the methylene peak 

intensity ratio of 1.38 ± 0.02 suggests that the hydrocarbon chains are in a more ordered 

configuration after condensation, analogous to the observations in the v(C-C) region. 

Although the spectrum of gelled octadecylsilane appears ordered, the methylene peak 

intensity ratio is substantially lower than that for crystalline octadecylsilane. This 

difference suggests the alkyl chains are not completely ordered after condensation, and 

contain a number of gauche defects. 

For the modified silica surfaces (Figures 6.9d, 6.ge, 6.9f, 6.9g), two prominent 

bands associated with the symmetric and asymmetric methylene vibrations of 

octadecylsilane at ca. 2849 and 2882 em-I, respectively, are observed. The shoulder at ca. 

2929 em-I is assigned to the v.(CH2,FR) from both octadecylsilane and 3MPT. The 
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methylene peak intensity ratio for these modified silica surfaces ranges from ca. 1.45 to 

1.70 suggesting that, although the hydrocarbon chains are still not completely crystalline, 

they are fairly ordered. The variances observed in the methylene ratio for 

octadecylsilane covalently attached to the thin silica films is attributed to varying 

contributions from the 3MPT /silica background and to different carbon loadings for each 

sample. 

Comparing the methylene peak intensity ratio for the octadecylsilane gel with the 

ratio for the silica surface octadecylsilane suggests that the alkyl chains are slightly more 

ordered on the silica surface than in the gel. This result suggests that the polymeric 

stationary phases formed on the thin silica surfaces do not represent bulk hydrolyzed 

octadecylsilane, but rather, an ordered hydrocarbon film influenced by its attachment to 

the silica surface. 

In order to quantitatively assess changes in the stationary phase spectral response 

due to interaction with solvent molecules, the methylene peak intensity ratio was 

recorded as percent change relative to this ratio prior to solvent exposure. Therefore, 

changes that occur in this ratio should reflect an adjustment of the alkyl chains to the 

different environment. 

Exposure of the octadecylsilane film to acetonitrile as a mobile phase decreases 

the methylene peak ratio by ca. 8%, suggesting a slightly more disordered stationary 

phase. Using a slightly less polar mobile phase, deuterated methanol (D3COD), the 

methylene peak intensity ratio decreases by ca. 11 %. For water, the methylene ratio 

decreases by ca. 4%. These data suggest that the spectral response of the alkyl chains 
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that comprise the stationary phase are capable of indicating different solvent interactions. 

Acetonitrile and deuterated methanol appear to disrupt the alkyl chains more 

significantly than water which is consistent with recent observations by Wirth et a1.6
•
44 

Wirth observed that wetting solvents, such as alcohols, cause slight perturbations within 

the stationary phase which allow a greater range of orientational distributions of 

partitioning molecules and a more disordered stationary phase than non-wetting solvents, 

such as water. Although the Raman data suggest that the stationary phase is slightly 

perturbed by the presence of acetonitrile and deuterated methanol, the alkyl chains still 

maintain a predominantly ordered configuration and do not represent a "liquid like" 

environment. 

Overlayer Measurements by X-ray Photoelectron Spectroscopy. XPS was used to estimate 

the thickness of the octadecylsilane layer. The thickness of an overlayer can be 

approximated based on the relationship described in equation 6.1, which relates the XPS 

signal intensity of the underlying substrate (I.) to the thickness of the overlayer (d), the 

escape depth of electrons through the overlayer (A), the angle at which the electrons are 

ejected from the surface (a), and the XPS signal intensity of the pure bulk substrate at 

zero coverage (1.0)' 

(6.1) 

Recasting equation 6.1 in a logarithmic form results in the following linear relationship: 

InI. = InI.o - d(l/Asina) (6.2) 

Therefore, a plot of l/Asina versus In I. (intensity of underlying substrate) at various 
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angles should result in a line with a slope equal to the thickness of the overlayer (d). 

The relationship between ex and the path length of the x-rays through the overlayer is 

schematically depicted in Figure 6.10. When ex is 900, sinex is equal to 1 and the vertical 

sampling depth is maximized. As ex decreases, the path length of the x-rays through the 

overlayer increases, which decreases the vertical sampling depth. 

There are five variables associated with equation 6.2. 1'0 is left as an unknown 

and included in the y-intercept term. ex is an instrumental variable and I, is the detected 

XPS signal. Therefore, the only remaining unknown variable besides d is A. Bain and 

Whitesides have estimated A for organic thin films (self-assembled alkanethiol 

monolayers) at Au surfaces by measuring the attenuation of the Au XPS signal as a 

function of the thiol chain length.6.4S They estimated escape depths of 42 A at 1402 eV, 

34 A at 1151 eV, and 28 A at 940 eV. Other reported values range from 15 to over 100 

A.6.4S.6.48 

The relationship between signal intensity and ex are plotted for the Si 2s electrons 

using immersion times of 1 and 1.5 h in Figure 6.11a and Figure 6.11b, respectively. The 

self-assembled films used by Bain and Whitesides closely resemble the alkylsilane films 

formed on the silica surfaces. Therefore, the escape depths used in the thickness 

calculations are based on the data provided by Bain and Whitesides.6
.
4s An escape depth 

of 39.77 A was used for Si 2s electrons (154 eV) and 41.12 A for Si 2p electrons (104 

eV). The corresponding thickness measurements are tabulated in Table 6.2. The 

measurements made with the Si 2p electrons and the Si 2s electrons are in excellent 

agreement. In addition, the measured film thickness does not appear to increase for 
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Is - xps silica signal with C180verlayer 
Iso - xps silica signal without C180verlayer 
A. - escape depth 
a - collection angle 
d - thickness of C18 overlayer 

Figure 6.10. The relationship between the take off angle of the electrons and the path 
length of the X-rays through the overlayer. 
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Figure 6.11. A plot of the natural log of the XPS signal from the Si 2s electrons versus 
(1/Mina) for immersion times of (a) Ih and (b) 2 h. 
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extended immersion times, suggesting that the octadecylsilane film formation is complete 

after 1 h. 

Table 6.2 - Octadecylsilane Thickness Estimates 

Immersion A dA 
Time 

Si 2s 1.0 hr 39.77 3.5 

1.5 hr 39.77 3.2 

Si 2p 1.0 hr 41.12 3.2 

1.5 hr 41.12 3.5 

Si 2s 1.0 hr 100 6.4 

1.5 hr 100 8.1 

Si 2p 1.0 hr 100 7.7 

1.5 hr 100 8.6 

Assuming that the octadecylsilane films form a single monolayer on a smooth 

silica surface, and that the alkyl chains are extended out away from the silica surface, the 

thickness of the octadecylsilane film is predicted to be ca. 25 - 30 A thick, comparable 

to octadecylthiol films formed by self-assembly on metal surfaces.6.49.6.5O Using the 

escape depths provided by Bain and Whitesides, the XPS measurements suggest that the 

octadecylsilane films formed on the thin silica surfaces are ca. 3 A, which is significantly 

less than predicted for a perfectly ordered monolayer film. 

The XPS thickness measurements depend significantly on the values of A used. 

Substituting increasingly larger values for A into equation 6.2 generates larger thickness 

approximations. Additional thickness measurements based on larger A values are also 
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tabulated in Table 6.2. Using an escape depth of 100 A (the upper range of A based on 

the XPS literature), the thickness of the polymeric stationary phase is estimated to be 

ca. 8 A, still substantially smaller than that predicted for an ordered monolayer. 

The uncertainty associated with the approximation of A suggests that XPS does 

not provide a good quantitative thickness measurement for the octadecylsilane overlayer. 

However, the XPS results do qualitatively suggest that the polymeric stationary phases 

films are fairly thin, on the order of monolayer or submonolayer coverages, and not 

several nanometers thick. It should be noted that these measurements are consistent 

with carbon loadings « 1 monolayer) reported in the chromatographic literature, as 

discussed previously. 

These observations can be interpreted in several ways. The alkylsilane films 

possibly adhere to the silica surface as a collapsed, densely packed, thin film on the silica 

surface. Attenuation of fIlm thickness would also be observed if octadecylsilane adhered 

to the silica surface in patchy islands. The thickness measurements would then be an 

average of the overall height of the octadecylsilane films. Surface roughness could 

significantly affect the II' The experiments and calculations assume a smooth and flat 

silica surface. Therefore at grazing angles, the x-rays sample more of the CI8 overlayer, 

Figure 6.12a. For a porous or rough silica surface, the x-rays sample more of the silica 

layer at grazing angles (Figure 6.12b). Consequently, surface roughness will also cause 

attenuation of the CI8 film thickness. In any case, the thickness measurements made by 

XPS are consistent with the estimates of surface coverages made by chromatographers 

for this type of system.6
•
40 
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Figure 6.12. Diagram of angle-resolved XPS through the CIK overlayer (a) at a smooth 
silica surface (b) at a rough silica surface. 
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Monomeric Stationary phases 

Scanning Electron Microscopy Characterization. When the silica surface is modified with 

tetra-butyldiphenylchlorosilane and cleaned by Soxhlet extraction in distilled toluene and 

methanol, the low resolution SEM image of the silica surface (Figure 6.13a) shows a 

number of cracks in the silica gel, similar to what was observed for the polymeric 

stationary phases (Figure 6.7a). The SEM image in Figure 6.13a shows an uneven silica 

layer. This particular SEM image was acquired on the edge of the Ag surface and 

reflects the inability of the silica to adhere to an unmodified Ag surface. When the Ag 

surface is modified with 3MPT, the outer edge is wrapped with parafilm; consequently, 

the thin silica film does not adhere as effectively to the unmodified Ag surface. Issues 

concerning the adhesion of the silica layer to the Ag surface are discussed in further 

detail in Chapter 5. 

