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Initial Raman spectra of 1-alkanethiol self-assembled monolayers (SAMs) at 

mechanically polished (MP) polycrystalline Ag surfaces could not be accurately 

interpreted for alkanethiol conformational order, because the spectra indicated these 

monolayers were contaminated. From XPS and Raman spectra of the unmodified MP Ag 

surfaces, the primary' contaminants were identified as graphitic carbon and alkyl 

hydrocarbons. As determined by XPS, mechanical polishing procedures were adopted 

which reduced the quantity of these contaminants; nonetheless, significant contaminant 

band intensity continued to be observed in Raman spectra of these alkanethiol SAMs. The 

contaminant was more accurately identified as a polyaromatic hydrocarbon (PAH) and its 

molecular identity was suggested as phenanthrene (phen). Attempts at its removal from 

the unmodified NIP Ag surface by solvent dissolution and electrochemical reductive 

desorption were unsuccessful. However, this contaminant study was significant, because 

it initiated efforts to further reduce the quantity of this contaminant at the MP Ag surface. 

XPS and Raman spectra of chemically polished (CP) polycrystalline (poly) Ag 

surfaces indicated them to contain substantially less carbon contamination than the MP Ag 

surfaces. Thus, Raman spectra of short-chain alkanethiol SAMs at CP Ag (poly) and 

(chemically polished) Ag (1II) were interpreted for alkanethiol conformational order. 

To better understand the signal intensities from CP Ag (poly), Ag (111), and MP 

Ag, surface enhancement factors (SEFs) at these surface types were quantified and 
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compared to those measured for electrochemically-roughened (ORC) Ag, coldly-

deposited Ag (Cold Ag), "thick" room temperature (RT)-deposited Ag, and MP Au. 

These SEFs were determined by reference of monolayer signal intensities at these surfaces 

to that from the unenhancing MP Pt surface (i.e., SEP of 1). Relative surface Raman 

sensitivities were assessed with use of these SEFs, and limits of detection (LODs) were 

calculated from the normalized S/N values in these surface spectra. 

Since the single spectrograph and Triplemate were both available for surface and 

normal Raman spectral acquisition, their relative performances were characterized to 

determine the advantages/disadvantages of each spectrograph. Specifically, the S/N and 

S/B values in spectra acquired on both spectrographs were quantified and compared. 
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Chapter 1 

INTRODUCTION 

Thin Organic Films 

For surface modification purposes, thin organic films are commonly fabricated by 

Langmuir-Blodgett (LB) deposition' or molecular self-assembly (SA)' LB film 

formation can be summarized in three steps: (1) addition of sample molecules to an air-

water interface, (2) compression of these molecules into a "solid" phase Langmuir 

monolayer by mechanical arms^arriers and (3) molecular transfer to a substrate upon its 

traversal across the film-covered air-water interface. Typically, the LB monolayer is 

bound to a planar substrate through a weak chemical or physical interaction. In contrast, 

self-assembled monolayers (SAMs) are chemisorbed spontaneously upon contact of the 

sample molecules with a surface of any shape or size, because the adsorbing molecules 

have a high afFmity for the surface. Therefore, SAMs are typically more stable/robust and 

less defective than LB monolayers.' * In addition, SAM preparation is much simpler and 

less costly. Thus, there are definite advantages to monolayer formation by self-assembly. 

(On the other hand, LB deposition is valuable to multilayer film formation, because the 
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number of molecular layers and their composition can be more easily controlled with this 

technique.) 

AJkanethiol SAM Studies 

Characterization Techniques 

SAM films are typically formed by adsorption of alkanoic acids at and 

alkanethiols at GaAs'" '-", Ni' 

^gI.I.I.2,1.4.1.5.1.19.1 23.1.24.1.27-1 50 y^^jl.l.l il 4.1.8.1.10.1.19.1.23.1.27-1.30.1.37.1.41.1.43.1.44.1 45,1.51-1.163 

particular, 1-alkanethiol [R(CH2)„SH, where R = -CH3. - CFj, -OH, -COOH, -COR , -

NH,] SAMs (Figure 1.1) have received considerable attention, because they are capable of 

forming highly-ordered and pattemable thin film materials. In fact, these monolayers have 

been characterized by Raman spectroscopy" ' "-' infrared (IR) 

s p e c t r o s c o p y ' - ' h i g h - r e s o l u t i o n  e l e c t r o n  e n e r g y  

loss spectroscopy (HREELS)' "'^, sum-frequency generation (SPG) spectroscopy'^'' 

second harmonic generation (SHG) spectroscopy''^'", surface plasmon resonance 

( S P R )  s p e c t r o s c o p y ' ^ ' *  '  e l l i p s o m e t r y ' '  

e l e c t r o c h e m i s t r y ' «  c o n t a c t  a n g l e  

measurements' chemical amplification techniques'", radio-labeling studies'". 

X-ray photo-electron spectroscopy (XPS)'"^'-'^®-' "-' static 

secondary ion mass spectroscopy (SIMS)""'-'"', laser desorption mass spectroscopy 

(LDMS)'"*'"°% grazing-angle incidence X-ray diffraction (GIXD)' near-edge 
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X-ray absorption fine structure (NEXAFS)'"'^ ' "°, He/low energy atom diffraction 

(HeAD/LEAD)' low energy electron diffraction aEED)' ®~'" ' 

transmission electron microscopy (TEM)"'\ scanning tunneling microscopy 

( S T M ) ' m i c r o s c o p y  

(AFM)""^"" ' scanning force microscopy (SFM)' temperature-

programmed desorption (TPD)'" ' and quartz-crystal microbalance (QCM)' " ' 

and surface acoustic wave (SAW)' ' devices. These techniques provide 

information about alkanethiol SAMs concerning monolayer composition, metal-S bond 

strength, surface adsorption sites, the kinetics' "-''^-' ' ' and 

thermodynamics' of monolayer formation, molecular interactions, 

molecular conformational order, average alkane chain tilt (away from the surface normal), 

monolayer thickness, monolayer defect structures (i.e., pinholes, chain tilt domain 

boundaries, and gauche defects ), monolayer domain sizes, and monolayer lattice 

structure. In addition, the experimentally-determined structure and properties of 

alkanethiol SAMs at Ag and Au have been compared to that modeled by theoretical 

simulations"^'"'^. 

Monolayer Properties and Applications 

As deduced from experiment and depicted in Figure 1.1, alkanethiols are adsorbed 

at the aforementioned metal and semi-conductor surfaces through the S atom as the 

thiolate species. Furthermore, in highly-ordered monolayer structures, the alkyl chains are 
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densely-packed at their van der Waals radii and extended away from the surface in an all-

trans (T) conformation, such that the flinctional group (R) at the chain terminus is exposed 

to the monolayer/ambient interface. By modification of the alkanethiol terminal R group, 

the researcher can attempt to control the properties and reactivities of the SAM/ambient 

interface. Such molecular engineering has led to the study of these SAMs for their 

potential applications'in the areas of cardiac pacemaking' biocompatibility'**' 

1 153.1.155,1.161.1.162 g protein/ccll adhesion), biomembrane modeling"* (i.e., bilayer 

structures with and without incorporated proteins), tribology (i.e., surface wear 

protection), lubrication (i.e., surface friction), microelectronics (i.e., ultramicroelectrode 

fabrication), corrosion inhibition (i.e., surface passivation), biosensor"^''' (i.e., antigen-

antibody binding) and chemical sensor'^ ' ' " ' " ' fabrication, and 

micro- and nanolithography (i.e., surface patterning by microcontact printing' '"'"' "*"'*^, 

"nanografting""" and electron beam'^°, laser ablation'' ^ and 

LTV-photolysis' '•** writing). 

Ultimate Goal of SAM Research 

As can be ascertained from the potential applications of these alkanethiol SAMs, 

the ultimate goal to the study of these monolayer systems is control over their resultant 

structure and properties. If these monolayer attributes are well-understood and can be 

reproducibly-controlled, the reactivity of the monolayer/surface assembly can be adjusted 

to fit the application. For example, most of the aforementioned applications require that 
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the alkane chains be densely-packed in a predominantly ail-trans conformation and the 

monolayer be of low-defect structure. Thus, these monolayer assemblies are often studied 

for their defects (e.g., pinholes, domain boundaries, gauche defects, and adsorbed 

contamination) to understand the role these defects play in determining the composite 

properties of the monolayer; Figure 1.2 depicts possible monolayer defects. In particular, 

experiments are typically designed to define the optimal conditions for producing low-

defect alkanethiol SAMs. Previous research efforts and those attempted by this author to 

accomplish this goal are discussed below. 

1-Alkanethiol SAMs at Ae 

The primary focus of this dissertation is the study of 1-alkanethiol SAMs at Ag 

surfaces by Raman spectroscopy. As noted above, alkanethiol SAMs at Ag have been 

characterized to a much smaller extent than the corresponding monolayers at Au. Thus, 

literature reports on alkanethiol SAMs at Ag are discussed below for relevant background 

information on this monolayer system, and when helpful, characteristics/properties of 

alkanethiol SAMs at Au are mentioned. 

Monolayer Adsorption 

Reaction Mechanism 

Porter'"*^ described alkanethiol adsorption at an oxidized Ag surface as a 

displacement reaction, as shown below. 
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Ag„X (s) + R(CH2)„SH (SOIV) —> AgS(CH,)„R (s) + X"" (solv) + H* (solv) 

R = -CHj, - CF3, -OH, -COOH, -COR", -NH,; X"* = S'", O*", OH", CI" 

Reaction Mechanism 

This reaction mechanism is supported by numerous experimental observations. First, 

^51.17,1.173 gjLijjieg identified oxide, hydroxide, and chloride species at air-exposed 

and unfunctionalized Ag surfaces. Secondly, SERS spectra acquired subsequent to 

monolayer formation indicate deprotonation of the thiol moiety (i.e., lack of monolayer 

v(S-H) band' and Ag-S bond formation (i.e., v(Ag-S) band at 215-

230 cm"') (see Chapter 4). Thirdly, XPS studies' prove significant displacement of 

surface oxide upon thiolate adsorption. 

Adsorption Kinetics 

Although alkanethiol SAMs have been formed at Ag and Au sufaces by gas-phase 

deposition' ®~'"^'"^"""*° and electrochemical oxidative adsorption' , they are 

typically formed by immersion of the metal surface in a mM to |im alkanethiol/ethanol 

solution. All of the kinetic studies discussed below, except that of Harris'"^', were 

performed on alkanethiol SAMs adsorbed by the conventional method; thus, these 

monolayers were formed at open-circuit potential. Harris'"^^ oxidatively adsorbed 

ethanethiolate at Ag (111) from a 0.2 M NaOH solution containing 5 mM CHjCHjS" by 

scanning the potential from -1.35 - 0.70 V (versus Ag/AgCl). This kinetic study and the 
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two others of alkanethiol SAMs at Ag are discussed separate of those conducted on 

alkanethiol SAMS at Au. 

The kinetics of long-chain alkanethiol (i.e., > C,oSH) monolayer formation at Au 

have been monitored by ellipsometry"^ NEXAFS'"", STM' , and in-situ 

, contact angle"*, and electrochemical'"'^ measurements. From the 

results of each technique, a two-step reaction mechanism was concluded for alkanethiol 

SAM formation. In the first step, alkanethiols react according to first-order Langmuir 

adsorption kinetics'^* ' , which dictate that all surface sites are equivalent and 

adsorption at one site is independent of occupancy at an adjacent site. In other words, the 

lateral chain van der Waals interactions are negligible in this adsorption step and islanding 

of alkanethiols at surface defect sites (i.e, steps, grain boundaries, dislocations, and 

vacancies) is not expected. At piM to mM alkanethiol concentrations, this kinetic step is 

typically complete in < 10 min, at which time the film thickness is ca. 80-90%"' '"" of its 

limiting/monolayer value. Furthermore. STM' '^" images support the formation of a low-

coverage monolayer film. 

The second reaction step to monolayer formation is kinetically much slower than 

the first, because in this step the alkane chains interact to accommodate a more densely-

packed monolayer. Specifically, lateral chain interactions lead to conformational and 

orientational ordering of the alkanethiol molecules, such that the alkane chains are 

oriented away from the surface in a predominantly all-trans conformation. 

Simultaneously, molecules are believed to be adsorbed from solution to "fill-in" 
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adsorption-site vacancies created by such ordering. Depending on the experimental 

conditions (i.e., alkanethiol concentration and chain length) and the technique (i.e., 

ellipsometry'-'*, contact angle* NEXAFS'"", Cu UPD/STM' ") employed for 

monolayer characterization, saturation coverage has been estimated after surface 

immersion times of 16.5 hours' ®* to 7 days' 

The electrochemical oxidative adsorption of ethanethiolate at Ag (111)'" also 

indicates monolayer formation to occur in two kinetically- and thermodynamically-distinct 

steps. (The thermodynamics to this monolayer adsorption are discussed later.) 

Specifically, Harris'^^ observed two voltammetric waves with half-wave potentials, E,;, 

([E,,-2 = (Epj + Ep^)/!]), of-1.17 and -0.95 V (versus Ag/AgCl). Upon variation of the 

scan rate in this electrosorption reaction, he noted that only the first wave at -1.17 V 

demonstrated reversible, redox behavior. Theoretical modeling of the experimentally-

observed voltammetric response indicated initial monolayer formation, as represented by 

this first wave, to follow Langmuir adsorption kinetics. Meanwhile, the scan-rate 

dependence to the wave at -0.95 V is characteristic of nucleation and growth of an 

ordered surface phase; such phenomena is consistent with structural ordering of the 

monolayer, as described above. Thus, this second wave signifies the presence of the 

kinetically-slower second step to monolayer formation. 