At higher resolution (Figure 6.13b), the SEM images appear to contain a number 

of surface features. The surface features observed in Figure 6.13b are similar to those 

observed for the polymeric stationary phase (Figure 6.7b), but they are not as extensive. 

The number of surface features generated during the silanization reaction is believed to 

be attributed to the concentration of HCl at the silica surface. Monochlorosilanes 

produce one third the number of HCl species per mole of silane than trichlorosilanes. 

Therefore, the amount of HCl available to etch the silica surface and generate the 

surface features is significantly less for monochlorosilane silanization reactions. 
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Figure 6.13. SEM images of the thin silica surface after attachment of tetra
butyldiphenylchlorosilane (a) low resolution, (b) high resolution. 
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Raman Spectroscopic Characterization. The surface concentrations of monomeric C\8 

stationary phases are presently too low for direct observation of alkyl vibrations using 

Raman spectroscopy with adequate signal-to-noise. Figure 6.14 shows the p(C-H) region 

for octadecyldimethylsilane covalently attached to the silica surface (using the first 

silanization reaction scheme) and 3MPT/silica, Figures 6.14a and 6.14b, respectively. 

The difference spectrum (Figure 6.14c) was acquired by normalizing the vibrational 

intensity of the 3MPT/silica spectrum to that of the modified silica spectra in order to 

minimize background contributions. Subtracting the adjusted 3MPT /silica spectrum from 

the octadecyldimethylsilane/silica spectrum results in three peaks attributed to the 

octadecylsilane at ca. 2852, 2904, and 2938 cm'\ (Figure 6.14c). The peak at ca. 2852 cm'\ 

corresponds to the p.(CHz). The band at ca. 2904 probably represents a Pa(CH2) mode. 

The band at 2938 cm'\ is assigned to the p.(CH3)FR vibration whose corresponding p.(CH3) 

is observed as a shoulder at ca. 2869 cm'\ on the p.(CH2) band. The other two peaks are 

left unassigned. 

Although the information obtained from the difference spectrum is somewhat 

ambiguous, the vibrational bands that are observed are consistent with the presence of 

more CH2 groups in the case of the modified silica surface. Therefore, it is reasonable 

to assume that monolayer detection of alkyl chains at a silica surface is feasible, 

particularly if the enhancement process or silica surface area can be optimized. 

To improve the sensitivity of the measurements on a film formed from a 

monochlorosilane, tetra-butyldiphenylchlorosilane was covalently attached to the silica 

surface. The two phenyl rings have very strong Raman cross sections. 
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Figure 6.14. Raman spectra in the pee-H) region of (a) octadecylsilane anchored to 
the thin silica film, (b) 3MPT/silica overlayer, (c) difference spectrum. 
Integration times: (a) 40 min, (b) 10 min. Excitation wavelength: (a and 
b) 514.5 nm. 
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Figures 6.15 and 6.16 show the Raman spectra in the ring breathing region and the p(C

H) region of neat liquid tetra-butyldiphenyl-chlorosilane and tetra

butyldiphenylchlorosilane bound to the thin silica film, respectively. The band 

assignments and peak frequencies are tabulated in Table 6.3. The phenyl ring modes, 

d . d . Wil . 6S2 6S3 d h b I Ps, P<;\l, PlOt Pl'lb' an PI8a, are asslgne usmg son notatIOn' .. an t e t- uty 

assignments are based on calculations by Dobos et a1.6
.
S3 

Upon attachment to the silica surface, the symmetric and trigonal ring breathing 

modes at ca. 1000 and 1032 cm- I
, respectively, are superimposed on the 3MPT /silica 

background (Figure 6.15b). In Figure 6.16, the p(C-H) modes of the phenyl ring occur 

at higher frequencies than the p(C-H) modes of the 3MPT /silica background, and 

therefore, are clearly observed without any spectral interferences. 

Due to the proximity of the phenyl rings to the silica surface, the phenyl rings are 

believed to be predominantly parallel to the surface, as shown in Figure 6.17. Although 

this orientation is relatively unfavorable for strong scattering based on surface selection 

rules, Figures 6.15 and 6.16 clearly show that monolayer/submonolayer detection of 

organics at oxide surfaces can be accomplished using surface Raman spectroscopy. 



table 6.3 - Raman Vibrational Assignments and Peak Frequencies 
for tert-Butyldiphenylchlorosilane (BDPS). 

Neat Liquid Surface BDPS Assignments 
BDPS (em-') (em-') 

790 v·(Si-O-Si) 

820 _b 

852 - v,o 

919 - v,7b 

940 - Tcniary (C-H) dcJC 

950 v(Si-OH) silica 

990sh - v5 

1001 1000 v'2 

1032 1032 v'8a 
1034shd v(C-C)r e 3MPT 

IOn v(Si-O-Si) silica 

1106 - v(C-C3> 

1121 v(Si-O-Si) silica 

1160 1164sh v9a 

1178 

1194 - v (C-<;) 

1205 - v (C6H5-Si) 

1246 (CH 2)r twist 

1293 (CH2)r twist 

2716 -
2782 -

28S6sh vs(CH2) 

2868 - vs(CH3) 

2890sh va(CH 2) 

2902 - v.(CH3> 

2923 vs(CH2,FR) 3MPT 

2935 - vs(CH3,FR) 

2958 - vs(CH3) 

2968sh - v.(CH3> 

3007 -
3061 - vs(C6H5) 

BV = stretch b_ = not observed 'def = deformation 
dsh = shoulder «>r = trans 
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Figure 6.15. Raman spectra in the "ring breathing" region of (a) neat tert
butyldiphenylchiorosilane, (b) tert-butyldiphenylsilane attached to the thin 
silica layer. Integration times: (a) 2 min, (b) 15 min. Excitation 
wavelength: (a and b) 514.5 nm. 
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Figure 6.16. Raman spectra in the vee-H) region of (a) neat tert
butyldiphenylchlorosilane, (b) tert-butyldiphenylsilane attached to the thin 
silica layer. Integration times: (a) 2 min, (b) 15 min. Excitation 
wavelength: (a and b) 514.5 nm. 
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Figure 6.17. Schematic showing adsorption of tert-butyldiphenylsilane to the the 
thin silica layer. 
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Conclusions 

The results presented here demonstrate the utility of Raman spectroscopy for 

studying alkyl chain conformational changes for common chromatographic RPLC 

stationary phases. The spectra indicate that the hydrocarbon chains are predominantly 

in an ordered configuration similar to what is predicted by the brush model. In the 

presence of common mobile phases such as acetonitrile, deuterated methanol, and water, 

the alkyl chains undergo subtle conformational changes and appear to be in dynamic 

equilibrium with their surrounding environment. 

Detection limits could be improved by decreasing the thickness of the thin silica 

layer or increasing the surface area of the silica gel. Increased sensitivity would permit 

a greater range of studies, such as those on monomeric stationary phases, to be pursued. 

Further applications of this "sandwich" approach are currently being investigated. A 

variety of insulating oxides and semiconducting surfaces can be created using sol-gel 

chemistry techniques which should result in a range of surface adsorbate 

characterizations using Raman spectroscopy. 
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CHAPTER 7 

Other Metal Oxide Surfaces - A120 3 

Introduction 

AI is an important industrial material used in chemical processing, including 

chromatographic and catalytic applications, the fabrication of building materials, and 

automotive and airplane parts. The range of applications for materials made from AI 

comes from its diverse physical properties. Products can be made to be highly reflective, 

electrically conductive, chemically resistant, and with good mechanical properties while 

still being relatively lightweight.7
•
1 

AI easily passivates in the presence of air with the formation of a thin AI20 3 

overlayer ca. 40 - 60 A thick, which protects the underlying meta1.7
•
1 The oxide overlayer 

completely covers and is firmly adherent to the underlying metal surface. The AI20 3 

layer formed either by air oxidation or by electrochemical anodization is amorphous and 
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is referred to as a-Al20 3, but upon heating, this form of oxide changes to a harder 

crystalline form known as 'Y-Al203.7.1 

The Al20 3 layer exhibits both acidic and basic properties, as shown in Figure 

7.1.7.2 These characteristics are important to both catalytic and adsorption processes at 

the Al20 3 surface.7.3 The Al ionic species, which act as Lewis acid sites, are not found 

directly in the surface layer, but are exposed by oxygen and hydroxyl ion vacancies.7.4 

The vacancies that expose the Al ionic species are not uniform, differing in size and 

nearest-neighbor configuration, which confers a range of acidic properties to the Al20 3 

surface.7.S The basic sites are associated with surface hydroxyls and adsorbed molecular 

water. 

The importance of materials made from Al for industrial applications brings 

relevance to the interfacial chemistry that occurs at these surfaces. For instance, thin 

fIlms formed by the adsorption of organic molecules at All Al20 3 surfaces are important 

to many applications, including adhesion, lubrication, and corrosion inhibition.7.6 Organic 

coatings for Al surfaces are particularly important for improving adhesion of epoxies and 

paints to the Al20 3 surfaces, particularly in aqueous or high humidity environments.7.7· 7.8 

Therefore, developing a detailed molecular description of the interfacial interactions that 

occur at the All Al20 3 surface is vital in designing surfaces with superior performance 

characteristics. 

The surface interactions of molecular adsorbates such as carboxylic acids/·9. 7.19 

chromium phosphates,7.8 chlorosilanes,7.10 aromatics,7.2O ·7.27 amines,7.7 and thiols7.7. 7.10 at 

All Al20 3 surfaces have been investigated. These surfaces have been characterized using 
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Figure 7.1. Schematic showing the All Al20 3 surface with the associated acid and base 
sites. 
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x-ray photoelectron spectroscopy (XPS),7.IS inelastic tunnelling spectroscopy (IETS),7.9. 7.11. 

7.28 Raman spectroscopy,7.8. 7.17. 7.18. 7.21. 7.22. 7.25 - 7.27 and an assortment of Fourier transform 

infrared techniques, including attenuated total reflectance (ATR)'·8.7.29 and reflection

absorption infrared spectroscopy (RAIRS).7.12 -7.IS. 7.30 

The majority of vibrational studies have used infrared spectroscopy to probe the 

molecular interactions of organic molecules at these surfaces. Raman spectroscopy has 

been used less frequently and more selectively, limited predominantly to the investigation 

of strong Raman scatters. Although Schatz et aI.'·31 have predicted the theoretical 

enhancement values for AI to be comparable to Ag at ca. 520 nm, AI has not been 

observed to provide a significant amount of electromagnetic enhancement to adsorbates. 

Previous surface Raman spectroscopy experiments at Al20 3 surfaces have been hindered 

from fluorescence from the Al20 3, particularly for high surface area samples.7.w• 7.21 

A flat AI/ Al20 3 surface decreases the fluorescence background but also reduces 

the number of Raman scattering centers. The picture in Figure 7.1 shows that a system 

such as this is analogous to the "sandwich" model discussed in Chapter 6. Meier et at 

have used this layered structure to study the Raman spectroscopy of p-nitrobenzoic acid 

adsorbed onto a vapor deposited AI surface oxidized in air.7.22 Although the v.(N02) 

mode of p-nitrobenzoic acid is a strong Raman band, the signal/noise ratio obtained for 

the surface adsorbed species was only four. Due to the poor sensitivity of Raman 

spectroscopy, the majority of Raman experiments at AI/ Al20 3 surfaces use Ag island 

adlayers to provide electromagnetic enhancement to the surface adsorbed species.7.8.7.17. 

7.18. 7.21. 7.25 . 7.27 Although the Ag islands do improve the sensitivity of the Raman 
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spectroscopy experiment for non-enhancing metals such as Al, this approach does not 

necessarily provide a true representation of the surface chemistry at the All Al20 3 

interface. 

The use of Raman spectroscopy for the investigation of octadecylsilane, 

octadecyldimethylsilane, and stearic acid at All Al20 3 surfaces is presented in this 

Chapter. The symmetric and asymmetric p(C-H) intensity ratio for the methylene groups 

is used as an indicator of the alkyl chain order. The interactions of these organic systems 

at a non-enhancing Al20 3 surface have not been previously studied using Raman 

spectroscopy due to their weak Raman scattering. A thin Al20 3 film from on an Al 

surface is used to reduce the fluorescent background, and a thinned, back-illuminated 

charged coupled device detector is used to improve signal detection. 

Alkylsilanes Layers on All Alz0 3 Surfaces 

Al20 3 has become an important alternative to silica as a chromatographic 

stationary support, particularly in basic environments and other solvent conditions where 

silica is unstable.7
•
2

• 7.10 The attachment of alkylchlorosilanes to Al20 3 is believed to occur 

in a manner analogous to the attachment of alkylchlorosilanes to silica. The 

chlorosilanes react with surface hydroxyls on the Al20 3 surface forming Al-O-Si bonds, 

while releasing HCI as a by-product. The surface hydroxyl concentration for porous -y

Al20 3 and a-Al20 3 surfaces is estimated to be ca. between 2 and 10 hydroxyls/l00A 

depending upon preparation procedures.7
•
4

• 7.32. 7.33 In contrast, silica has a surface 
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hydroxyl coverage of ca. 4.5 hydroxyls/100A2.7.34 Therefore, coverages for the alkylsilanes 

attached to All Al20 3 should be roughly comparable to those on silica. 

Preparation of Films 

Aluminum surfaces were initially mechanically polished with 1.0, 3.0, and 0.5 ILm 

alumina and sonicated for 5 min H20, rinsed with H20 and resonicated in H20 for an 

additional 5 min. The surfaces were allowed to dry for 1 h prior to immersion into a 0.1 

M alkylchlorosilane/100% distilled toluene solution for 12 h. Excess alkylsilane was 

removed by Soxhlet extraction in dry toluene and methanol for 3 h each. 

Raman Spectroscopy in the vee-C) Region 

Figure 7.2 shows Raman spectra In the v(C-C) region for neat 

octadecyltrichlorosilane and an octadecylsilane layer on an All Al:P3 surface. The bands 

of interest in this region are the CH2 rko, CH3 rkT' CH3 rko, v(C-Ch, v(C-C)o, CH2 twisto, 

and the CH2 twistT modes. Vibrational assignments and peak frequencies are listed 

Table 7.1. Assignments are based on those for other long alkyl chain systems.7.35 

For surface-adsorbed octadecylsilane (Figure 7.2b), the presence of the two (C

Ch bands at ca. 1062 and 1127 cm"l, the in-plane methylene twist at 1294 cm"l, and the 

methylene rocking modes at ca. 889 cm"1 suggest that the alkyl chain portion of the films 

is ordered. The shoulder on the v(C-Ch band at ca. 1080 cm"1 and the methylene 

rocking modes at ca. 790 and 848 cm"1 indicate a small number of G conformations in the 

octadecylsilane fIlm. 
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Figure 7.2. Raman spectra in the JI(e.C) region of (a) neat octadecyltrichlorosilane, 

(b) octadecylsilane adsorbed to Al/Al20 3• Integration times: (a) 10 min, 
(b) 60 min. Excitation wavelength: (a and b) 514.5 nm. 



Table 7.1 - Raman Vibrational Assignments and Peak Frequencies 
for Octadecyltrichlorosilane (OTS) in the v(C-C) Region. 

I Neat OTS I Surface OTS emol I Assignment I 
790 Sh" CH2 rkob

•
c 

848 sh CH2 rko 

871 871sh CH3 rko 

890 889 CH3 rkT
d 

1065 1062 ,,"(C-Ch 

1080 sh ,,(C-C)o 

- 1095 CH2 twistT 

1124 1127 ,,(C-Ch 

1176 1166 

1256 -
1303 1294 CH2 twistT•O 

1366 1366 

ash - shoulder brk - rock CG - gauche 
dT _ trans °v - stretch 

Raman Spectroscopy in the vee-H) Region 
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Figure 7.3 shows Raman spectra in the v(C-H) region for neat 

octadecyltrichlorosilane, and an octadecylsilane layer covalently attached to AIl AI20 3. 

The vibrations of interest are the JI.(CH2), Jla(CH3), and JI.(CH2IFR) modes. Vibrational 

assignments and peak frequencies are listed Table 7.2.7035 

The methylene vibrational intensity ratio, [lva(CH2)/1v.(CH2)], provides an 

indication of the degree of alkyl chain order and a means of monitoring conformational 

changes within the alkyl chain.7036.7.37 The methylene ratio for neat octadecyl-
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Figure 7.3. Raman spectra in the vee-H) region of (a) neat octadecyltrichlorosilane, 
(b) octadecylsilane adsorbed to Al/Al20 3• Integration times: (a) 5 min, 
(b) 20 min. Excitation wavelength: (a and b) 514.5 nm. 



Table 7.2 - Raman Vibrational Assignments and Peak Frequencies for 
Octadecyltrichlorosilane (OTS) and Octadecyldimethylchlorosilane 

(ODS) in the JI(C-H) Region. 
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Neat OTS em'l ODS em'l Surface OTS em'l Surface ODS cm'l Assignments 

2851 2852 2847 2851 JI.(CH2) 

2890 2900 2881 2895 JI.(CH2) 

2927 sh 2924sh 2928 JI.(CH2,FR) 

I 0.91 I 1.04 I 1.30 I 1.20 I b.(CH2)/b.(CHJ I 
trichlorosilane, Figure 7.3a, is ca. 0.91. It increases to ca. 1.30 for octadecylsilane 

adsorbed to Ail AI20 3, Figure 7.3b. The large change in this ratio suggests that the 

octadecylsilane is bound to Ail AI20 3 in a partially ordered configuration. Similar 

changes are also observed for the attachment of octadecylsilane to silica, which has a 

corresponding ratio of ca. 1.45. [Note, however, that this ratio might be smaller if 3MPT 

contributions were removed from the Cis/silica spectrum]. Interestingly, when bulk 

octadecyltrichlorosilane is hydrolyzed, as discussed in Chapter 6, the methylene peak 

intensity ratio is ca. 1.38. Comparison of the ratios for octadecylsilane on Ail AI20 3, 

octadecylsilane on silica, and hydrolyzed octadecyltrichlorosilane, suggest that there is 

more disorder in the extended alkyl chains on Ail Al20 3 surfaces, based on the smaller 

ratio. 