In-situ STM images acquired by Rabe'"** of hexanethiol (CgSH) adsorption at Ag 

(111) from a 10-100 mM solution (in phenyloctane) support the presence of a fast, first 

adsorption step. From these images, he concluded monolayer formation on the time scale 
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of a few minutes. 

Pb UPD experiments performed by Bryant'^ on short-chain (C4SH) and long-

chain (CjjSH, C,gSH) alkanethiol SAMs at polycrystalline Ag surfaces supplement the 

aforementioned kinetic studies of long-chain alkanethiol SAM formation at Au. 

Specifically, Bryant measured Pb UPD through these alkanethiol SAMs after monolayer 

formation times of 4, 18, and 24 hours, and thus, he essentially studied the chain-length 

dependent kinetics of the second adsorption step (i.e., monolayer consolidation and 

orientational ordering). Interestingly, only the Pb UPD current in the voltammetry of the 

Cj^SH and CjgSH SAMs was observed to decrease significantly when the monolayer 

formation times were increased to 18 and 24 hours. Of additional importance, these 

electrochemical experiments indicate less Pb UPD at the Ag surfaces modified with CijSH 

and C,gSH SAMs formed after 24 hours than at those modified with C4SH SAMs formed 

after 4 hours. Consistent with the aforementioned kinetic results from studies of 

alkanethiol SAMs at Au, low-defect long-chain alkanethiol SAMs at Ag are formed only 

after periods of ca. 1 day or greater. On the other hand, these UPD results suggest short-

chain alkanethiol SAM formation is complete at 4 hours or less. 

Adsorption Thermodynamics 

As mentioned above, Harris''^^ determined thermodynamic values from his 

electrochemical study of ethanethiolate adsorption at Ag (111). In panicular, he 

calculated adsorption free energies (AG,d,) of -22.4 kcal/mol and -17.4 kcal/mol from the 
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voltammetric wave E,., values of-1.17 V and -0.95 V. Based on the previous discussion 

of these waves (in the section on adsorption kinetics), these AG,^ values correspond to 

the energy associated with Ag-S bond formation and lateral chain interactions, 

respectively. Thus, in the ethanethiol (CiSH) SAM at Ag, the energetics of adsorption are 

largely controlled by the metal-S interaction. In longer-chain alkanethiol SAMs at Ag, the 

van der Waals interactions between the alkane chains are expected to be much greater 

than that for the C^SH SAM at Ag, and thus, the relative magnitude of these values 

may differ for these longer-chain monolayers. Nonetheless, it is important to recognize 

that these values are representative of alkanethiol SAMs formed at equilibrium conditions. 

Since these monolayers are typically formed at open circuit potentials, they are adsorbed 

far from the equilibrium adsorption potential. Thus, the AG,^, values in the conventional 

monolayer adsorption reactions may be significantly different, as perhaps suggested by the 

results of Blanchard's' thermodynamic study of alkanethiol SAMs at Au. 

From in-situ QCM measurements (i.e., monolayer formation time = 3 minutes), 

Blanchard"*"" determined thermodynamic values for the first kinetic step (i.e., Au-S 

bonding/monolayer positional ordering) in CgSH and C,gSH SAM adsorption at Au fi-om 

0.3 mM alkanethiol/solvent solutions. Specifically, he calculated AH^, AS^, and AG^ 

values (at T = 293 K) of-20 kcal/mol, -48 cal/(mol K), and -5.5 kcal/mol, respectively, 

for C,gSH adsorption from a hexane solution. The AS^j, value is ca. 4 times greater than 

that typical for a liquid-to-solid phase transition, and the AG,,^ value is of the same 
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magnitude as a liquid alcohol H-bond. In addition, Blanchard calculated AG^ values of -

5.5 kcal/mol for C^SH adsorption from a cyclohexane solution and -4.4 kcal/mol for 

CgSH adsorption from a hexane solution. 

The AGjd, values for the Au-S bond interaction are ca. 4-5 times smaller than that 

calculated by Harris'" for the oxidatively-adsorbed CiSH SAM at Ag. Most likely, this 

difference is accounted for by the slightly stronger Ag-S bond and by the fact that the 

monolayers studied by Blanchard' '® ' were formed at non-equilibrium potentials. (In 

SERS studies'"**-' of alkanethiols SAMs at Ag and Au, the V(C-S)T band is observed at 

slighter smaller frequencies in spectra acquired from Ag, and thus, it is speculated that the 

Ag-S bond is of slightly greater strength.) 

Monolayer Structure 

Alkanethiol SAMs at Ag have been studied previously by contact angle' *^ '"" ' •*", 

ellipsometric' and electrochemical' measurements and by XPS' iri-I'.i « ̂  

Raman'-^'-'^'-'^'-'^^ spectroscopy. The strengths of each technique for monolayer 

characterization are reviewed, and the significant conclusions about monolayer structure 

and conformational order deduced from these studies are discussed. (Characterization of 

alkanethiol SAMs at Au is not discussed here.) 

Contact Angle and Thickness Measurements 

Contact angle (CA) measurements' probe the top 5 A of the 
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monolayer/ambient interface over a mm length scale, and thus, they provide information 

concerning the conformational order near the alkyl chain terminus and the 

presence/absence of monolayer defects (e.g., pinholes and domain boundaries). Porter' 

Whitesides' and Tao'^' measured water CA values (0,^.) for methyl-terminated 

alkanethiol SAMs at vapor-deposited Ag and observed them to be smaller for the shorter-

chain alkanethiols SAMs (^Cg), because only atop these monolayers is the water able to 

sense beyond the CHj group to less hydrophobic environments (i.e., the Ag-S interface or 

CHj adjacent to the terminal CHj). Thus, the smaller 0^, implies a greater end-gauche 

(EG) concentration and/or a greater number of monolayer defects in these short-chain 

alkanethiol SAMs. 

Interestingly, Porter'"*" and Whitesides' observed a linear increase in monolayer 

thicknesses, as measured by ellipsometry'"'- and XPS' for > C4SH SAMs at Ag. These 

results indicate chain-length independent molecular orientation and conformation. In 

consideration of the C A data, it is more likely that there are simply a greater number of 

monolayer defects (e.g., pinholes and domain boundaries) in the shorter chain alkanethiol 

SAMs. 

Electrochemistry 

Voltammetric methods have been applied to the study of monolayer defect 

structure, because the rate and amount of electron transfer to solution redox species is 

dependent on their close approach to the working electrode surface. In particular. 
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underpotential deposition (UPD) studies characterize monolayer defects that expose the 

bare metal surface (i.e., pinholes), since intimate contact of the foreign metal with the 

electrode surface is required for this phenomenon. In contrast, bulk metal deposition does 

not occur at the electrode surface and thus, it characterizes the permeability of the 

monolayer to the dissolved metal ion. This permeability is enhanced at domain 

boundaries, which are caused by surface grain boundaries, chain tilt differences, or gauche 

(G) conformational defects. 

Bryant studied the defect structure of short- (C4SH) and long-chain (CjiSH and 

C,gSH) alkanethiol SAMs at polycrystalline Ag by Pb UPD and bulk Pb deposition. 

Perhaps consistent with the results of the aforementioned contact angle measurements, the 

much larger UPD current observed for the C4SH SAM indicates a significantly greater 

pinhole defect density in this monolayer than in the long-chain alkanethiol SAMs. 

Although bulk Pb deposition occurred at slightly greater overpotentials for the longer 

chain monolayers, the similarity in current magnitudes for each SAM suggests a similar 

concentration of monolayer domain boundaries and/or gauche defects. 

ER Spectroscopy 

From surface IR spectra of alkanethiol SAMs, monolayer defect structure is 

determined by comparison of monolayer vCCH^) peak frequencies with those characteristic 

of the solid and liquid alkanethiols. In particular, peak frequencies of < 2851 cm"' and < 

2920 cm"' for the v,(CH2) and v,(CH2) bands, respectively, signify the presence of a quasi-
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crystalline alkanethiol SAM; larger band v(CH,) frequencies are indicative of a highly-

defective, liquid-like monolayer.' 

Porter' reported surface IR spectra of C4-C,gSH SAMs at Ag. The v.CCH,) peak 

frequencies observed in the spectra of C,,-C,gSH SAMs indicate these monolayers to be 

highly-ordered. Unfortunately, poor resolution of the v(CH,) bands in the short-chain 

alkanethiol SAM spectra prevented an assessment of their monolayer crystallinity (i.e., 

conformational order and lateral alkyl chain packing). Nonetheless, a linear increase in 

v(CH2) IR absorbances was noted for SAMs of > C7SH; therefore, like the monolayer 

thickness measurements, these results suggest a chain length-independent orientation and 

conformation. 

In support of this conclusion, Tao'evidenced surface IR intensity for the CH, 

twisting and wagging (tCCH,) and wCCH^)) progressional bands (i.e., 1200-1350 cm"' 

region) in spectra of C4-CgSH Ci^SH, and C^SH SAMs at Ag. These IR bands are 

typically observed only in spectra of solid alkane molecules and thus, Tao concluded that 

an all-trans conformation is adopted in both the short- and long-chain alkanethiol SAMs. 

(There are a much larger number of surface IR studies of alkanethiol SAMs at Au, yet 

only Tao has reported alkanethiol SAM spectra showing bands of appreciable S/N below 

ca. 1375 cm"',) 

With IR spectroscopy, the surface orientation of functional groups or 

intramolecular bonds can also be approximated, because at metal surfaces only those 
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vibrational modes with transition dipole components perpendicular to the surface are 

vibrationally-excited (when p-polarized IR radiation is employed); this is commonly 

referred to the surface ER. selection rule.'"*"' In particular, the tilt angle (0,iiJ of the 

alkane chain axis away from the surface normal is typically quantified from experimental 

and theoretical v(CHi) absorbance values.The theoretical values are extracted 

from a calculated IR spectrum, which is generated from an isotropic film composed of the 

molecular adsorbate or a molecule with nearly identical optical properties. In addition, the 

isotropic film has a packing density comparable to that of sampled monolayer. 

The average alkyl chain tilt (SYIJ (see Figure 1.2) has been calculated to range from 

10-15° for long-chain alkanethiol ( > CUSH) SAMs at polycrystalline ' to a value 

of T for C,gSH at Ag (111)'"^. The lack of v(CH2) intensity in spectra of short-chain 

alkanethiol SAMs has prevented an accurate 0^, determination for these monolayers. 

Raman Spectroscopy 

The primary advantage of Raman spectroscopy relative to IR spectroscopy is that 

the surface spectra provide information about alkanethiol conformational order at specific 

locations along the entire length of the alkyl chain. This site-specific information is 

extracted from the relative intensities of trans (T) and gauche (G) v(C-S), v(C-C), and 

r(CH3) bands.In addition, for the longer chain alkanethiol SAMs (> CjjSH), the 

relative intensities of the V,(CH2) and V,(CHT) monolayer bands may be compared to those 



48 

observed in the corresponding solid and liquid alkanethiol spectra to characterize the 

monolayer crystallinity.'"^ '"'^ 

In surface IR spectra, general (i.e., not site-specific) information about 

conformational order is typically obtained only from the v(C-H) region, because the 

surface IR signal intensities in all other spectral regions are weak. (As noted above, only 

Tao' •" has also inferred alkanethiol conformational order from the I200-I350 cm"' region, 

by observing the t(CH2) and w(CHi) progressional bands.) Nonetheless, the IR spectral 

results obtained from the v(C-H) region are significant and complementary to the Raman 

spectral data. Table 1.1 summarizes the spectral regions probed by each of these 

vibrational spectroscopies in the study of alkanethiol SAMs. 

Table 1.1 Vibrations and Frequency Regions Probed By 
Raman and IR In Alkanethiol SAM Studies 

Vibration Frequency 
Region 

Vibrational 
Technique 

v(C-S) 600-740 Raman 

KCHJ) 840-900 Raman 

v(C-C) 1000-1135 Raman 

W(CH2) 1305-1390 IR""/Raman (?) 

v(C-H) 2800-3000 IR/Raman 

Consistent with the IR spectral results and monolayer thicknesses, SERS studies 

conducted by Bryant'^ on both short- (C4-C6SH) and long-chain (Cg-C,oSH, CjzSH and 
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C,gSH) alkanethiol SAMs at polycrystalline Ag indicate similar conformational order in 

these monolayers near the S head group, along the length of the alkyl chain, and near the 

methyl terminus. Furthermore, the relative intensities of the T and G v(C-S), v(C-C), and 

methyl rocking (r(CH3)) bands suggest that the alkanethiol molecules are of predominantly 

all-trans conformation, regardless of chain-length. 