Surface hydroxyl concentration would be expected to have a significant effect on 

the bonding density, and therefore, degree of order of the alkyl chains. Previous research 

has suggested that the surface hydroxyl concentration at an a-AI20 3 surface is comparable 

to that on silica.7
.
4
• 7.32·7.34 Additional research estimating the surface density of the alkyl 
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chains and the concentration of surface hydroxyl density on these thin a-Al20 3 layers 

would be helpful. 

Octadecyldimethylchlorosilane has a single reactive chlorine, and therefore, each 

molecule can only react with a single surface hydroxyl. A single reactive group does not 

permit cross-linking with neighboring molecules or further polymerization. Moreover, 

the two pendant methyl groups provide steric hinderance between molecules. As a result, 

silanization reactions using octadecyldimethylchlorosilane generally result in 

submonolayer coverages at best. 

Vibrational assignments and peak frequencies for this molecule in the JI{C-H) 

region are listed Table 7.2. The spectrum of neat octadecyldimethylchlorosilane has a 

methylene intensity ratio of ca. 1.04, Figure 7.4a, and octadecyldimethylsilane adsorbed 

to All Al20 3, Figure 7.4b, has a methylene intensity ratio of ca. 1.20. The smaller 

methylene ratio for the octadecyldimethylchlorosilane films relative to the octadecylsilane 

film implies that films made from a mono-reactive chlorine precursor are less ordered 

than the films formed from precursors with mUltiple reactive chlorines. The smaller 

bonding density of octadecyldimethylsilane reduces the intermolecular forces that hold 

the alkyl chains in an ordered configuration, permitting the alkyl chains more flexibility, 

and hence, gauche conformations. 
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Figure 7.4. Raman spectra in the vee-H) region of (a) octadecyldimethylchlorosilane, 
(b) octadecyldimethylsilane adsorbed to All Al20 3• Integration times: (a) 
5 min, (b) 120 min. Excitation wavelength: (a and b) 514.5 nm. 
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Alkanoic Acid Layers on AI10J! AI and Ag Surfaces 

A molecule structurally related to octadecylsilane is stearic acid. The carbon 

backbone of stearic acid [CH3(CHz)16COOH] has the same number of carbon atoms as 

octadecyltrichlorosilane and octadecyldimethylchlorosilane. Variations in surface 

interactions at the AIZ03 surface are expected, however, based on differences in the 

headgroup and bonding interactions. Investigating the structural differences of these two 

types of molecules might provide insight into the role of the headgroup indicating alkyl 

chain order in these films. 

Previous studies of alkanoic acid monolayers have been riddled with a number 

of inconsistent observations and conclusions. Golden et al. characterized arachidate 

(CH3(CH)lsCOOH) monolayers (prepared by self-assembly and Langmuir-Blodgett 

deposition) at AI/AIZ03 surfaces using RAIRS.7
•
IZ They observed that films formed by 

Langmuir-Blodgett deposition were highly ordered with the alkyl chains extending away 

from the AI/ AIZ03 surface. The films formed by self-assembly were not as ordered, and 

the alkyl chains did not extend away from the AI/ AIZ03 surface. Brown et al. studied 

shorter n-alkanoic acids formed on AI/AI20 3 surfaces using IETS.7
•
9 They observed that 

the shorter n-alkanoic acids were predominantly in an all-trans configuration, suggesting 

an ordered film. Hansma et al. came to the opposite conclusion on the basis of their 

lETS measurements observing both G and T conformations for similar systems formed 

by self-assembly on AI/ AIZ0 3•
7
•
9 

More recently Allara and Nuzzo investigated n-alkanoic acids adsorbed from 

solution onto AIZ03 surfaces using ellipsometry, XPS, and RAIRS.7
•
IS They observed that 
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the oxide layer is highly adsorbent to contaminants from the ambient environment, which 

can significantly affect the adsorption kinetics of the alkanoic acids. Monolayer 

formation proved to be a very slow process with tremendous inconsistencies for similar 

samples in the same solution. These results suggest that surface defects and or 

monolayer defects may play an important role in the adsorption process. Their 

observations also suggest that some of the previous discrepancies in the literature may 

possibly be attributable to incomplete film formation. 

The AI and Ag surfaces used here were initially mechanically polished with 1.0, 

3.0, and 0.5 p.m alumina and sonicated in H20 for 5 min, rinsed with H20 and 

resonicated in H20 for an additional 5 min. The surfaces were immersed into 5.0 mM 

stearic acid/ethanol or 0.1 M stearic acid/hexane solutions for 3 days. Prior to Raman 

spectral acquisition, the modified surfaces were removed from the solution and rinsed 

with copious amounts of the corresponding solvent, ethanol or hexane. The stearic acid 

films formed from both solutions were spectroscopically identical. 

Raman Spectroscopy in the veC-C) Region 

Figure 7.5 shows the Raman spectra in the v(C-C) region for crystalline stearic 

acid and stearic acid adsorbed to a smooth Ag surface. The bands of interest in this 

region are the CH3 rica, CH3 rkT' v(C-Ch, v(C-C)o, CH2 twistT, and the CH2 twistT modes. 

Vibrational assignments and peak frequencies are listed Table 7.3.7
•
35 

Figure 7.5a shows the Raman spectra of crystalline stearic acid in this region. 

The spectrum for stearic acid adsorbed to a smooth Ag surface is shown in Figure 7.5b. 
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Figure 7.5. Raman spectra in the v(C.C) region of (a) stearic acid, (b) stearic acid 
adsorbed to smooth Ag. Integration times: (a) 5 min, (b) 40 min. 
Excitation wavelength: (a and b) 514.5 nm. 



Table 7.3 - Raman Vibrational Assignments and Peak 
Frequencies for Stearic Acid in the v(C-C) Region. 

I Stearic Acid em-I I Ag Surface em-I I Assignment I 
848 841 CH2 rko 

867 sh CH3 rko 

892 887 CH3 rkT 

909 -
- 921 

- 999 

1007 -
1040 1032 CH2 rko 

1063 1063 II(C-Ch 

1072sh - II(C-C)o 

1103 - CH2 twistT 

1128 1126 JI(C-Ch 

- 1156 

1173 - CH2 twistT 

1185 - CH2 twisto 

- 1266 

1295 1296 CH2 twistT 
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Data for stearic acid adsorbed to All Al20 3 in the v(C-C) region could not be observed 

due to the very weak signals. For stearic acid adsorbed to smooth Ag, the v(C-Ch bands 

at ca. 1063 and 1126 cm-1 and the CH2 twistT at ca 1296 cm-1 are clearly present, but are 

very weak in intensity. Although CH2 rica modes are present at ca. 841 and 687 cm-I
, the 

vibration associated with the v(C-C)o conformation, which occurs between ca. 1070 and 

1080 em-I does not appear in Figure 7.5b. The intensities of the v(C-Ch bands and the 

absence of the v(C-C)o band suggest that the carbon backbone of stearic acid is largely 
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in an all-trans conformation. For stearic acid adsorbed to a Ag surface, the band at ca. 

999 cm-! is left unassigned. The 999 cm-1 band could possible be CH2 rkT mode, but 

since it is not observed in crystalline stearic acid and has not previously observed in other 

studies of alkanoic acids adsorbed to All Al20 3 surfaces, it may also be a contaminant. 

The only other Raman spectral data for alkanoic acids at Ag surfaces was 

reported by Moskovits et al. using colloidal Ag suspensions.7
.
17 The spectra obtained by 

these workers do not resemble the Raman spectra obtained for self-assembled films on 

smooth Ag surfaces. Their spectra Raman spectra exhibit significantly larger v(C-Ch and 

CH2 twist~ bands suggesting that stearic acid films formed on colloidal Ag are highly 

ordered with the alkyl chains extending away from the Ag surface. If, in fact, the 

hydrocarbon chains do extend away from the Ag surface, as suggested by Moskovits et 

al. and Allara et al., then an appreciable v(C-C) Raman signal, comparable to other C\8 

molecules such as octadecanethiol, would be expected. It is confusing that greater 

intensity is not observed in this region. Further research needs to be done to sort out 

these conflicting observations. 

Raman Spectroscopy in the vce-H) Region 

Figure 7.6 shows Raman spectra in the v(C-H) region for neat stearic acid, a 

layer of stearic acid on All Al20 3, and a layer of stearic acid on smooth Ag. The 

vibrations of interest in this region are the v.(CH2), va(CH3), and v.(CH2,FR) modes. 

Vibrational assignments and peak frequencies are listed Table 7.4.7
•
35 
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Figure 7.6. Raman spectra in the lI(e-H) region of (a) stearic acid, (b) stearic acid 
adsorbed to All Al20 3, (c) stearic acid adsorbed to smooth Ag. 
Integration times: (a) 2 min, (b) 120 min, (c) 6 min. Excitation 
wavelength: (a - c) 514.5 nm. 



Table 7.4 - Raman Vibrational Assignments and Peak Frequencies 
for Stearic Acid in the pce-H) Region. 

Stearic AI/AI2OJ Ag Surface Assignments 
Acid em'· Surface em'· 

em'· 

2846 2853 2851 JI,(CH2) 

2880 2884 2882 JI,(CH2) 

2924 2911/2934 2924 JI,(CH2,FR) 

I 1.98 
! 

1.42 
! 

1.33 !1JI.(CH2)/IJI,(CHJ) I 
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Solid stearic acid, shown in Figure 7.6a, has a large methylene intensity ratio, ca. 

1.98, indicative of a highly ordered system. The alkyl chains for the layer of stearic acid 

adsorbed on AIl AI20 3, Figure 7.6b, exhibit a methylene intensity ratio of ca. 1.42. 

Comparison of the ratio from the stearic acid layer on AIl AI20 3 with the corresponding 

ratios for alkylchlorosilanes adsorbed to AIl Al20 3 suggests that the alkyl chains of stearic 

acid are more ordered. 

Observations made by Allara et al. and Touwslager et al. indicate that stearic acid 

bonds to Ag and AIl AI20 3 in slightly different orientations. Both studies suggest that 

alkanoic acids bond to the AI20 3 surfaces at Lewis acid sites through a single oxygen 

atom tilted ca. 100 from the surface normap·14. 7.1S However, alkanoic acids adsorb to Ag 

surfaces as the alkanoate through both oxygen atoms via a delocalized double bond, with 

the alkyl chain extending away from the surface along the surface normal. The 

orientations of stearic acid with respect to both surfaces are shown in Figure 7.7. 
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Figure 7.7. Schematic showing the adsorption of stearic acid to Al/AlZ03 and a 
smooth Ag surface. 



256 

Stearic acid adsorbed to a smooth Ag surface, Figure 7.6c, appears to be slightly 

less ordered than stearic acid on All AlZ0 3, based on the slightly lower methylene 

intensity ratio. These different degrees of order are believed to be due to the different 

interactions of the headgroup at the surface. Being able to bond through a single oxygen 

atom at Alz0 3 surfaces versus both oxygen atoms at a Ag surface allows the stearic acid 

molecules at the Alz03 surface to form a more compact self-assembled film. 

Conclusions 

The results presented here demonstrate the utility of surface Raman spectroscopy 

for the investigation of organic thin films at Al20 3 surfaces. Previous attempts to study 

organic adsorption at AlZ0 3 surfaces have been limited to the use of strong Raman 

scatters or deposition of surface enhancing metal island films for signal SERS-active. 

Octadecylsilane layers on All AlZ0 3 were observed to be more disordered than 

similar films formed on silica, suggesting a greater concentration of G conformations in 

the alkyl chains. The methylene intensity ratio for octadecyldimethylsilane layers on 

All AlZ0 3 surfaces suggests that the alkyl chains are even less ordered than films formed 

from octadecyltrichlorosilane due to a lower bonding density, but still do not represent 

a "liquid-like" conformation. The substantial difference in integration times used to 

acquire spectra of octadecylsilane and octadecyldimethylsilane at All Al20 3 surfaces 

suggests that alkyl chain bonding densities for octadecylsilane are larger than 

octadecyldimethylsilane and may be an indication of multilayer formation. 
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Stearic acid adsorbs to All Al20 3 surfaces and appears to produce slightly more 

ordered films than the chlorosilanes on either All Al20 3 or silica. The data suggest that 

the bulky methyl groups of octadecyldimethylchlorosilane and the cross-linking of 

octadecyltrichlorosilane prevent the alkyl chains from forming as ordered a film. On 

All Al20 3, stearic acid only adheres to the surface through a single oxygen atom. When 

stearic acid adsorbs to Ag surfaces, it adsorbs through both oxygens, which reduces the 

van der Waals interactions of the alkyl chains and creates a slightly less ordered film. 
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CHAPTER 8 

Conclusions and Future Directions 

Overview of Problem 

Molecular thin films are currently under investigation for future applications in 

the areas of lubrication, corrosion, biocompatability, electrochemistry, adhesion, optics, 

catalysis, separations, and patternable materials.s.1 Although a considerable amount of 

effort has been spent investigating molecular thin films formed by Langmuir-Blodgett 

techniques and by self-assembly on metal surfaces, relatively little effort has been spent 

investigating similar films formed on oxide, semiconductor and ceramic surfaces which 

are germane to a variety of materials issues. Previous vibrational characterization of 

organized molecular assemblies at oxide surfaces has been limited due to poor sensitivity, 

fluorescence, and vibrational interferences from the oxide. Further characterization of 

these interfaces should lead to a better understanding of the surface chemistry of organic 

thin films at metal and oxide surfaces. 
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Research Objectives 

The research described here was designed to investigate the surface chemistry of 

organosilanes at metal and oxide surfaces, specifically Ag, Au, Si02, and Al20 3, using 

Raman spectroscopy. In order to conduct these experiments, a method to create a 

stable, strongly adherent, silica gel fIlm was developed and characterized. 

Summary 

(3-Mercaptopropyl)trimethoxysilane (3MPT) is an important industrial 

organosilane used to promote desirable interfacial properties such as chemical durability, 

insulation, surface protection, and adhesion at metal and oxide surfaces.8
.
2 However, very 

little work has been done to investigate the surface chemistry of 3MPT at these surfaces. 

In order to ascertain the contributions of 3MPT at metal and oxide surfaces, specific 

vibrational assignments are needed. TMOS and I-propanethiol were used as models to 

provide detailed vibrational assignments for 3MPT. Although there are subtle differences 

in peak frequencies between these molecules, both TMOS and I-propanethiol proved to 

be excellent models. This study represents one of the first in-depth investigations of the 

vibrational behavior of organosilanes and should prove to be relevant to the 

characterization of other types of organosilanes systems. 

The vibrational behavior of 3MPT was used to asses the conformational order of 

3MPT layers at Ag and Au surfaces before and after hydrolysis and condensation 

reactions. The results presented in Chapter 4 suggest that 3MPT adsorbs through the 

S atoms and forms ordered, monolayer films at Ag and Au surfaces. 3MPT adsorbs to 
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these surfaces in two distinct orientations. On Ag, the molecules form an ordered 

monolayer with the methoxy head group more parallel to the surface and the C-S bond 

more perpendicular to the surface. On Au, the molecules form an ordered monolayer 

with the methoxy headgroup more perpendiCUlar to the surface and the C-S bond more 

parallel to the surface. When the methoxy groups are hydrolyzed, they cross-link and 

form a siloxane-linked film across the metal surface, supported by a thiol film. 

Raman spectroscopy and XPS indicate that the siloxane film contains a number 

of unreacted surface hydroxyls. Cyclic voltammetry studies of Pb underpotential 

deposition suggest that the Si-O-Si network is highly cross-linked and free from gross 

defects. For 3MPT adsorbed to Ag, a reorientation is required prior to condensation 

and formation of the siloxane linkages. For 3MPT adsorbed to Au, reorientation is not 

required. The final orientation of the 3MPT film after hydrolysis and condensation 

reactions is the same on both Ag and Au. 

The implications of these results are rather significant and somewhat surprising. 

First, although 3MPT contains two reactive centers, adsorption occurs through the S 

atom. Second, condensation of the methoxy groups dictates the final orientation of the 

molecular array, suggesting that the siloxane film formed by hydrolysis and condensation 

is a favored and stable orientation. 

The presence of the residual surface hydroxyls and the highly ordered nature of 

the hydrolyzed 3MPT film offer many unique chemical strategies. For instance, many 

metal surfaces, such as Au, are not wetted by aqueous solvents. Modifying these surfaces 

with a monolayer of 3MPT creates a hydrophilic environment and the residual surface 
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hydroxyls provide a way of further chemically modifying these surfaces. Hydrolyzed 

3MPT-modified Ag and Au surfaces have been shown to be effective surfaces for 

attaching thin dielectric layers to Ag and Au. 

The results presented in Chapter 6 demonstrate the utility of these thin silica 

surfaces for studying alkyl chain conformational changes for common chromatographic 

RPLC stationary phases by Raman spectroscopy. Previous Raman studies on oxide films 

have suffered from low sensitivity and fluorescence. These problems have been 

circumvented by using a thin silica film on a Ag surface. The Ag surface provides long 

range enhancement to the adsorbed organic film and the thin silica film reduces 

fluorescence. 

The Raman spectra of CIs-modified silica surfaces indicate that the hydrocarbon 

chains are predominantly in an ordered configuration similar to what might be expected 

with the brush model. In the presence of common mobile phase solvents such as 

acetonitrile, deuterated methanol, and water, the alkyl chains undergo subtle 

conformational changes and appear to be in dynamic equilibrium with their surrounding 

environment. 