Other Raman spectroscopic studies of alkanethiol SAMs at Ag have been 

performed by Kim*'^*''Sandroff Buttry'and Thompson' '". Kim'"^*"'^' 

investigated the conformational order in CjSH'^^ and SAMs at Ag colloids as a 

function of thiol solution concentration As expected, when concentrations were used 

such that only sub-monolayer films were formed, the G v(C-S), v(C-C), and r(CHj) bands 

increased relative to the corresponding T bands. Furthermore, in the saturation coverage 

C4SH SAM spectra, Kim observed negligible V(C-S)G intensity. Similarly, Sandroff did 

not evidence V(C-S)Q intensity in CJGSH SAMs at Ag island films. Thus, these results also 

suggest that short- and long-chain alkanethiols are densely-packed in a T conformation 

near the S head group. Finally, Buttry"^' quantified the intensity ratio littfAitso (' e., I 

v,(CH2)/ I VjCCHj)) for a C,gSH SAMs at electrochemically-roughened (ORC) Ag and 

found it to be characteristic of a quasi-crystalline film. 

By application of the surface Raman selection rule"'®-"'*, orientation of the alkane 

chain and/or a functional group with respect to the surface normal may be inferred fi-om 

relative band intensities or peak areas. This rule states that those vibrations which 
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undergo a polarizability change more normal to the surface will be preferentially enhanced, 

since the intensity of the electric field component normal to the metal surface (En^) is 

larger than that tangential to the surface (E,-). Using the dielectric constants of Ag at ca. 

520 nm. Campion' "® calculated a EpV E," value of 7 at atomically smooth Ag surfaces. In 

contrast, at a coldly-deposited Ag surface, Moskovits' '^' calculated E^V E,* values of 1.8-

2.1 over the wavelength range of 450-700 nm. He modeled this surface as having an 

equal distribution of difFerent-sized/shaped roughness features; however, the limitations of 

the calculation required the roughness features have dimensions of < 0.01 (im. 

Figure 1.3 shows the approximate relative magnitudes ofE^* and E,^ at Ag when 

irradiated with visible wavelengths. In addition, a pentanethiol (CjSH) molecule is placed 

at this surface with its alkane chain axis oriented 15° from the surface normal. Clearly, if a 

chain were so-oriented, the v(C-S) and v(C-C) vibrations would be enhanced relative to 

the vCCHj) vibrations, since the polarizability changes in these vibrations are expected to 

be largely along the bond axis. Thus, by quantitation of the peak area ratios I v(C-S)/I 

v(C-H) and I v(C-C)/I v(C-H), the relative surface orientation of these functional groups 

may be estimated.Furthermore, the CHj orientation with respect to the surface normal 

may be approximated by use of the peak area ratio I v, (CHj)/1 v,(CH3), since the 

predominant polarizability changes in these vibrations are expected to be orthogonal to 

each other. 



Figure 1.3 Model depicting surface Raman selection rule. 
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Initial Research Objective 

Bryant'"^®"'"^" investigated with Raman spectroscopy the structure of 1-alkanethioi 

SAMs at mechanically polished (MP) and electrochemically-roughened (ORC) 

polycrystalline Ag. In particular, he extracted information about the conformational order 

and lateral alkyl chain packing in these monolayers using spectral data from the v(C-S), 

v(C-C), and v(C-H) regions (see Table 1.1 for frequencies). However, he did not attempt 

to utilize spectral data from the CH, wagging (w(CH2)) region, which extends from ca. 

1305-1390 cm"'. Figure 1.4 shows that vibrations in this spectral region are assignable to 

the wagging of methylenes in an all-trans (T) conformation and various gauche (G) 

sequences.' In IR spectra of liquid n-alkanes"*°"*\ sodium dodecyl sulfate 

micelles' '^", and phospholipid bilayer assemblies' w(CH2) bands attributable to 

end-gauche (EG), kink (GTG), double-gauche (GG) sequences have been resolved at 

these approximate frequencies. Furthermore, the intensities of these bands have been 

quantified for determination of relative gauche concentrations and number of gauche 

sequences per alkyl chain. Thus, the initial objective of this author's research on the 

Raman spectroscopic study of alkanethiol SAMs was to extract from this frequency region 

similar information about the conformational order in these monolayers. Figure 1.2 

depicts an alkanethiol SAM with molecules containing these gauche sequences, so that the 

disruptive effect of these conformations on the monolayer structure is better understood. 

Bryant's observation of V(C-S)G, V(C-C)G, and r(CH3)G band intensity in spectra of 

alkanethiol SAMs suggested the possibility of G sequences throughout the alkane chain 
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and confirmed the presence of EG conformations. Therefore, W(CHT) band intensity 

attributable to at least the EG and possibly other G sequences was expected. Such 

spectral data are significant, because they would allow better modeling of the lateral alkyl 

chain packing in these monolayers. Ultimately, experimental conditions to minimize or 

control alkanethiol SAM defect structure could be refined with aid of information 

extracted from the wCCH,) spectral region. 

Secondary Research Objectives 

To accomplish the author's initial research objective, surface Raman spectroscopic 

experiments were designed to understand the conformational order and lateral alkyl chain 

packing in single chain-length/pure alkanethiol SAMs formed and studied at room 

temperature. Since surface temperature is expected to affect monolayer crystallinity, this 

experimental parameter was to be varied. In addition, as reported by Whitesides"""' '*^, 

formation of mixed monolayers using a solution mixture of a short- and long-chain 

alkanethiol is a convenient method for introducing conformational disorder into the longer 

chain alkanethiol. In fact, mixed monolayer thicknesses determined by ellipsometry""'"*^ 

and XPS' '"-"*' indicated the longer chain to fold over on top of the shorter chain to 

maximize its van der Waals interactions with neighboring molecules. Thus, this author's 

initial experiments included Raman spectral acquisition of pure and mixed hydrogenated 

alkanethiol SAMs at Ag as a function of surface temperature. 

Unfortunately, Raman spectra of these monolayers at mechanically polished (MP) 
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polycrystalline Ag surfaces revealed them to be heavily contaminated by carbonaceous 

species (see Chapter 8). Since these Ag surfaces and alkanethiol SAMs were prepared 

according to the procedures of Bryant' "', it was concluded that his monolayers were 

similarly contaminated. Therefore, with the initial research objective as a long-term goal, 

a new set of experiments were designed in order to study pure alkanethiol SAMs at 

contaminant-free Ag surfaces. The research objectives of these experiments are outlined 

below, and as such, this outline serves as a chapter by chapter introduction to the research 

discussed in this dissertation. (Chapter 2 details the instrumentation, materials, and 

procedures employed for these experiments.) 

Dissertation Research Objectives; 

1. Characterization of the relative performances of the single spectrograph 

and Triplemate. This study, which is discussed in Chapters 3 and 4, is 

important for determination of the advantages/disadvantages to the use of a 

particular spectrograph in acquisition of surface and normal Raman spectra. 

Specifically, the S/N and S/B values and possible limits of detection 

(LODs) in spectra acquired on both spectrographs need to be compared 

prior to making a spectrograph choice. 

Quantitation of the surface enhancement factors (SEFs) at Ag surfaces of 

varying surface morphology and roughness. (Chapter 5) Raman spectra of 



56 

alkanethiol SAMs were to be studied at mechanically polished (MP) and 

chemically polished (CP) Ag surfaces. Since CP Ag surfaces are 

considerably smoother (at least, on a microscopic scale) than the MP Ag 

surfaces, the signal intensities from the monolayers at the former surface 

type were expected to be much weaker. Thus, SEFs are quantified to 

demonstrate the relative Raman sensitivities and LODs at each of these 

surface types. 

3. Assignment of the liquid and solid 1-alkanethiol Raman bands. (Chapter 6) 

Bands in the 1300-1500 cm"' region have not been previously assigned or 

discussed. As mentioned above and shown in Figure 1.4, w(CH2) 

vibrations attributable to all-trans and gauche conformational sequences 

have frequencies varying from 1305-1390 cm"'. For purposes of 

characterizing monolayer crystallinity, the frequencies and relative 

intensities of the liquid and solid w(CH2) bands may be helpful. In 

addition, a complete and thorough assignment of ail the neat alkanethiol 

bands is necessary to extract as much monolayer structural information as 

possible from the surface Raman spectra. 

4. Assignment of liquid and solid CgD,7SH Raman bands. These assignments 

have not been reported previously. Furthermore, they are necessary for 



Raman spectroscopic study of a CgD^SH SAM at MP Ag; these spectra 

allowed confirmation of the origin of MP Ag surface contamination. 

Characterization and reduction of contamination at mechanically polished 

(MP) polycrystalline Ag surfaces. (Chapters 8 and 9) XPS and Raman 

studies were performed for this purpose, because contaminant-free Ag 

surfaces are desirable and necessary for the formation of low-defect 

alkanethiol SAMs. Furthermore, as the Raman spectra in these chapters 

indicate, contaminant removal is imperative for accurate interpretation of 

monolayer structure from particular frequency regions. Specifically, the 

contaminant Raman bands interfered with the observation or resolution of 

the alkanethiol w(CH2) bands. Information about the contaminant identity 

was important for the development of cleaning protocols aimed at reducing 

its presence. Unfortunately, contamination problems at MP Ag prevented 

the study of alkanethiol SAM structure at these surfaces. 

Raman spectroscopic characterization of alkanethiol SAMs at chemically 

polished (CP) polycrystalline (poly) Ag and (chemically polished) Ag (111) 

surfaces. (Chapter 10) As mentioned above, these surfaces are 

considerably smoother than MP Ag. Furthermore, XPS and Raman results 

in Chapter 8 indicate the chemically polished Ag surfaces to be cleaner than 
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the MP Ag surfaces. Thus, monolayers were formed at these surfaces, 

because contamination was not suspected to interfere with spectral 

interpretation or affect monolayer structure. In addition, it was speculated 

that the smoother chemically polished Ag surfaces may support more 

ordered/less-defective alkanethiol SAMs than the MP Ag surfaces. 



59 

Chapter 2 

EXPERIMENTAL 

In this chapter, Raman spectroscopic, electrochemical, and X-ray photoelectron 

spectroscopic instrumentation and data analysis methods are described in detail. In 

addition, the steps followed in the preparation of the Ag, Au, Pt, and Cu surfaces used for 

the spectroscopic and electrochemical experiments are outlined. Furthermore, the 

chemical materials employed for this dissertation research are specified. 

Raman Spectroscopic Instrumentation and Data Analysis 

Block diagrams of the optical set-up for the Spex 270M single spectrograph and 

the Spex 1877 Triplemate spectrometer are shown in Figures 2.1 and 2.2, respectively. 

Laser Excitation Sources 

Raman scattered photons were generated with 488.0 nm, 514.5 nm, 600 nm, 620 

nm, and 720 nm laser excitation. Excitation at 488.0 nm and 514.5 nm was provided by a 

Coherent Innova 90-5 Ar* laser (Coherent, Inc., Palo Alto, CA). Single line wavelength 
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selection is achieved by a prism in the Wavelength Selector mirror assembly. In single-line 

operation, the laser aperture wheel was set to 2 or 3, and when operated in the 

multiline/all-Iines mode, the aperture wheel was set to 0. Radiation exits the Ar* laser 

with polarization perpendicular to the plane of the optical table. For most normal Raman 

and surface Raman spectra, a laser power of 150 mW was used; however, powers ranged 

from 1 to 150 mW in the spectral measurements reported here. 

Excitation at 600 nm and 620 nm was provided by a Coherent CR-599 dye laser 

containing a Rhodamine 6G/ethylene glycol solution; dye fluorescence at these 

wavelengths was achieved upon "photon-pumping" of the dye solution by the Ar* laser, 

operating in all-lines mode. A narrow bandpass birefringent filter within the dye laser 

assembly is adjusted to select the desired wavelength. As with the Ar* laser, radiation 

exits the dye laser with polarization perpendicular to the plane of the optical table. Laser 

powers used at 600 nm and 620 nm were typically in the range of 50 to 150 mW. 

Excitation at 720 nm was provided by a Lexel 479 Ti.sapphire laser (Lexel Laser, 

Inc., Fremont, CA); this laser is "photon-pumped" by the Ar" laser to generate Ti^* 

fluorescence. As with the dye laser, the desired fluorescent wavelength is selected by 

tuning of a narrow bandpass birefnngent filter. Radiation fi^om the Ti: sapphire laser exits 

with polarization parallel to the plane of the optical table. Laser powers used at 720 nm 

ranged from 100 to 170 mW. All laser powers were measured with a Coherent 210 

Power Meter or a Newport 1815-C Optical Power Meter (Newport Corporation, Irvine, 

CA). 
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On the optical table, 488.0 nm, 514.5 nm, 600.4 nm, 620.0 nm, and 720.0 nm 

wavelengths were isolated by bandpass filters (bandwidth = 3 nm) purchased from 

Pomfret Research Optics, Inc. or Barr Associates, Inc. (720 nm); these filters remove 

plasma line emissions at the first two wavelengths and nearby fluorescent lines at the latter 

three wavelengths. 

The focused laser beams incident on liquid and solid samples were ca. 0.2 mm dia. 

at 514.5 nm, 0.6 mm dia. at 600 nm, and 0.25 mm dia. at 720 nm. For surface studies, 

the laser beam is incident on the sample at 60° with respect to the surface normal, and 

therefore, the shape of the illuminated region is an ellipse with dimensions of ca. 0.4 mm 

(514.5 nm), 1.2 mm (600 nm), and 0.5 mm (720 nm) along the long axis and ca. 0.2 mm 

(514.5 nm), 0.6 mm (600 nm), and 0.25 mm (720 nm) along the short axis. The elliptical 

dimensions of 514.5 nm laser beam at the surface were determined by caliper measurement 

of numerous spots burned in a suspected multilayer film; the measurements were 

performed underneath a benchtop optical microscope which was set to the maximum 

magnification of 3x. The circular diameters of the 600 nm and 720 nm laser beams were 

measured with calipers above the optical table at the focal spot of the beam. Knowledge 

of the laser spot size as a function of excitation wavelength is significant for estimation of 

relative power density at the sample. 