The Raman studies of alkyl chain conformational changes on silica were expanded 

to include AI20 3 surfaces. Previous attempts to study organic adsorption at AI20 3 

surfaces have been limited to strong Raman scatters or resorting to surface enhancing 

metal island overlayer for signal enhancement. The data presented in Chapter 7 

represent the first Raman study of self-assembled alkyl films, of any type, at AI20 3 

surfaces. Octadecyltrichlorosilane adsorbed to AIl AI20 3 was observed to have a more 
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disordered orientation than octadecyltrichlorosiIane adsorbed to silica. Stearic acid 

adsorbs to Al20 3 in a slightly more ordered configuration than the chlorosiIanes to either 

All Al20 3 or silica. These results suggest that the degree of order of these self-assembled 

films is dependent upon the nature of the oxide surface and the mechanism of 

attachment, as would be expected. 

Future Directions 

The research presented within this dissertation demonstrates the diverse 

applicability of Raman spectroscopy and its utility for investigating the surface chemistry 

of organic thin films at "non-traditional" Raman surfaces. The following paragraphs offer 

a few ideas and suggestions for future work in the area of Raman spectroscopy, 

particularly for the surface characterization of organosiIanes and self-assembled systems 

at oxide surfaces. 

OrganosiIanes 

Although the results pertaining to (3-mercaptopropyl)trimethoxysiIane (3MPT) 

are significant, a number of different organosiIanes are used to modify metal and oxide 

surfaces and these results are just an indication of the amount of information that can 

be learned through further investigation of organosiIane surface chemistry. For example, 

n-(trimethoxysiIylpropyl)ethylenediamine, y-(methacryloxypropyl)trimethoxysiIane, y

glycidoxypropyldimethoxysiIane, and y-aminopropyltriethoxysiIane are currently used as 

binding agents for attaching paints and epoxies to metal and oxide surfaces.8
•
3 However, 
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there is very little vibrational information about the surface chemistry of these molecular 

species at the surfaces they are used to modify. Additional vibrational studies, correlated 

with adhesive performance and contact angle measurements, would be a significant 

benefit to this area of materials science. 

The completed characterization of the self-assembled films of 3MPT at Ag and 

Au provides a sound foundation for additional studies and further modification of the 

hydrolyzed films. For example, 3MPT has been shown to form a highly cross-linked 

siloxane film across Ag and Au surfaces. A bulkier headgroup, such as a triethoxysilane, 

should decrease the surface coverage of the self-assembled film and possibly affect the 

degree of cross-linking and orientation of the self-assembled film. If siloxane bond 

formation is hindered due to spacial constraints, the number of residual hydroxyls on the 

self-assembled film should increase. This would increase the number of residual silanols 

available for subsequent surface modification, and possibly increase the adhesive 

properties of these self-assembled films. 

Sol-Gel Chemistry 

Although the thin silica films described within this dissertation appear to be good 

models for chromatographic grade silica, physical properties such as surface area, pore 

diameter, and particle size still need to be characterized. The sol-gel literature provides 

a significant data base for manipulating the pore structure and particle size of the 

resulting gel; therefore, formation of thin silica films with a wider range of microstructure 

should be possible. 
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Chromatography 

The spectra presented in Chapter 6 represent the first Raman spectral data 

reported for alkylsilane layers on oxide surfaces and demonstrate the feasibility of 

extracting conformational information about alkylsilane layers covalently bound to silica 

surfaces. The implications of obtaining vibrational information from stationary phases 

are extremely significant. Not only should further studies shed light on possible retention 

mechanisms, but they might be extended to provide information about new areas of 

chromatography such as chiral chromatographyB,4 and the chromatographic separation of 

fullerenes.8
•
s For instance, the stationary phases used in the separation of fullerenes are 

comprised of long alkyl chains bound to three phenyl rings, as shown in Figure 8.1. How 

the phenyl rings interact with the spherical fullerene structures propose many interesting 

questions. In addition, the large Raman cross-section of the three phenyl rings may 

make an in-situ Raman study of this system possible. 

In regards to the present studies, the multifunctionality of the trichlorosilanes 

used in preparing the polymeric stationary phases has resulted in inconsistent 

modification of the thin silica films. Further research needs to be directed toward 

creating more reproducible polymeric stationary phases. Issues such as carbon loading 

and water content also need to be addressed in order to develop a better relationship 

between our polymeric stationary phase model and a "real" chromatographic system. 

Modeling a monomeric stationary phase would provide a better representation 

of a "real" chromatographic system. However, due to the lower surface coverages of 

monomeric stationary phases and background interferences from the underlying 3MPT 
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8.1. Buckyclutcher 1.8.
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layer, spectral data from an alkyl monomeric stationary phase has not yet been observed. 

Background interferences can be eliminated by deuterating either the propyl chain on 

3MPT or the stationary phase. The synthesis of 3MPT has previously been discussed by 

Bittell and Speier.8.6 Their synthesis may provide some insight on possible reaction 

schemes for deuterating the 3MPT thiol chain. Reducing the thickness of the silica film 

should improve the Raman signal from the alkyl chains by bringing the stationary phase 

in closer proximity to the Ag surface. Modifying the hydrolyzed 3MPT layer directly may 

also provide a reasonable model for the lower bonding densities encountered with 

monomeric stationary phases. Using just the hydrolyzed 3MPT layer brings the alkyl 

chains as close as possible to the Ag surface for greater surface enhancement. In 

addition, the low silanol surface coverage should substantially decrease the surface 

coverage of the stationary phase. 

Al/Al?03 

Al and its alloys are important industrial materials due to their superior strength 

and light weight properties. The results presented in Chapter 7 demonstrate the current 

feasibility of acquiring Raman data from an All Al20 3 surface without an enhancing 

adlayer. Systems that have been shown to be of current interest are phosphate and 

organosilane thin films, used to promote the adhesion of organic, paints, and epoxies to 

an All Al20 3 surface. Although these thin films are widely used, the molecular structures 

of such coatings has not been determined definitively.8.7 
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APPENDIX - A 

Hydrolysis of Tetramethoxysilane 

The data presented in this Appendix represent a kinetic study of the hydrolysis 

ofTMOS by Raman spectroscopy. Artaki et aI. have shown that as TMOS is hydrolyzed, 

equation A1.I, the v(Si-OC) band at ca. 644 cm'l decreases in intensity and peaks 

associated with the partially hydrolyzed species ofTMOS appear between ca. 674 and 795 

cm'I.A.1 The vibrational assignments are listed in Table A1.l. The Raman spectra were 

acquired using the Spex 1877 "Triplemate" spectrometer, the Photometries charged 

coupled detector, 450 pm slits, and 110 mW power. 

(All) 

Using the results provided by ArtakiA
.
1 and others/·2

, A.6 the hydrolysis of TMOS 

and the effect of organic acids, commonly referred to as drying chemical control additives 

(DCCA), were studied. DCCA's and their role in sol-gel chemistry have been of 

continued interest due to their ability to accelerate gel drying processes with less risk of 

cracking.A.7 'A.9 A tremendous amount of stress due to capillary forces is generated within 
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the smaller pores of the gel as the solvent is removed. Incorporating DCCA's into the 

sol increases the size of the pores, which significantly reduces capillary pressures and 

prevents cracking.A
•
10 

I 

Table A.l v(Si-O) Assignments for Various 
TMOS Hydrolysis SpeciesA

•
1 

Silica Species I Raman Frequency - cm'l 

Si(OCH3)4 644 

Si(OCH3)30H 674 

Si(OCH3)20H2 696 

Si(OCH3)lOH3 726 

Si(OH)4 795 

I 

Previous attempts to study the hydrolysis of TMOS using Raman spectroscopy 

have been done using photomultiplier tube (PMT) based detection and the v(C-O) band 

of methanol as an internal standard.A
•
1

, I.S However, there are two drawbacks to this 

approach. First, a PMT is a single element detector device, which makes it impossible 

to simultaneously acquire vibrational data over mUltiple wavelengths. The hydrolysis of 

TMOS is a dynamic process; therefore, simultaneous spectral acquisition of all 

hydrolyzed species is essential. An array detector, such as a CCD, permits simultaneous 

spectral acquisition over a range of wavelengths, depending on the size of the detector 

and wavelength of light. Second, methanol is a by-product of the hydrolysis reaction. 

Therefore, use of the v(C-O) band as an internal standard will introduce a determinate 
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error into the data. A more appropriate internal standard, cyclohexane, is proposed that 

does not affect the sol-gel reaction. Cyclohexane is miscible in the sol at low 

concentrations, has a very intense Raman band at ca. 802 cm-l (assigned to the ring 

"breathing vibration" of the chair conformationA
•
l1

, and does not spectroscopically 

interfere with the vibrational bands of TMOS or the hydrolyzed species. 

The hydrolysis reaction was performed using a 10: 1 mole ratio of H20:TMOS and 

0.1 mL of cyclohexane as an internal standard. This solution was diluted with methanol 

to bring the final Si concentration to 1.5 M. For the DCCA studies, a 5:1 mole ratio of 

TMOS:formamide was used and the final Si concentration was maintained at 1.5 M by 

changing the volume of methanol. 