Optical Set-Up and Sample Positioning 

After exiting the laser cavity, the beam is directed around the optical table by a set 



of mirrors until it impinges upon the sample. Prior to sample incidence, the beam also 

passes through a bandpass filter and a planoconvex lens (focal length = 150 mm). 

Movement of this lens allows focusing of the beam onto the sample. With the use of two 

different mirror sets, the incident beam was polarized parallel (p-polarization) or 

perpendicular (s-polarization) to the plane of incidence. Liquid spectra were obtained 

with s-polarization, whereas solid and surface spectra were acquired with p-polarization. 

As Campion' showed in plots of surface electric field intensity as a function of incident 

polarization, p-polarized incident light should be used in the acquisition of surface Raman 

spectra. Since the polarization of the light exiting the Ti:sapphire laser is opposite that 

exiting the dye and Ar* lasers, a Fresnel-Rhomb must be inserted into its beam path to 

obtain the same incident polarization with all three lasers from a single mirror set; in 

keeping with the terms used in this chapter, the Fresnel-Rhomb rotates polarized light 

from an orientation perpendicular to the plane of the optical table to parallel or vice versa. 

A model FR-2C425 Fresnel-Rhomb was purchased from CVI Laser Corporation 

(Albuquerque, NM). 

Samples were positioned with the use of a custom-built X-Y-Z translation stage. 

Spectra of liquids and solids were acquired by impinging the laser beam onto the solid or 

liquid parallel to the slit axis. For surface studies, the laser beam is incident on the sample 

at 60° with respect to the surface normal. Scattered radiation was collected by a Nikon 50 

mm diameter f7L2 camera lens (focal length = 41.7 mm), sent through a depolarization 

scrambler (provided by Spex) and a holographic notch filter, if necessary, and focused 
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onto the entrance slit of the spectrometer. The depolarization scrambler scrambles the 

polarization of the scattered radiation, because spectrometer gratings display different 

diffraction efficiencies and spectrometer mirrors posses different % reflectivities for s- and 

p-polarized light. The holographic notch filter is used only with the Spex 270M to reduce 

the Rayleigh scattering intensity entering this single spectrograph; the filter stage of the 

Triplemate serves the same purpose as the notch filter. Holographic SuperNotch (SN) 

filters at 488 nm, 514 nm, 600 nm, and 720 nm and a holographic SuperNotch Plus (SNP) 

filter at 514.5 nm were purchased from Kaiser Optical Systems, Inc. (Ann Arbor, MI). 

Characterization of these filters is presented in Chapter 4. 

Spectrograph Systems 

The optical set-up within the Spex 270M single spectrograph is shown in Figure 

2.3. In the studies reported here, this spectrograph was equipped with Ag-coated mirrors 

(M, and Mj) and a 50 mm wide 1200 gr/mm grating blazed at 630 nm. (The blaze 

wavelength is the wavelength of peak diffraction efficiency for the grating.) For liquid, 

solid, and surface samples, the entrance slit (S,) was typically set to 25 or 50 |im. Only 

for surface studies in the spectrometer comparison study was S, set as large as 150 fim. 

Plasma line spectra were always acquired with S, set to 25 (im. 

The optical set-up within the Spex 1877 Triplemate is shown in Figure 2.4. This 

spectrometer is equipped with Ag-coated mirrors (M,-M7), two 600 gr/mm gratings 

blazed at 750 nm (G, and G,) in the filter stage, and 64 mm wide 1200 and 1800 gr/mm 
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Figure 2.4 Schematic diagram of the Spex 1877 Triplemate spectrometer (M=mirror, G=grating, S=slit). 
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gratings blazed for visible wavelengths at Gj and G4, respectively, in the spectrograph 

stage. For most of the studies reported here, the 1200 gr/mm grating was employed; 

however, if higher resolution was desired, the 1800 gr/mm grating was used. For liquid, 

solid, and surface samples, the first (S,), second (S^), and third (S3) slits were set to 0.5 

mm, 2.7 mm (PM512) or 4.0 mm (Tektronix TK-512T), and 0.15 mm, respectively; S, is 

set to a width at which the entire CCD chip is fully-illuminated. Occasionally, S3 was set 

to 0.05 mm to achieve higher resolution in sample spectra. Plasma line spectra were 

always acquired with S3 set to 0.05 mm. 

The throughput of each spectrograph was determined by passing laser beams of 

known power through the spectrographs. The wavelengths for these measurements were 

obtained from either a Coherent 90-5 Ar* laser, a Coherent CR-599 dye laser containing 

Rhodamine 6G, or a Lexel 479 Tiisapphire laser. The throughput of the Spex 270M and 

the Triplemate as a function of wavelength are shown in Figure 2.5. The maximum 

throughput observed for the former is ca. 74% at 720 nm and ca. 13% at 600 nm for the 

latter. 

Charge-Coupled Device (CCD) Detection 

Detection of Raman scattering produced with 488.0 nm and 514.5 nm excitation 

was accomplished with a Tektronix TK-512T 512 x 512 (27 x 27 fim pixels) thinned, 

back-illuminated, AR-coated charge-coupled device (CCD) (Princeton Instruments, Inc.) 

cooled with liquid nitrogen to -120 °C. Detection of Raman scattering produced with 720 
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Figure 2,5 Plot of spectrometer throughput as a function of wavelength for single spectrograph (•) and Triplemate (A). ^ 
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nm excitation was accomplished with a Photometries (Tucson, AZ) PM5I2 512 x 512 (20 

X 20 |im pixels) front-illuminated CCD cooled with liquid nitrogen to -110 °C. Use of the 

PM5I2 with 720 nm excitation is absolutely necessary, because at and above this 

wavelength, the back-illuminated and thinned Tektronix TK-512T is transparent to Stokes 

scattered Raman photons. Evidence for this transparency is the observance of an 

interference pattern in Raman spectra acquired with this CCD. (Stokes scattered Raman 

photons are detected with the front-illuminated PM512, because of its thicker photon 

absorption region.) 

Data were acquired from the TK-512T using CSMA software provided by 

Princeton Instruments, Inc. on a Gateway 2000 486 DX2/50E computer system. Data 

acquired with the PM512 were processed with a PM RDS 2000 system equipped with a 

customized version of SpectraCalc™ (Galactic Industries, Inc.). 

The % quantum efficiencies (Q.E.) of the Tektronix TK-512T and PM512 as a 

function of wavelength are shown in Figure 2.6. The maximum Q.E. is over 80% at 650 

nm for the former and ca. 48% at 700 nm for the latter. 

The total efficiency of a spectrograph system (the product of throughput and 

quantum efficiency of the detector) is dependent on characteristics of both the 

spectrograph and detector. The overall spectrograph efficiencies of the Spex 270M and 

Triplemate are shown in Figures 2.7 and 2.8, respectively. The efficiency curve of the 

Triplemate is almost identical to the throughput curve; the maximum efficiency for the 

Triplemate is ca. 10%. However, the effect of the CCD Q.E. on the efficiency of the 
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Figure 2.6 Plot of CCD Q.E. as a function of wavelength for TK-S12T (•) and PM512 (A). 
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Figure 2.8 Plot of spectrometer efficiency as a function of wavelength for Triplemate and TK-512T (•) and PM 512 (A). 
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single spectrograph is slightly different. The throughput of the single ranges from 60 to 

74%, and the total efficiency ranges from 47 to 56%. 

Raman Spectral Acquisition 

Liquid and solid samples were contained in sealed dropping pipet tubes. Liquids 

were solidified by immersion of these tubes in liquid N,, and solids were warmed by a heat 

gun. One second integration times were used for frozen solid spectra to minimize the 

warming of the solid. Surface samples were cooled by immersion in liquid N2 and wanned 

by immersion in a hot water bath. A series of sequential spectra were acquired at 

minimized time intervals to monitor the "real-time" temperature-dependent behavior of the 

surface samples. 

Prior to spectral acquisition, the Raman scattered image of the sample was 

positioned and focused visually on the entrance slit with the X-Y-Z stage.^''^* The image 

was positioned vertically along the slit height and centered horizontally along the slit 

width. Subsequently, the Raman scattered radiation was positioned vertically with the 

CCD image and positioned horizontally and focused by maximization of the Raman signal. 

Signal maximization is an iterative process monitored by continuous spectral acquisition. 

As expected, CCD images acquired after spectral focusing were of smaller pixel height 

than those acquired before focusing. For spectrally-focused Raman scattered radiation, a 

correlation between CCD image height and surface roughness/scattering intensity was 

observed. With the Spex 270M single spectrograph and Tektronix TK-512T CCD, the 
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typical image heights for "thick" RT Ag surfaces, MP Pt surfaces, MP Ag surfaces, and 

ORC Ag surfaces were 10, 20-25, 30-35, and 35 pixels, respectively. (An indication that 

the collected Raman scattering is not focused symmetrically across the CCD chip is the 

observation of a CCD image which is sprayed at one end. In other words, the pixel height 

is noticeably larger at one end of the CCD image.) 

Unless absolutely necessary, it is not appropriate to open the spectrometer to 

position and focus the Raman scattered image on the collimating mirror. This had been 

the accepted practice in our research group, because focused Raman scattering was 

thought to result in an image of maximum intensity which completely filled this mirror. To 

the contrary, Raman spectra of thiophenol (TP) at MP Ag, as shown in Figure 2.9, 

indicate that larger signal intensity and greater S/B and S/N values are observed when the 

Raman scattered image is spectrally-focused rather than visually-focused. (Raman 

vibrational assignments for TP are presented in Chapter 5 and provided by Goodman^^.) 

These spectral values are presented in Table 2.1. As shown in this table, the integration 

time required to reach any signal count level is ca. 2 times longer when the image is 

visually-focused rather than spectrally-focused. In addition, greater resolution was 

observed in the spectra acquired with the latter focusing method (11.5 cm"' vs. 14.0 cm"' 

for latter method), as measured by full-width at half-maximum (fwhm) intensity of the ca. 

1000 cm"' v(C-C)rt, band. Based on the discussion in the preceding paragraph, CCD 

image heights of 25 and 50 pixels for the spectrally-focused and visually-focused Raman 

scattering, respectively, support the conclusion that the former method provides for a 
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1000 1500 

Wavenumbers (cm"') 
Figure 2.9 Raman spectra of a TP SAM at MP Ag acquired with the Raman scattered 

light (a) spectrally-focused and (b) visually-focused and plotted on the same 
intensity scale. (Power = 150 mW, integration time = 10 s, slit width = 
50 nm, and = 514.5 nm.) 



Table 2.1 Raman Spectral Data for TP at MP Ag as a Function of Focusing Method 

Spectral Focus Visual Focus 

Integration 
Time (s) 

Signal 
Counts 

Background 
Counts 

S/B S/N Signal 
Counts 

Background 
Counts 

S/B S/N 

1 1,737 2,413 0.720 27 624 1,020 0.690 15 

10 17,013 19,919 0.854 89 6,872 9,236 0.744 54 

20 NA- NA* NA* NA" 14,148 19,235 0.736 77 

* Not acquired 
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better focus. Interestingly, at the collimating mirror, the image of the visual focus is 

circular (to fill this mirror) but the image of the spectral focus is elliptical. 

Raman Spectral Data Treatment 

Several procedures are systematically performed on the spectral data. Spectra 

acquired with excitation at 488.0 nm and 514.5 nm were calibrated using the Ar* laser 

plasma lines"' and those acquired with excitation from the dye laser or Ti:sapphire laser 

were calibrated with neat indene^* or solid a-cyclodextrin" *; if possible, calibration spectra 

were acquired under experimental conditions (i.e., optical set-up and sample type) 

identical to the sample spectra. After calibration, cosmic ray events are reduced to 

baseline intensity and the spectra are background subtracted. Typically, the background 

was fit to a baseline with a two to five coefficient polynomial. If signal and background 

intensities need to be quantified, they should both be extracted from the raw spectrum or 

the calibrated spectrum, because these intensities are reduced slightly after spectral 

calibration with the customized program C0RRFRQ2 in SpectraCalc™. 

Raman Cross-Sections 

In order for a vibrational mode to be Raman-active, the bonds participating in the 

vibration must undergo a change in electron density. It follows that the Raman scattering 

efficiency of a vibration is proponional to its electron polarizability (a).' "® A Raman . 

cross-section (3), which has units of cm" molecule"' sr' (sr = steradians), represents the 
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sum of the cross-sectional/volume polarizability change in each of the vibrational tensor 

components (i.e, ct^ cl^ cl^ , and otyy). Thus, the relative magnitudes of Raman 

cross-sections are indicative of the relative scattering efficiencies of vibrations. 

Relative Raman cross-sections (P^is) are easily determined from Raman spectra of 

randomly-oriented molecules, because Raman peak area (after correction for the number 

of functional groups contributing to it) is proportional to the corresponding vibrational 

mode Raman cross-section. 

Relative Raman cross-sections (P„,) were determined for molecular vibrations of 

relevance to studies discussed in this dissertation. As shown in Figures 2.10 and 2.11, 

Raman spectra were acquired of neat liquid benzene, thiophenol (TP), pyridine, 

butanethiol (C^SH), nonanethiol (CgSH), and dodecanethiol (CjiSH). The peak areas of 

the aromatic V(C-C)rt, band at ca. 1000 cm"' and the alkanethiol V(C-S)G and v(C-S)J 

bands at ca. 650 and 730 cm"', respectively, were quantitated. Spectral acquisition was 

performed on the Triplemate with use of the spectrograph stage 1800 gr/mm grating and 

50 |j.m slit to achieve maximum band resolution. In particular, it was necessary to at least 

partially resolve the V(C-S)T band from a neighboring r(CH2) band. With the CURVEFIT 

program of SpectraCalc™, peak areas were calculated by fitting these liquid Raman bands 

to a 50% Lorentzian-50% Gaussian band shape. In order to compare the Raman cross-

section of the v(C-C)rt, mode to the v(C-S) mode, the peak areas of the V(C-S)G and v(C-

S)T bands are summed. Peak areas presented in Table 2.2 have been corrected for 
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Figure 2.10 Raman spectra of neat liquids (a) benzene, (b) pyridine, and (c) TP; the 

peaks used for Raman cross-section calculations are labeled. Each 
spectrum is plotted to full-scale intensity within its own spectral window. 
(Power = 150 mW, slit widths = 0.5/7.0/0.05 mm, integration time = 1 s, 
and = 514.5 nm.) 

992—• 

J I . ^ 
991 —• 

1 . b 

1000—• 

ll 



81 

Xfl 

a 

800 1000 1200 1400 

Wavenumbers (cm ') 
Raman spectra of neat liquids (a) C^SH, (b) C,SH, and (c) C^SH; the 
peaks used for Raman cross-section calculations are labeled. Each 
spectrum is plotted to full-scale intensity within its own spectral window. 
(Power = 150 mW, slit widths = 0.5/7.0/0.05 mm, integration time = 1 s, 
and = 514.5 nm.) 

Figure 2.11 
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differences in liquid molecular densities. (The differences in spectrometer efficiency at ca. 

700 and 1000 cm"' are assumed to be negligible.) The excitation wavelength was 514.5 

nm, and the RTE-1100-PB 1100 x 330 CCD was employed for detection. (All spectra 

were acquired for an integration time of 1 s and at a laser power of 150 mW.) Absolute 

Raman cross-section (P^) values of pyridine, TP, and the C„SHs were calculated by using 

the value of 2.6 x 10"^ cm* mol"' sr"' for benzene~''•~^ 

Table 2.2 Absolute and Relative Raman Cross-Section Values for 
Benzene, Thiophenol, Pyridine, and 1 -Alkanethiols 

Molecule Vibration Peak Area 
(PA) 

P.,' P,Jx 10^° 

Benzene v(C-C)rt, 562,831 16 26 

Thiophenol v(C-CU 360,518 10 16 

Pyridine v(C-CU 357,621 10 16 

C4SH V(C-S)x,g 91,306 2.6 6.2 

C9SH v(C-S)-i-q 46,455 1.3 3.1 

Ci.SH V(C-S)t.g 35,125 I 2.4 

^ Prel P^^nolecuk/P^12SH 
^ Units of cm* sr' molecule"' 

Pbenzene/Ppyr ^ ^ ̂ nd 2.4 havc bccn reported by Nilsen^® and Weaver^', 

respectively; the value of 1.6 calculated from this study is consistent with Nilsen's estimate 

of this ratio. Neither absolute nor relative Raman cross-sections have been presented, in 

the literature for alkanethiols. Nonetheless, the Raman cross-section of the alkanethiol 
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v(C-S) mode is expected to be smaller than that of the aromatic v(C-C)rt, niode, since the 

electrons involved in the v(C-S) mode are expected to be less polarizable than the k 

electrons in the v(C-C)^ mode. As shown in Table 2.2, the Raman cross-section of the 

alkanethiol v(C-S) mode decreases almost linearly with the increase in the alkane chain 

length. 

XPS Instrumentation and Data Analysis 

XPS spectra were acquired with a Vacuum Generators ESCALAB MKII electron 

spectrometer equipped with a concentric hemispherical analyzer (CHA) and channel 

electron multiplier. Excitation was accomplished with 13 kV of A1 X-rays at 1486.6 

eV, and electrons were collected in the constant analyzer energy (CAE) mode with a pass 

energy of 50 eV. The area at the surface from which these electrons were collected was 

minimized to ca. 7 mm' by use of the A4 slit on the CHA. The base pressure in the 

analyzer chamber was ca. 5x10''° torr. An Ar* gun was accessible in a separate chamber 

of the spectrometer for sputtering. 

Spectra of Ag surfaces were corrected for sample charging using the 

at 367.9 eV. Peak areas were calculated by the Shirley^' method. Elemental ratio values 

were calculated by correction of the peak areas (A) for the element photoionization cross-

sections/sensitivity factor^* (S) and the transmission properties of the analyzer. The 

analyzer transmission (T) is proportional to the square root of the element's core electron 
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(2.1) 

T, a (2.2) 

The sensitivity factors* ' for the Agjj, O,,, CUp, Sip, C,„ and Aljp, peaks are 18.04, 2.93, 

2.285, 1.677, 1.00, and 0.5371, respectively, when an AJ X-ray source is employed. 

Electrochemical Instrumentation and Data Analysis 

Cyclic voltammetry for purposes of electrochemical cleaning and roughness factor 

determination was performed with a BAS lOOW electrochemical workstation 

(Bioanalytical Systems, Inc., West Lafayette, IN). Voltammetric peak areas were 

determined by BAS using the symmetrical peak shape option. The area integrated by BAS 

software was checked for accuracy by plotting (with an X-Y recorder) on graph paper 

cyclic voltammograms of Pb UPD at MP Ag. The cut-out of the Pb UPD stripping peak 

and a standard area (in A mV) from the same graph paper were weighed for calculation 

of the charge passed underneath this peak. The charge passed by weighing deviated from 

values measured by the BAS software by < 20% for a single measurement and by ca. 9% 

for an average value calculated from Pb UPD at four surfaces. 
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For electrochemical roughening of MP Ag, cyclic voltammograms were performed 

with an IBM Instruments Inc. EC/225 Voltammetric Analyzer and the charge passed 

during the oxidation-reduction cycle (ORC) was measured with a Princeton Applied 

Research 379 Digital Coulometer. 

Potentials were measured and are reported versus a saturated calomel electrode 

(SCE) or a Ag/AgCl electrode. 

Electrochemical Cells 

The electrochemical cell employed for all electrochemical experiments is shown in 

Figure 2.12. Prior to any electrochemistry, the solution was de-aerated for ca. 30 minutes 

by forcing high-purity N, through the coarse frit at the bottom of the cell. After such time, 

N, was passed only over the top of this solution; this "blanket" of N, served to prevent the 

re-absorption of O, by the solution. Subsequently, the electrodes were inserted into to the 

solution. The counter electrode was a Pt wire, coiled at the end; this wire was suspended 

from the top lip of the cell and rested on the Luggin capillary, such that the coils wrapped 

around it. The reference electrode (R.E.) was added to a side port of the cell. Either a 

Ag/AgCl electrode or saturated calomel electrode (SCE) was used as the R.E. The 

working electrodes (W.E.s) were Ag, Au, or Pt. Prior to their insertion into the cell, these 

electrodes were tightly wrapped wdth parafilm such that only the metal surface of interest 

was exposed to the solution. It is important that the parafilm be wrapped slightly over the 

metal surface and be gently pressed (with a gloved hand) against it to form a good seal 



W.E. 
R.E. 

y 

Luggin 
Capillary 

Glass 
Frit 

C.E. 

•Si! 

Gas 
Inlet 

Figure 2,12 Design and set-up of typical electrochemical cell. W.E. = Ag, Au, or Pt; C.E. = coiled Pt wire; R.E = Ag/AgCl 
(sat'd KCI) or SCE (sat'd Hg,CI,). ' ^ 
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from the brass stub and holder and the Ag solder. If not wrapped as described, current 

"leaking" from these undesired metal sources may be evidenced in the voltammogram as a 

peak or may be the cause for a sloping background. These electrodes were positioned just 

above the center of the Luggin capillary. 

Polishing Wheel and Ultrasonic Cleaner 

Metal disks were mechanically polished on a padded lapping wheel (Ecomet I, 

Buehler Ltd., Lake Bluff, EL). PSA-backed Microcloth polishing pads and 1.0 pm, 0.3 

pm, and 0.05 pm agglomerated and de-agglomerated aluminas (powder form) were 

purchased from Buehler. A Bransonic 220 or a Bransonic 1210 ultrasonic cleaner 

(Branson Ultrasonics Corporation, Dansbury, CT) was employed for removal of alumina 

loosely bound at the metal surface. 

Materials 

Metal Samples 

Single crystal Ag (111) and Ag (100), polycrystalline Ag rod, polycrystalline Ag 

foil, polycrystalline Au rod, polycrystalline Au foil, and polycrystalline Pt rod were 

purchased from Johnson Matthey (all 99.999%). The UHV substrate onto which Ag films 

were vapor-deposited was made from OFHC copper (99.9+%). Ag(l 11) and Ag(lOO) 

were used as the bulk rod. Polycrystalline disks were cut from the bulk metal rod or foil 

and Ag-soldered to copper or stainless steel stubs; Ag-solder is the necessary adhesive for 
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elearical contact. 

Chemicals 

Propanethiol (99%), butanethiol (99+%), pentanethiol (98%), octanethiol 

(97+%), nonanethiol (98%), dodecanethioi (98%), octadecanethiol (98%), and thiophenol 

(99+%) were purchased from Aldrich. The purity of these alkanethiois was checked by 

GC-MS. Proapanethiol was 96% pure with a 4% disulfide impurity, and octanethiol and 

dodecanethioi were ca. 100% pure. Perdeuterated octanethiol (CgD,7SH) was donated by 

Dr. Vicki Wysocki. This deuterated thiol was purified by triple distillation in benzene and 

determined by GC-MS to be 98% pure. A 1% impurity detected in the GC showed a 

corresponding mass spectral parent peak at a m/z of 78; this m/z value and the entire mass 

spectrum identifies the contaminant as benzene. Furthermore, in the Raman spectra of the 

neat liquid and frozen solid CgD^SH, bands characteristic of an aromatic species at an 

impurity concentration were detected. The fact that benzene was the distillation solvent is 

consistent with spectral evidence for its presence as a residual aromatic contaminant. 

Absolute ethanol was purchased from Quantum Chemical Corporation (Tuscola, 

EL). Pyridine (0.009% water) was purchased as a high-purity solvent from Burdick and 

Jackson. Distilled, de-ionized water was purified initially with a reverse osmosis (RO 10 

Plus) system from Millipore Corporation (Bedford, MA) and then with a Milli-Q UV Plus 

system (Millipore). Final resistivity of the ultrapure water was 18.2 MQ/cm, and the total 

organic content (TOC) was specified at less than 5 ppb. 
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TUSO^ (99.995%), H^SO, (99.999%), 30-32% aqueous solutions of 

semiconductor grade HJOT (99.999%), HPLC grade CHXl,, CHClj (99.99%), and CCI4 

(99.99%) were purchased from Aldrich. Reagent grade HCIO4, reagent grade NaCN 

(98.8%), and reagent grade n-hexane were purchased from Fisher Scientific. Analytical 

reagent grade HCl, HNO3, and H2SO4, reagent grade Na2S04, KCI (99.7%), and reagent 

grade acetone were purchased from Mallinckrodt. Reagent grade Pb(N0j)2 (99.3%) and 

reagent grade CH3OH was purchased from J.T. Baker. Reagent grade NaC104 (>98%) 

was purchased from Fluka. Reagent grade n-octanol was purchased from Sigma. 

Reagent grade benzene was purchased from EM Science. N, (99.995%) and ultra high-

purity Ar (99.999%) were obtained from Wayne Oxygen Co., Inc. (Phoenix, AZ). All 

chemicals were used as received. 

Surface Preparation 

Mechanical Polishing of Ag, Au, Pt, and Cu 

Metal surfaces were sanded (optional — see S1 below) and subsequently, 

mechanically polished with successively finer grades of water-slurried, agglomerated 

alumina from 1.0 |im to 0.3 nm to 0.05 ^m, rinsed with copious amounts of water, and 

finally sonicated in water to remove loosely bound alumina. 

The refined polishing protocol employed by this author is outlined below as steps 

(S#) and accompanying observations (O#); 06, 07, and 08 are general observations 

which should be noted at any step. 
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51. Surfaces at which thiol monolayers or cyanide contamination had been 

previously adsorbed were typically sanded with 1500 grit silicon carbide 

(SiC) paper prior to mechanical polishing to guarantee the removal of such 

films. 

01. Hesitation is suggested in deciding to sand Au and Pt surfaces. These 

metals are harder than Ag and thus, they take much longer to polish to a 

"smooth" surface after being sanded. The electrochemical protocol 

employed to clean Pt of its adsorbed organic films (i.e, thiol SAMs) is 

described later in this chapter. Schoenfisch' reports the removal of thiol 

SAMs from Au by use of a "Pirhana" solution or an electrochemical 

desorption method. 