The spectra in Figure A.l show that as the hydrolysis reaction progresses, the 

intensity of the Si(OCH3)4 band at ca. 644 cm-I decreases at the expense of hydrolysis. 

The changes in v(Si-OC) peak area for TMOS and its partially hydrolyzed species are 

shown in Figures A.2 and A.3, respectively. The peak areas presented in Figures A.2 and 

A.3 are normalized to the internal standard, cyclohexane, and represent the relative 

concentration of each hydrolyzed species in the sol. Peak areas were determined for 

each peak using a curvefitting program supplied by SpectraCalc.tm A 70% Gaussian/30% 

Lorentzian peak shape was used as determined by fitting the v.(Si-O) of TMOS with 

varying peak shapes, ranging from 100%/0% Gaussian/Lorentzian to 30%/70% 

Gaussian/Lorentzian. 

Figure A.2 shows that the normalized peak area of unhydrolyzed TMOS 

decreases rapidly and is virtually absent after ca. 12 h. Similar trends are also noted for 
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Figure A.1. Raman spectra in the v(Si-OC) region showing the hydrolysis of TMOS 
after (a) 1 h, (b) 4.5 h, (c) 6.5 h, (d) 8.5 h, (e) 11.5 h. Integration times: 
(a - e) 2 min. Excitation wavelength: (a - e) 514.5 nm. 
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the hydrolyzed species of TMOS. As shown in Figures Al and A3, the mono-

hydrolyzed species, Si(OCH3)30H, grows In intensity and reaches a maximum 

concentration after ca. 7 h, the di-hydrolyzed species, Si(OCH3)2(OH)2' appears in the 

sol at ca. 4 h and reaches a maximum concentration after ca. 9 h, and the tri-hydrolyzed 

species, Si(OCH)(OH)3' is detected in the sol at ca. 6 h and reaches a maximum 

concentration after ca. 11 h. The fully hydrolyzed form of TMOS, silicic acid (Si(OH)4)' 

appears as a shoulder on the cyclohexane peak at ca. 795 cm"1 at ca. 8 h. These data 

suggest that each hydrolyzed species of TMOS reaches a maximum concentration in the 

sol prior to the formation of the next successive hydrolysis species. These are the same 

trends observed by Lippert et al.A.4 Interestingly, however, the bands associated with 

siloxane bond formation at 608 and 830 cm"l, assigned by ArtakiA.1 and Bradley et al.,A.6 

were not detected. The reason for this is not known, since similar concentrations and 

reactions times were used. 

The rate at which TMOS is hydrolyzed is reflected in the disappearance of the 

644 cm"1 band, as shown in Figure A2. Therefore, the corresponding peak areas can be 

used to determine reaction order and calculate the rate of hydrolysis. Plotting the data 

in Figure A2 as first and second order reactions (Figure A4) suggests that the hydrolysis 

of TMOS is neither a first nor second order reaction, a conclusion consistent with the 

results of Artakil and the number of variables such as [TMOS], [H20], [H+], and 

temperature that affect hydrolysis, as discussed in Chapter 1. 

Adding formamide, a DCCA, to the sol substantially increases the rate of 

hydrolysis, as shown in Figure A.5. The v(Si-OC) band for the unhydrolyzed monomer 
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is virtually absent after 4 h, ca. 3 times faster than the hydrolysis without formamide. 

Plotting the data in Figure A.5 as first and second order reactions (Figure A.6) suggests 

that, in the presence of formamide, the initial hydrolysis reaction is a first order reaction 

with a rate constant of ca. 2.3XI0-4/s. This implies that formamide accelerates hydrolysis 

by circumventing a kinetically limiting step, making it solely dependent upon the 

concentration of the unhydrolyzed monomer. 

Ideally, the effect of DCCA's on the hydrolysis and gel pore size needs to be 

investigated through a systematic study of organic acids such as pyrrolidine (pKa 11.1), 

piperidine (pKa 11.2), imidazole (pKa 7.0), pyridine (pKa 5.2), anaIine (pKa 4.6), 

(m)nitroanaline (pKa 1.0), and formamide (pKa 0.5). Raman spectroscopy is not a viable 

technique for these studies, because these organic acids have very strong Raman bands 

with large cross-sections which interfere with the vibrational bands of the sol-gel solution. 

To date, a comprehensive study of the rate of hydrolysis and gel pore size as a 

function of pKa's for various organic acids has not been done. 29Si NMR is a more 

suitable technique for these studies. It has been previously used to investigate the 

hydrolysis and condensation reactions of silicon alkoxides systemsA
•
12 

·A.14 and would not 

be limited by interferences from the organic acids. 
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APPENDIX - B 

Plasma Lines 

The data presented in this Appendix represent the spectra and tabulated list of 

plasma lines from an Ar+ laser that can be used as Raman calibration standards for 514.5 

nm excitation. These plasma lines, acquired for Raman shifts of 1200 and 3900 em-I, 

were acquired in conjunction with David A. Carter and are reported in Reference B.t. 

The reader is directed to the preceding reference for additional information. The spectra 

were acquired using the Spex 1877 "Triplemate" spectrometer, the Princeton Instruments 

detector, 50 p.m slits, with the laser detuned to 530 nm, and the laser current set to 25 

amps. 
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Table B.1 - Plasma Lines 

Raman Shift (cnfl) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Acquisitions 

1239.9 0.18 5 

1243.9 0.07 2 

1247.4 0.15 5 

1254.5 0.16 5 

1258.7 0.13 5 

1264.1 0.22 5 

1269.5 0.26 5 

1273.7 0.09 5 

1279.1 0.15 5 

1300.7 0.17 5 

1308.2 0.15 5 

1317.2 0.11 5 

1324.9 0.22 4 

1331.9 0.09 5 

1335.4 0.21 3 

1338.2 0.13 4 

1357.4 0.10 4 

1369.8 0.21 2 

1375.7 0.05 5 

1386.2 0.12 4 

1397.3 0.07 2 

1400.8 0.39 6 

1430.1 0.08 6 

1445.3 0.08 6 

1459.8 0.08 6 

1489.9 0.06 6 

1506.6 0.24 7 

1509.1 0.17 3 

1517.6 0.21 7 

1520.0 0.07 5 

1522.2 0.31 5 

1548.4 <0.01 4 
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Table B.l - continued 

Raman Shift (em' l ) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Acquisitions 

1553.1 0.02 8 

1557.4 0.15 7 

1569.9 0.21 6 

1577.3 037 7 

1579.3 0.14 2 

1581.2 0.42 6 

1586.2 0.21 3 

1590.6 0.07 7 

1599.4 0.08 8 

1608.3 0.10 8 

1615.0 0.13 8 

1627.4 0.08 8 

1635.6 0.15 9 

1644.2 0.21 7 

1654.2 0.11 9 

1659.4 0.22 9 

1667.5 038 3 

1676.7 0.36 5 

1688.2 0.45 4 

1691.6 0.12 5 

1701.0 0.14 4 

1709.2 0.42 5 

1712.0 0.20 4 

1715.0 0.13 4 

1722.7 0.13 5 

1732.1 0.21 5 

1738.3 0.18 6 

1749.9 0.05 5 

1754.7 0.15 3 

1764.7 0.14 7 

1769.4 <0.01 7 

1774.4 0.42 2 
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Table B.1 - continued 

Raman Shift (cnfl) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Acquisitions 

1784.8 033 7 

1790.0 0.18 6 

17983 0.15 7 

1807.6 0.12 6 

18133 0.16 6 

1828.9 0.15 6 

1834.5 0.16 6 

1842.6 0.13 6 

1858.5 0.19 6 

1861.6 0.28 2 

1865.5 0.10 6 

1875.8 0.07 2 

1880.1 0.21 2 

1887.0 0.17 3 

1893.9 0.17 4 

1904.7 0.10 7 

1908.9 0.25 3 

1913.4 0.18 4 

1918.1 031 5 

1926.4 0.25 5 

1930.1 0.16 5 

1940.4 0.19 5 

1947.8 0.18 5 

1953.0 0.23 5 

1965.7 0.28 5 

1970.2 0.10 5 

1983.7 0.08 4 

1990.1 0.11 4 

2002.7 0.14 7 

2008.4 0.16 2 

2012.2 0.20 7 

20233 030 7 
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Table B.t - continued 

Raman Shift (cnfl) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Acquisitions 

2036.0 0.30 5 

2039.9 0.13 6 

2054.5 0.11 3 

2063.6 0.21 7 

2093.7 0.18 7 

2110.9 0.17 7 

2117.9 0.10 3 

2123.2 0.13 5 

2137.9 0.14 6 

2144.3 0.07 2 

2153.6 0.22 5 

2193.2 0.22 4 

2200.0 0.10 4 

2207.0 0.21 2 

2210.4 0.64 2 

2216.5 0.15 3 

2231.7 0.21 4 

2242.1 0.16 4 

2246.5 0.23 6 

2259.4 0.24 6 

2270.9 0.27 8 

2278.0 0.30 7 

2284.9 0.18 4 

2294.9 0.25 7 

2298.5 0.06 3 

2308.9 0.29 7 

2311.9 0.26 7 

2315.4 0.37 7 

2322.8 0.34 7 

2330.0 0.55 7 

2350.1 0.37 7 

2353.4 0.35 7 

23713 037 6 

2389.6 037 6 
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Table B.t - continued 