52. In addition, any surface which was not completely flat was sanded (with 

the necessary grit size) to achieve this condition; surface planarity was 

assessed visually before and after sufficient contact of the surface with the 

padded polishing wheel. 

02. The flatter the surface, the more uniform the polish and thus, the smoother 

the surface finish and the quicker this finish is achieved. 

S3 a. Unsanded surfaces were cleaned and their finish was touched up by 

polishing with 1.0 pirn agglomerated alumina (AA). Sanded surfaces were 

polished extensively with I.O ^m AA to remove scratches created by the 

sand paper and to "massage-out" embedded alumina. 
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S3b. Intermittently, surfaces were checked with and/or without use of a 3x 

magnification benchtop microscope for these scratches and embedded 

alumina. 

03. Striations produced at the surface by sanding and 1.0 nm AA are easily 

visually differentiated. The more uneven the surface, the longer these 

striations will coexist at the surface. Embedded alumina particles are 

observed as protrudances in the surface; sometimes it is necessary to tilt the 

surface to observe these (i.e., for proper lighting and/or light reflection). It 

is imperative that this alumina be removed, since its presence at or 

underneath the surface could affect any surface film formation. 

S4a. Surfaces were polished with 0.3 |im AA to minimize surface scratches 

(created only by the alumina) and aid in removal of embedded alumina. 

S4b. Same as S3b. 

S4c. Repeat S4a and if necessary, S3 a followed by S4a to remove all observable 

embedded alumina. 

04. For sanded Ag surfaces, the time required to polish with this alumina was 

relatively short. With the naked eye and use of a 3x magnification 

benchtop optical microscope, surface scratches appeared to be minimized 

after careful polishing at this AA grade. 

S5. Surfaces were polished with 0.05 nm AA for only 5-10s. This step was 

not counted on to remove embedded alumina. Thus, this step was only 
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repeated if a better surface finish was desired; if this was the case, step S4a 

was repeated prior to repetition of this step. 

05. Much longer polishing with this ^im size appeared to increase the number 

of surface scratches. 

06. New polishing pads were used when the nap on a used pad had been 

sufficiently abraded. The nap affects the smoothness and thus, the 

appearance of the surface. When an "old" pad is employed for mechanical 

polishing, surface scratches are not as easily removed and therefore, the 

surface shine will appear duller (due to less specular reflectance and greater 

diffuse reflectance). Furthermore, the surface may look "dirty"/brown due 

to abrasion of the remaining pad material. Polishing with a new pad will 

rid the surface of these unwanted attributes. 

07. Fewer surface scratches are observed if the metal sample is rotated 

constantly rather than held still at a particular spot (relative to the 

polisher/lab bench); this observation applies for polishing at any |j,m size. If 

the sample is not rotated, scratches are engraved on the surface in the 

rotation direction of the polishing wheel. 

08. Alumina embedded in the surface but exposed to the ambient environment 

(as opposed to alumina embedded beneath the surface) can also be detected 

visually upon rinsing the surface with ethanol. Ethanol evaporation will be 

slowed by the presence of this alumina, and in fact, the ethanol can be seen 
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to persist longer at these surface sites than alumina-free sites. If the surface 

is alumina-free, ethanol evaporation should be relatively quick and uniform 

across the surface. 

For the data reported in this dissertation, all of the mechanical polishing was done 

by hand rather than with use of the automated, custom-built polishing set-up, because the 

automated set-up was installed after the author had completed most of his dissertation 

research. Polishing by automation was performed by this author only to compare the 

surface finishes achievable with each method. Undoubtedly, the automated set-up 

provides smoother surfaces; in otherwords, much fewer scratches are observed at surfaces 

polished in this way than by manual polishing. This result is explained by the fact that the 

metal surface is held more parallel to the surface of the polishing wheel and pad when the 

metal sample is rotated by the automated set-up than by hand, and it reinforces the 

necessity of polishing a flat surface to obtain a more uniform polish (see 02 above). 

Nonetheless, all of the observations stated above for polishing by hand still apply to 

automated polishing. Since the author used the automated set-up minimally, a research-

developed polishing protocol is not presented, rather the reader is referred to the 

procedure presented by Schoenfisch' ** 

Polishing with de-agglomerated aluminas (DAs) was attempted, because 

employees at Buehler^'" had guaranteed smoother surfaces and shorter polishing times 

with these aluminas than with the AAs. When polishing with AAs, aggregates of alumina 
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particles may be occupying a relatively large surface area. Thus, superior polishing with 

the DAs is reasonable, since a greater number of fine alumina particles may interact with 

the surface. Nonetheless, they were not used unless otherwise specified, because most 

often times they left a visible film at the metal surface. McCreery^" commented that 

members of his research group had evidenced similar contamination problems when glassy 

carbon surfaces were polished with this alumina type. Most likely, the source of this 

contamination is the chemical additive(s) used to de-agglomerate the alumina. In 

accordance with those remarks made by employees at Buehler, the few surfaces at which a 

film was not observed did appear noticeably smoother than those prepared with the AAs. 

In fact, scratches in the DA-polished Ag surface were not visible with the naked eye; only 

with help of the 3x magnification microscope could they be observed. Furthermore, this 

"smooth" finish was achieved in a shorter time period than that typically required for AA-

polished surfaces. 

With use of the Bransonic 220 sonicator, surfaces were sonicated for 2-3 min in 

water, rinsed with water, re-sonicated for 10-15 min in fresh water, and rinsed again with 

water. XPS and Raman results in the study of bare mechanically polished (MP) Ag 

surfaces proved this sonication procedure optimized their cleanliness.''" With use of the 

newer Bransonic 1210 sonicator, these surfaces were sonicated for only 5-15 s, because at 

longer times, the surface was roughened by sonication (as visualized under a benchtop 

optical microscope, which has maximum magnification of 3x.) This increased roughness is 

indicated by the introduction of cavities/pits in the surface. Perhaps, such surface features 
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are created upon bubble implosion"'' (i.e., the action of the sonicator in a liquid) at the 

"soft" Ag surface. This roughening effect was never observed with the Bransonic 220 

prior to its repair, because its sonicating action was noticeably weaker than that of the 

Bransonic 1210. (The author did not use the former after its repair.) Thus, sonication 

times should be adjusted, when necessary, for the strength of the sonicator. 

Since the sonication times applied with the Bransonic 1210 were relatively short, 

an XPS study of the cleanliness of a bare MP Ag surface as a function of sonication time 

(i.e, out to 15 min) was performed. In particular, the C/Ag and Al/Ag elemental ratios 

were monitored for alumina removal and carbonaceous impurity reduction. These ratio 

values are presented in Table 2.3. 

Table 2.3 Elemental Ratios from XPS Data for a MP Ag Surface as a Function 
of Sonication Time with the Bransonic 1210 Ultrasonicator 

Sonication 
Time 
(min) 

C/Ag Al/Ag 0/Ag 

0 0.403 0.261 0.917 

1 0.427 0.248 0.888 

5 0.480 0.286 0.896 

15 0.471 0.273 0.847 

The sonication times listed in Table 2.3 are cumulative for the once-polished 

surface; in otherwords, the surface was not re-polished prior to each sonication time. 

Although this study was conducted for only one surface, the constancy of the Al/Ag ratio 
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value proves (1) sonication is not necessary for removal of loosely bound alumina if the 

surface is carefully polished and thoroughly rinsed and (2) any alumina embedded in such a 

surface is not removed by sonication. Thus, a sonication time of 5-15 s simply precludes 

the need for copious rinsing of the polished surface. In otherwords, these sonication times 

are warranted, because anything at the surface which can be rinsed off should be removed 

ultrasonically in this time frame. 

Interestingly, the data in Table 2.3 show a small increase in the C/Ag ratio value 

with an increase in sonication time. If sonication does not remove adsorbed carbonaceous 

impurities, the small increase in carbon content at the surface is due to its increased 

exposure to the laboratory ambient as the experiment progressed; however, if sonication 

does remove such impurities, then the surface roughening that results from an increase in 

the sonication time may enhance the rate and amount of carbon adsorbed upon ambient 

exposure of this surface. A similar XPS and Raman spectroscopic study of a thiol SAM-

covered MP Ag surface might reveal the effectiveness of sonication toward adsorbed 

impurity removal. 

In a separate study, XPS data acquired on an unsonicated MP Ag surface proved 

there to be some reproducibility in the preparation of these surfaces. The Al/Ag, C/Ag, 

and 0/Ag ratio values were 0.279, 0.393, and 1.04, respectively, and the carbon Is peak 

was observed at 284.1 eV. 

The author was the first to visualize (with the aforementioned microscope) the 

roughening effect of the sonicator and to perform such an XPS study with the Bransonic 
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1210. 

Chemical Polishing of Ag 

Polycrystalline Ag and single crystal Ag (111) surfaces were chemically polished to 

remove the damaged surface layer created by the mechanical polishing procedures and to 

clean and smooth the MP Ag surface. Typically, the chemical polishing protocol was 

followed by a thallium (I) underpotential deposition cycle* '^ to ensure both cleanliness and 

proper crystallographic orientation and to determine a surface roughness factor. 

The chemical polishing procedure of Bewick and Thomas"'^ was slightly modified 

to reduce the chance of CN" film formation at these Ag surfaces. The procedure used is 

outlined in steps (S#) and corresponding observations (O#) are presented. 

SI a. The Ag surface is dipped into a 1.1 solution of 15 to 20% and 0.05 

M NaCN for 1 s. Instantaneous bubbling is observed at the surface. 

Ola. If there is a thick or defect-free film at the Ag surface, the HiO, cannot 

"see" the surface to oxidize the Ag. This observation applies to films 

formed on the surface by mechanical polishing with DAs and chemical 

polishing and to n-alkanethiol SAMs. MP Ag surfaces at which shorter-

chain alkanethiol (i.e., C3SH-C5SH) monolayers were adsorbed were 

typically attacked by HiOj; however, a colored film was formed at the 

surface after this step and persisted upon further chemical polishing. The 

MP Ag surface was not "seen" when longer-chain alkanethiol SAMs were 
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adsorbed. 

Sib. If a film, such as one of those described in Ola, is present at the MP Ag 

surface, the surface should be mechanically polished or sanded to remove 

it. 

52. The Ag is transferred immediately to a 0.10 M NaCN solution and held 

there for ca. 3 to 5 s or until bubbling ceases at the surface. If bubbling 

does not stop after ca. 5 s, the Ag is rinsed with water and re-immersed 

into a fresh aliquot of 0.10 M NaCN. 

02. After this step, a blue film was occasionally observed at the surface. If this 

"thick" film could not be removed by repeating S1 and S2, the surface was 

mechanically polished again. At times, a very thin blue film which persisted 

at the chemically-polished (CP) surface could be removed by 

electrochemical cleaning, as described in the next section. 

53. The Ag is rinsed thoroughly with water. 

54. SI to S3 are repeated until the surface is very shiny and smooth. The 

degree of smoothness was visually monitored with a benchtop optical 

microscope, which has maximum magnification of 3x. 

Chemical polishing of Ag with solutions of H2O2 and NaCN was employed for the 

resulting cleanliness and mirror/scratch-free finish. Others researchers have chosen to 

chemically polish Ag with a solution mixture of HiO, and NH40H^''*'* ", a chromic acid 
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bath~", or a potassium dichromate solution^^". Campion^"'^^" reported that chemical 

polishing with the latter two solutions produced surfaces with a mirror-finish and free of 

scratches and etch pits. Richmond"^' commented that chemical polishing with the 

H2OVNH4OH solution mixture resulted in clean and reproducible surfaces, although they 

did not have a mirror finish to them. 

Electrochemical Cleaning of Ag 

Chemically-polished (CP) Ag surfaces were rinsed with water and immersed into a 

solution consisting of 0.75 mM TI2SO4, 0.25 M Na2S04, and 1 mM HCIO4. The potential 

of the Ag electrode was cycled at 100 mV/s between -200 and -750 mV ten to twenty 

times to ensure the production of a contaminant-fi-ee surface. Cyclic voltammograms of 

electrochemically-cleaned Ag (111) and CP Ag (poly) are shown in Figures 2.13 and 2.14, 

respectively. (The voltametric peaks observed in these figures are assigned later in this 

chapter.) Upon emersion fi-om the UPD solution, the surface was rinsed with water and 

subsequently checked for cleanliness with Raman spectroscopy. 

Electrochemical Cleaning of Pt 

Thiol monolayers adsorbed at MP Pt surfaces were reductively desorbed by 

potentiostating at -2.5 V versus Ag/AgCl for > 2 hr. Regardless of the previous film at 

these surfaces, they were electrochemically cleaned in 1 M HjSO* with a three step 
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2.13 Cyclic voitammogram of first and second monolayer (underpotential) deposition of T1 at Ag (111). (Sweep rate 
100 mV/s, C.E. = Pt wire, R E. = Ag/AgCl (sat'd KCI), and solution = 0.75 mM TI,SO^, 0.25 M NajSO^, and 
1 mM HCIO,.) 
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. 14 Cyclic voltammogram of first and second (A ) monolayer (underpotential) and bulk (B) deposition of Tl at 
CP Ag (poly). (Sweep rate = 100 mV/s, C.E. = Pt wire, R E. = Ag/AgCl (sat'd KCl), and solution = 0.75 mM 
TI,SO„ 0.25 M Na,SO„ and 1 mM HCIO,.) 
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procedure. The surface was (1) oxidized at +1300 mV versus Ag/AgCI for 10 min, (2) 

reduced at -200 mV for 30 s, and (3) cycled 20-25 times between -200 mV and +1200 

mV at a sweep rate of 100 mV/s. Cyclic voltammograms (CVs) of the MP Pt surface 

before the first step and after the last step of this cleaning protocol are displayed in Figure 

2.15a and b, respectively. 