Raman Shift (cnrl) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Acquisitions 

2400.4 0.15 6 

2413.0 0.19 5 

2421.9 0.24 4 

2435.7 0.15 3 

2445.9 0.12 5 

2453.2 0.10 4 

2478.7 0.23 5 

2485.7 0.16 5 

2491.3 0.15 3 

2498.4 0.08 4 

2510.9 0.15 3 

2520.6 0.19 7 

2533.6 0.16 4 

2546.0 0.06 3 

2550.8 0.14 2 

2563.3 0.27 6 

2568.5 0.28 7 

2579.4 0.21 7 

2588.4 0.28 7 

2605.5 0.28 8 

2608.1 0.43 7 

2626.5 0.26 3 

2631.0 0.26 7 

2639.2 0.15 5 

2644.2 0.15 3 

2649.3 0.14 4 

2656.6 0.25 4 

2664.3 0.05 4 

2670.9 0.28 4 

2683.1 0.13 4 

2689.3 0.13 4 

2694.1 0.17 4 

2703.0 0.26 4 
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Table B.l - continued 

Raman Shift (em' I) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Aquisitions 

2707.1 0.10 4 

2717.8 0.17 4 

27253 0.28 2 

2729.2 0.10 4 

2733.2 0.14 2 

2738.8 <0.01 3 

2750.7 0.28 2 

2766.9 1.06 2 

2777.5 0.08 4 

2784.6 0.21 2 

2793.0 0.28 2 

27983 0.07 2 

2806.8 0.87 3 

28103 0.07 2 

2822.6 032 3 

2838.2 0.26 3 

2844.1 0.25 3 

2857.5 031 3 

2883.4 0.20 3 

3051.2 0.16 11 

3081.5 0.16 11 

3091.9 0.20 10 

3095.7 0.20 10 

31043 0.23 12 

3144.9 0.22 14 

31533 0.23 11 

3163.0 0.27 12 

3189.0 0.24 11 

3233.6 0.32 17 

3261.8 0.19 6 

3272.5 0.23 13 

3285.9 0.23 10 

3308.8 0.29 17 
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Table B.l - continued 

Raman Shift (em"l) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Aquisitions 

3233.7 0.446 6 

3329.1 0.50 6 

3338.6 0.28 14 

3346.8 031 14 

3391.8 0.25 13 

3395.7 0.28 12 

3408.7 0.30 13 

3417.4 0.25 13 

3496.7 0.21 3 

3504.9 0.44 11 

3518.5 038 12 

3550.8 0.28 7 

3554.1 0.38 11 

35813 034 11 

3623.2 0.40 11 

3627.8 031 5 

3644.4 036 9 

3656.6 0.49 7 

3662.0 0.42 9 

3668.2 0.45 7 

3705.1 0.29 7 

3724.2 0.25 5 

3735.1 0.29 5 

3751.2 0.16 5 

3768.1 0.18 5 

3772.6 034 5 

3781.8 0.11 5 

3795.6 038 4 

3802.1 0.13 4 

3808.2 0.05 4 

3817.5 0.22 4 

3831.9 0.25 4 
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Table B.l - continued 

Raman Shift (em'l) ± Standard Number of 
Relative to 514.5nm Deviation Spectral 

Acquisitions 

38493 0.40 3 

3854.8 038 3 

3866.0 0.15 3 

3901.5 0.14 2 

3912.1 0.06 3 
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APPENDIX - C 

Characterization of Self-Assembled Monolayers 
of I-Propanethiol on Ag 

290 

Self-assembled films of 1-propanethiol were used to monitor conformational 

changes associated with a propyl chain, upon adsorption of the thiol to a Ag surface. 

The vibrational assignments for I-propanethiol are listed in Table C.l. These results 

were used to verify the vibrational assignments of (3-mercaptopropyl)trimethoxysilane 

(3MPT). 

JI(C-S) Region 

Figure C.l shows the spectra between ca. 450 and 900 cm·' of neat l-propanethiol, 

frozen (solid) I-propanethiol, and I-propanethiol adsorbed to a smooth Ag surface. 

When I-propanethiol is adsorbed to a Ag surface (Figure C.lc), the JI(C-S)o and JI(C-Sh 

bands shift ca. 14 and 24 cm·] respectively, to lower frequencies relative to neat 1-

propanethiol (Figures C.la). The change in JI(C-S) frequency is characteristic of thiols 

adsorbing to metal surfaces, and is indicative of the thiolate forming a strong 



Table C.l - Raman Vibrational Assignments for I-Propanethiol. 

Liquid (en}l) 

650 

705 

731 

771 

788 

811 

-
880 

894 

917 

923 

1033 

1054sh 

1087 

1107 

1215 

-
1247 

1293 

1334 

sh 

2857 

2873 

-
2924 

2931 

2964 

a__ = not observed 
'T = trans 

Crystalline (em· l ) Smooth Ag (em· l ) Assignment 

-' 
703 

730 

-
-

809 

839 

-
995 

916 

-
1032 

-
1085 

1111 

-
1224 

1248 

1294 

1332 

2840 

-
2868 

2914sh 

2923 

-
2963 

bp = stretch 
crk = rock 

633 lI.b(C-S)o' 

707 II.(C-Shd 

- CHl rko° 

782 CHl rko 

- CSH defT 

846 CHl rkT 

- CSH def(J( 

893 CH, rkT 

- CHl rkT 

927 CHl rko 

1025 1I.(C·Ch 

- II(C-C)o 

1087 CHl rkT 

- II,(C-Ch 

- CHl twisto 

1223 CHl twistT 

- CHl twistT 

1282 CHl twistT.O 

1327 CHl twistT 

- 1I.(CHl ) 

2854 II.(CHJ 

2972 II.(CH,) 

2911sh 1I,(CHl ) 

sh 1I.(CH2.FR) 

2929 II.(CH,.FJ 

2960 II.(CHJ 

CG = gauche 
fdef = deformation 
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Figure C.2. Raman spectra in the v(C-C) region for (a) neat I-propanethiol, (b) 
crystalline I-propanethiol, (c) I-propanethiol adsorbed to a smooth Ag 
surface. Integration times: (a) 30 s, (b) 15 s, (c) 30 min. Excitation 
wavelength: (a - c) 514.5 nm. 
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metal-sulfur bond at the Ag surface.C
•
I
• C.2 The change in relative intensities of the v(C-

S)a and v(C-Sh bands indicate that I-propanethiol forms an ordered molecular array 

across the Ag surface. The CH2 rkT and CH3 rkT between ca. 850 and 950 cm"1 also 

suggest that I-propanethiol attaches to the Ag surface in an ordered orientation. 

JI(C-C) Region 

Figure C.2 shows the spectra between ca. 850 and 1300 cm"1 of neat 1-

propanethiol, crystalline I-propanethiol, and I-propanethiol adsorbed to a smooth Ag 

surface. For I-propanethiol adsorbed to a smooth Ag surface (Figure C.2c), the v(C-C)o 

band decreases in intensity relative to neat 1-propanethiol (Figure C.2a), and the two 

v(C-Ch bands become more resolved, similar to the observations for crystalline 1-

propanethiol (Figure C.2b). These observations and similar trends for the CH2 twisting 

modes between ca. 1100 and 1330 cm"1 also suggest that I-propanethiol forms an ordered 

self-assembled film on the Ag surface. 

Upon adsorption, there is a substantial shift, ca. 8 cm"l, in the v(C-Ch band, at 

ca 1033 cm"l, toward lower frequencies. A similar shift is noted in the thiolate spectrum 

for the same vibration (Figure 3.7), suggesting that this vibration might represent a v(C

C) mode close to the terminal sulfur atom. 
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Figure C.2. Raman spectra in the v(C-C) region for (a) neat I-propanethiol, (b) 

crystalline I-propanethiol, (c) I-propanethiol adsorbed to a smooth Ag 
surface. Integration times: (a) 30 s, (b) 15 s, (c) 30 min. Excitation 
wavelength: (a - c) 514.5 nm. 
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JI(C-H) Region 

Figure C.3 shows the spectra between ca. 2700 and 3000 cm·! of neat 1-

propanethiol, crystalline 1-propanethiol, and 1-propanethiol adsorbed to a smooth Ag 

surface. For 1-propanethiol adsorbed to a Ag surface (Figure C.3c), the v.(CH2), 

v.(CH3), and v.(CH3,FR) bands are all clearly present but shifted slightly to lower 

frequencies relative to neat 1-propanethiol (Figure C.3a). The methylene Fermi 

resonance band decreases in intensity and appears as shoulder at ca. 2923 cm·!. 
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Figure C.3. Raman spectra in the pee-H) region for (a) neat I-propanethiol, (b) 
crystalline I-propanethiol, (c) I-propanethiol adsorbed to a smooth Ag 
surface. Integration times: (a) 10 s, (b) 20 s, (c) 15 min Excitation 
wavelength: (a - c) 514.5 nm. 
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