Bruckenstein" " reported cleaning of mechanically-polished, polycrystalline Pt 

surfaces in a 1.0 M H2SO4 solution upon potential cycling from +200 mV to +1300 mV 

(versus SCE) at a scan rate of 100 mV/s. He reported CVs similar to those shown in 

Figure 2.15a and b after the first and fifth potential cycles, respectively; the curve he 

observed after the tenth cycle was indistinguishable from that observed after the fifth 

cycle. In Figures 2.15a and b, the integrated areas underneath the Pt oxide stripping peak 

(OR - oxide removal) indicate that twice as much charge is passed upon oxide removal 

from the electrochemically-cleaned surface than fi-om the surface only mechanically-

polished. In Figure 2.15a, the voltammetric peaks associated with oxide formation (OF) 

and hydrogen adsorption (HA) and desorption (HD) are unresolved due to adsorbed 

impurities at the MP surface. (Conway^^ ~^^ explained the chemical and electrochemical 

reactions responsible for the observation of these resolved peaks.) As speculated by 

Bruckenstein"^ and Breiter^"^, these impurities are oxidized and removed upon 

electrochemical cleaning of Pt. The contribution of surface roughening to the increase in 

surface area "seen" by hydrogen and oxygen after the electrochemical cleaning protocol is 

unknown; however, roughening of the Pt surface is not expected. Pt oxidation in the first 
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Figure 2.15 Cyclic voltammogram of oxide formation (OF) and removal (OR) and hydrogen adsorption (HA) and 
desorption (HD) at MP polycrystalline Pt (a) before (- -) and (b) after (—) repetitive cycling, (Sweep rate 
100 mV/s, C.E. = Pt wire, R.E. = Ag/AgCI (sat'd KCI), and solution = 1 M HjSO^,) o U) 
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step is performed such that only monolayer oxide formation results, and thus, the time 

required for surface cleaning in this step could be reduced. (This is something which 

could be investigated; the time of 10 min was adopted from previous group members 

without question or research as to the necessity for this length of time.) If the 

electrochemistry of Pt is similar to that of Au^", roughening may be expected in this step 

only if the oxidation is perfomed at a potential at which oxygen is evolved, due to the 

oxidation of water; at these potentials, the growth of multilayer Pt oxide may act to 

roughen the surface. The possibility of Pt surface roughening by the performance of 

repetitive ORCs (as in step 3) is discussed in the following paragraph. 

The cleaning protocol employed here is a slight modification of the procedures 

used by Bard^*^ and Brummer^"*. Brummer^ "' cleaned Pt surfaces in 1 N HCIO4 by 

oxidizing them at +1350 mV versus R.H.E. for 1 min (and stirring the solution during the 

first 30s), reducing them at +100 mV for 10-100 ms, and potentiostating them at +500 

mV for 10 ms. STM studies reported by Bard~^* indicate that electrochemical cycling in I 

M HCIO4 between -200 mV and +1300 mV versus SCE at a sweep rate of 100 mV/s for 

ca. 10 min cleans the mechanically-polished, polycrystalline Pt surface of adsorbed 

contaminants without roughening it. Bard" ** detected evidence of roughening of Pt (100) 

by STM and SEM only when this electrochemical cycling procedure was performed for > 

1 hr. In contrast, Itaya"' performed 50 potential cycles between -250 mV and +1050 mV 

(versus SCE) at a sweep rate of 200 mV/s and speculated on the roughening of a Pt (111) 

surface in 0.05 M H2SO4, because cyclic voltammetry proved a 20% increase in the 
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charge associated with hydrogen adsorption and showed a transformation of this surface 

to a more polycrystaliine texture. 

Electrochemical Cleaning of Au 

For the very few Raman spectroscopic studies of thiol monolayers at MP Au 

performed as part of this dissertation research, these monolayers were abraded from the 

surface with use of 1500 grit SiC paper. For the reasons discussed in the section on 

mechanical polishing of Ag, Au, Pt, and Cu, the removal of thiol SAMs from Au is better 

accomplished by use of a "Pirhana" solution or an electrochemical desorption method, as 

employed by Schoenfisch'^*. Regardless of the previous film at these surfaces, they were 

electrochemically cleaned in 1 M HiSO, by cycling the potential 10-20 times between -200 

mV and +1200 mV at a sweep rate of 100 mV/s. Cyclic voltammograms (CVs) of the MP 

Au surface after the first cycle and after the 13th cycle are displayed in Figures 2.16a and 

b, respectively. The peaks in these CVs are attributable to oxide formation (OF) and 

removal (OR). (Conway^^° "', Dickertmann"^, and Bruckenstein"^ explained the 

chemical and electrochemical reactions leading to the observation of these voltammetric 

waves.) The lack of resolution of the OF peaks in Figures 2.16a is indicative of adsorbed 

impurities at the MP Au surface. Upon subsequent potential cycles, these peaks become 

resolved due to the oxidation and removal of the contaminants. Interestingly, there is a 

reproducible decrease in the charge associated with oxide removal after electrochemical 

cleaning of the MP Au surface; an example of this phenomenon is shown in Figure 2.16. 
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2.16 Cyclic voltammogram of oxide formation (OF) and removal (OR) at MP polycrystalline Au (a) before (- -) 
(b) after (—) repetitive cycling. (Sweep rate = 100 mV/s, C.E. = Ft wire, R E, = Ag/AgCI (sat'd KCI), and 
solution = 1 M HjSO^.) 
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To nullify the expected increase in exposed surface area after contaminant removal, the Au 

surface must be annealed by repetitive potential cycling. To the best of the author's 

knowledge, such annealing has not been reported previously. 

AT* Sputtering 

At* sputtering of MP Ag surfaces was performed at an Ar pressure of 5 x 10"® torr 

in an UHV chamber adjacent to the XPS analysis chamber. The Ar* gun was operated at 

an acceleration voltage of 6 keV and an ion current of 100 nA; sputtering was performed 

for only 5 min to minimize surface roughening. The surface was not annealed after 

sputtering. 

It was learned that this acceleration voltage employed may be a bit high, leading to 

significant surface roughening. For example, other researchers"^*"'commonly perform 

AT" sputtering of Ag at an acceleration voltage of 0.5-2 keV, most likely to minimize 

surface roughening. 

AT Plasma Cleaning 

Ar plasma cleaning of MP Ag surfaces with a Harrick Scientific (Ossining, N.Y.) 

radio fi-equency plasma generator was attempted as an alternative to Ar" sputtering; 

however, XPS analyses of the plasma-etched surfaces proved them to be contaminated by 

Sn species. It was speculated that Sn was etched from the Ag solder used to adhere the 

Ag surface to the Cu or stainless steel XPS stub and then re-deposited on the Ag surface. 
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Most likely, the Sn was not originating from the glass plasma cell, because this 

contamination was detected (with XPS) at the MP Ag surface before and after chromic 

acid cleaning of the glass surface. As a result of these contamination problems, plasma 

cleaning was not pursued any further. 

Electrochemical Roughening of Ag 

Electrochemically-roughened Ag surfaces were initially mechanically polished and 

subsequently roughened by an oxidation-reduction cycle (ORC) protocol." 

Specifically, the potential was ramped at a sweep rate of 10 mV/s from -200 mV versus 

Ag/AgCl to a potential at which ca. 28.5 mC/cm* of anodic charge had passed; the 

potential sweep was then reversed and returned to a final potential of -200 mV, such that 

the total anodic charge passed was ca. 57 mC/cm'. (Van Duyne"*^ reports anodic charge 

passage of 25 to 50 mC/cm^ as optimal for maximum Raman scattering intensity.) 

Typically, 98-99% of the charge passed by Ag oxidation was recovered in Ag reduction. 

Prior to ORC-roughening of a MP Ag surface, the open-circuit (O .C .) potential 

was checked. Typically, this potential was ca. +100 mV (versus Ag/AgCl) when the 

surface was believed to be relatively clean. It is speculated that significant deviation from 

this O.C. potential results when the surface contains excessive contamination or is 

poorly/improperly wrapped with parafilm (so as to expose the Ag solder). 



UHV-Deposited 

Surfaces studied in ultrahigh vacuum (UHV) were prepared according to the 

following procedures."^ The base pressure of the chamber was 2 x 10'® torr. For each 

experiment, a freshly-deposited Ag film was used. Ag films were deposited at a rate of ca. 

5 or 10 A/s and grown to a mass thickness of ca. 1500 A. Ag deposition was monitored 

using a quartz crystal microbalance (QCM) Coldly-deposited Ag films (Cold Ag) were 

grown on mechanically-polished (MP) Cu substrates held at temperatures between 77 and 

90 K with liquid nitrogen. Room temperature (RT)-deposited Ag films ("thick" RT Ag) 

were also grown on MP Cu substrates. 

Roughness Factor (R^) Determination 

Rf is defined here as the ratio of microscopic surface area to geometric surface 

area. For all surfaces except Cold Ag~^ and "thick" RT Ag~^, the microscopic surface 

area is measured by electrochemical methods. The experimental methods employed and 

theoretical values cited for accurate Rf calculation are explained by surface type below; the 

calculated or assumed Revalues are presented in Table 2.4. 

ORC Ag and MP Ag 

MP Ag and ORC Ag electrodes were cycled at 10 mV/s between -100 mV and -

425 mV versus Ag/AgCl in 5 mM Pb(N03)2, 1 r^M HCIO^, and 0.1 M NaC104. Cyclic 

voltammograms (CVs) of monolayer underpotential and bulk deposition/stripping of Pb 
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Table 2.4 Roughness Factor (R^) Values for Ag, Au, and Pt Surfaces 

Surface Type Rf 

ORC Ag 5.6 + 0.5 

Cold Ag 5.0 

MP Au 1.9 + 0.2 

MP Ag 1.8 + 0.1 

MP Pt 1.6 + 0.5 

CP Ag (poly) 1 . 1  + 0 . 1  

A g ( l l l )  1 . 1  

"thick" RT Ag 1.0 

at ORC Ag and MP Ag are shown in Figures 2.17a and b, respectively. In the cathodic 

portion of the CV, monolayer Pb underpotential deposition (UPD) occurs from ca. -200 

mV to -375 mV and bulk Pb deposition is signified by the sharp current increase beyond 

ca. -400 mV. In the anodic portion of the CV, voltammetric waves assigned to the 

stripping of bulk and UPD Pb from atop the Ag surfaces are observed in the 

corresponding potential regions. 

Figure 2.17b is truncated and re-displayed in Figure 2.18 to emphasize the peak 

structure in the UPD region. The peak shape and structure of the CV for Pb UPD at MP 

Ag is most similar to that characteristic of the Ag (110)^^^ surface, and thus, it is assumed 

that this is the predominant crystal face at our polycrystalline Ag surfaces. 

The charge passed upon Pb UPD was measured by integration of the area under 
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Figure 2.17 Cyclic voltammogram of monolayer (underpotential) and bulk deposition of Pb at (a) ORC Ag (- -) and (b) MP 
Ag (—). (Sweep rate = 10 mV/s, C.E. = Pt wire, R E, = Ag/AgCl (sat'd KCl), and solution = 5 mM Pb(N03)„ 

0.1 M NaClO,, and 1 mM HCIO,.) 
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Figure 2.18 Cyclic voltammogram of monolayer (underpotential) deposition of Pb at MP polycrystalline Ag. (Sweep rate 
= 10 mV/s, C.E. = Pt wire, R E. = Ag/AgCl (sat'd KCI), and solution = 5 mM Pb(NOj)„ 0.1 M NaCIO^, and 
1 mM HCIO,.) 
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the main UPD stripping wave. Microscopic surface area was calculated by division of this 

experimental charge value by the theoretical value quoted by Bewick^'"' of 136 jiC/cm" for 

monolayer Pb UPD on Ag (110). The average values for the ORC Ag and MP Ag 

surfaces are 5.6 + 0.5 and 1.8 + 0.1, respectively; these averages were calculated from Pb 

UPD measurements at 5 surfaces of each type. Thus, the microscopic surface area at our 

ORC Ag surfaces is ca. 3.1 times greater than that at our MP Ag surfaces. 

Ag (111) and CP Ag (poly) 

A g  ( 1 1 1 )  a n d  C P  A g  ( p o l y )  e l e c t r o d e s  w e r e  c y c l e d  a t  3 0  o r  1 0 0  m V / s  b e t w e e n  -

200 mV and -750 mV versus SCE or Ag/AgCl in 0.75 mM TI2SO4, 0.25 M Na2S04, and 1 

mM HCIO4. Cyclic voltammograms (CVs) of monolayer underpotential and bulk T1 

deposition at these surfaces are presented in Figures 2.13 and 2.14, respectively. 

In the CV of Ag (111) (Figure 2.13), the voltammetric peaks assignable to first 

and second monolayer T1 UPD^".2.49.2.50 designated as Ai-Aj/Dj-D^ and A4/D4, 

respectively; no bulk T1 deposition waves are observed in this CV, because the potential 

was reversed prior to the onset of this phenomenon. The Aj/D, peak and the Aj.Aj/Di.Dj 

waves are attributed to adsorption/desorption of the T1 monolayer at terrace sites and 

defect sites (e.g., steps, kinks, and dislocations), respectively.^'' 

As shown in Figure 2.14, first monolayer T1 underpotential deposition (UPD) and 

stripping at CP Ag (poly) occurs from ca. -325 mV to -575 mV. The A* (adsorption) 

peak at ca. -700 mV is attributable to second monolayer TI UPD^ '*. Bulk T1 deposition 
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begins beyond -725 mV for this surface. Since the CV of T1 UPD at CP Ag (poly) is most 

similar in peak structure and shape to the CV reported for T1 UPD at Ag (110)~", it is 

assumed that these polycrystalline Ag surfaces are predominantly of (110) texture. 

The charge passed upon completion of first monolayer T1 UPD at Ag (111) and 

CP Ag (poly) was measured by integration of the area under the deposition peaks 

observed at each of these surfaces. Surface areas at Ag (111) and CP Ag (poly) were 

determined from experimental charge values using the theoretical values of 168 |iC/cm" 

calculated by Lorenz^^* •*' for Ag (II l)-3(2x2)Tl overlayer structure and 136 nC/cm" 

calculated by Bewick" for an epitaxially-deposited T1 monolayer at Ag (110), 

respectively. (As explained above, the (110) structure is the predominant low-index 

crystal face at the CP Ag (poly) surfaces.) 

A Rf value of 1.1 was calculated for Ag (111) and CP Ag (poly). Consistent with 

this result, Bewick"'^ calculated from T1 UPD measurements a of 1.2 for Ag (II1) and 

Ag (110) surfaces; this is perhaps expected since the chemical polishing protocol 

employed here was borrowed from Bewick"'^. 

MP Au 

Polycrystalline Au electrodes were cycled at 100 mV/s between 0 and +1600 mV 

versus Ag/AgCl in 1 M H2SO4. A cyclic voltammogram characteristic of an 

electrochemically-cleaned MP Au surface is shown in Figure 2.16b. The voltammetric 

wave assignments are provided in the section on electrochemical cleaning of MP Au. 
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The charge passed for stripping of Au oxide was integrated. Microscopic surface 

area was calculated from this amount using the theoretical value of 400 nC/cm" cited by 

Conway^^" and Bruckenstein^" for monolayer oxygen on polycrystalline Au. An average 

(i.e., from four surfaces) Rf value of 1.9 + 0.2 was determined for manually-polished MP 

Au. In contrast, Schoenfisch'^* calculated an average (i.e., from three surfaces) Rf value 

of 1.4 + 0.2 for MP Au surfaces polished with the automated set-up. Bruckenstein*" 

prepared polycrystalline Au surfaces in a similar manner (i.e., mechanical polishing 

followed by electrochemical cleaning) and reported Revalues of 1.7-2.3. 

MP Pt 

Polycrystalline Pt electrodes were cycled at 100 mV/s between -200 m V and 

+ 1200 mV (vs. Ag/AgCI) in 1 M H^SO^. A cylic voltammogram of an electrochemically-

cleaned MP Pt surface is shown in Figure 2.15b. The voltammetric wave assignments are 

presented in the section on electrochemical cleaning of MP Pt. 

The charge passed upon monolayer hydrogen chemisorption was measured by 

integration. This was converted to microscopic surface area by using a theoretical value 

of 226 ^C/cm" calculated by Hubbard^" for monolayer hydrogen adsorption on 

polycrystalline Pt, and an average (i.e., from three surfaces) R^ value of 1.6 ± 0.1 was 

determined. In contrast, Hubbard"" reported a Rf value of 2.2 for a polycrystalline Pt 

surface mechanically polished with a 0.25 nm diamond compound, and Arvia^'' calculated 

a Rf value of 1.8 for a polycrystalline Pt surface polished with 1.0 ^.m Al^Oj paper. 



116 

"Thick" RT Ag-^ and Cold Ag-^ 

Otto"'® and Albano^" have previously assumed the Rf of their annealed and RT-

deposited "thick" Ag films to be I; the same was done for the "thick" RT Ag films 

prepared in this laboratory^^. The appearance of the RT Ag surface (under microscope of 

3x magnification) and the lack of Raman background intensity observed from this surface 

signify its extreme smoothness. Furthermore, the RT Ag surface appears (under 

microscope) as smooth or slightly smoother than the chemically polished Ag (111) 

surface, which has an experimentally determined R^ value of 1.1, 

Rf estimates for coldly-deposited Ag surfaces are determined relative to the R^ of 

annealed/RT Ag surfaces, and thus, dependent on the accuracy of the RfOf annealed/RT 

Ag. The magnitude of the R^ for these Cold Ag surfaces is most notably a function of film 

thickness (d^), deposition rate (r^), and substrate, if the substrate temperature (TJ is kept 

relatively constant. For example, Otto* " * " has reported R^ values for their coldly-

deposited Ag surfaces (d„= 2000 A, rd= 10 A/s, substrate = MP Cu (poly)) in the range 

of 15-40, whereas Albano has calculated R<- values for their coldly-deposited Ag surfaces 

(d„= 150 A, r<,= 0.4-2 A/s, substrate = 1 ^m thick annealed Ag) of 2.4^" and 2.8^®°. 

Cold Ag surfaces prepared in this laboratory (d„= 1500 A, rj= 2 A/s, substrate = MP 

(poly) Cu) are estimated to have a R<- of 5, which is based on XPS measurements of the 

number of uncalibrated Langmuirs of Na necessary to form a monolayer at the Cold Ag 

surfaces relative to that number at the RT Ag surfaces." Monolayer Na formation at each 

of these surfaces was determined from the break in the isotherm of the Na/Ag XPS 
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intensity ratio (based on integrated peak are intensity ratios) as a function of increasing Na 

exposure. (A R^- value of 5 was estimated; however, due to the inherent uncertainty 

shared by our research group and others concerning coldly-deposited films, a range of Re

values of 5 to 25 more accurately reflects the possibility of greater roughness at our Cold 

Ag surfaces.) 

Thiol Monolayer Formation 

Solution-Phase Adsorption 

Immersion times and concentrations (in absolute ethanol) for thiol monolayer 

adsorption at Ag, Au, and Pt surfaces were one hour and 5 nriM for propanethiol (CjSH), 

butanethiol (C^SH), pentanethiol (CjSH), octanethiol (CgSH), and thiophenol (TP) and 24 

hours and 20 mM for dodecanethiol (Ci^SH) and octadecanethiol (C,gSH). 

Octadecanethiol (C,gSH) solutions were wanned prior to surface immersion to enhance 

the solubility of this solid in ethanol (EtOH). One hour immersion times were used for 

monolayer formation from the shorter alkanethiols (i.e., Cj-CgSH), since longer immersion 

times did not enhance the observed S/B values. 24 hour immersion times were used in the 

formation of Cj^SH and C,gSH monolayers, because larger S/B values were observed in 

the Raman spectra of these monolayers at MP Ag surfaces than in the spectra of such 

monolayers formed for shorter immersion times. Only in the spectrometer comparison 

study (Chapter 3) were CjSH and TP monolayers formed at Ag surfaces from 20 mM 

thiol/EtOH solutions. Prior to Raman analysis, all thiol films were rinsed with EtOH to 
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remove multilayers and then allowed to air dry. 

The experimental to alkanethiol SAM formation at Ag and the study of these films 

by Raman spectroscopy is summarized in Figure 2.19. 

Vapor-Phase Deposition"^ 

Thiophenol (TP) and propanethiol (C3SH) used in UHV were degassed with 

several freeze-pump-thaw cycles to a final pressure of 10'^ torr. Dosing was performed by 

back-filling the chamber through a high precision leak valve with coverages measured in 

uncalibrated Langmuirs (IL = 1 X 10"^ torr for 1 s). 

C3SH was vapor-deposited onto Cold Ag and the surface was warmed to room 

temperature to evaporate the mutlilayers; however, monolayer formation was not detected 

by Raman spectroscopy. Contamination of these surfaces from the UHV chamber was 

observed in the Raman spectra and thus, it was speculated that this contamination 

prevented the detection and/or adsorption of the C3SH monolayer. 
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Figure 2.19 Summary of experimental to Raman spectroscopic study of alkanethiol SAMs at Ag. 
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Chapter 3 

PERFORMANCE COMPARISON OF SINGLE AND TRIPLE 

SPECTROGRAPHS WITH CHARGE-COUPLED DEVICE 

DETECTION FOR RAMAN SPECTROSCOPY 

Introduction 

The potential utility of multichannel detectors for sensitive Raman spectroscopy 

has been realized for well over a decade.^ Coupling of a multichannel detector to a 

single spectrograph is ideal, because maximum throughput is best achieved with single 

spectrographs. However, since discrimination against stray light in these spectrographs is 

poor, S/N is compromised due to the shot noise associated with the stray light 

background. In addition to increased noise, a further disadvantage that accrues to the use 

of single spectrographs is the fact that the finite capacity of a multichannel detector (or its 

associated analog-to-digital converter) can easily be exceeded by the large background 

levels before adequate sample peak S/N is obtained. 

These problems led to the introduction of the Spex Triplemate spectrograph in the 
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early I980's. This spectrograph is composed of a two-stage filter, in which dispersion is 

subtractively-coupled such that no net dispersion results at its output, and a spectrograph 

stage in which radiation is dispersed once onto the detector. This instrument's design is 

well-suited to the use of multichannel detectors, because its stray light rejection is 10"''* at 

10 bandpass units from the Rayleigh line (i.e., 13 cm"' with 514.5 nm excitation). 

Despite the excellent stray light rejection characteristics of this spectrograph, it suffers 

from very low throughput in the visible wavelength region, typically less than 10% (see 

Figure 2.5). Nonetheless, since many low light level Raman experiments are limited by the 

shot noise associated with stray light background, this instrument became the standard for 

such measurements for some time. 

Eventually, improvements in the performance of Rayleigh rejection filters^^^ ' led 

to the successful development of holographic notch filters capable of six orders of 

magnitude rejection of Rayleigh scattered light.^ *'^ ' With this level of background 

reduction and the far superior quantum efficiencies of charge-coupled device (CCD) 

detectors (relative to other multichannel detectors), the use of single spectrographs 

becomes very attractive. (In fact, CCDs are available with Q.E.s greater than 80%.) 

Given the variety of spectrograph designs on the market, the choice of which 

system to use for a given Raman spectroscopy application is often times difficult, since 

very few direct performance comparisons between spectrographs have been made. 

EveralPperformed Raman microprobe measurements using a Dilor X-Y triple 

spectrometer with and without its subtractive-dispersion double monochromator/two-
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stage filter. When spectra were acquired with only the 0.5 m spectrograph stage, a 

holographic edge filter (purchased from Physical Optics Corporation) was employed; 

coupled to the spectrograph stage was an intensified diode array detector. He claimed a 

sensitivity increase of ca. 3.5 when the two-stage filter was bypassed; however, this claim 

was based solely on the signal intensity increase. As Everall reasoned, this sensitivity 

increase simply reflects the throughput advantage of the single spectrograph/ holographic 

edge filter combination over the triple spectrometer. Sensitivity (i.e., the limit of 

detection) of a Raman system is defined ultimately by the S/B or S/N value (i.e., S/N = 3) 

of the most intense analyte band in the spectrum. Interestingly, Everall did not present a 

qualitative or quantitative discussion of spectral S/B or S/N. (The spectra shown by him 

appear to be background subtracted and plotted on the same intensity scale, and thus, the 

reader cannot assess the S/B or S/N values.) 

This study by EveralP '" is consistent with the general perception that tremendous 

advantages in sensitivity accrue to the use of holographic Rayleigh rejection filter/single 

spectrograph/CCD detector combinations. To validate or invalidate such a perception, the 

performance of a Spex 270M single spectrograph was compared to that of a Spex 1877 

Triplemate, keeping all other variables (i.e., the sample, the sampling configuration, the 

sampling optics, the sampling conditions, and the CCD detector system) identical. 

In more detail, signal-to-noise (S/N) and signal-to-background (S/B) ratios were 

determined on each spectrograph fi-om Raman spectra of aqueous pyridine solutions and 

thiol self-assembled monolayers (SAMs) at mechanically polished (MP) Ag and 
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electrochemically-roughened (ORG) Ag. The observed values are rationalized on the 

basis of the fundamental optical properties of these two spectrographs. Other 

spectrograph performance characteristics which are compared include spectral coverage 

and resolution. 

The results of this study suggest that the advantages of such single spectrograph 

Raman systems may not be as large as some researchers believe, especially when other 

instrumental choices are available. Recommendations for the use of the triple 

spectrometer and single spectrograph are made. 

Experimental 

The materials, instrumentation, and sample preparation protocols for this study are 

described in Chapter 2. Exceptions to or important comments on the experimental details 

in this chapter are provided below. 

Spectroscopic Conditions and Instrumentation 

The two Raman spectrograph systems compared in this study and their 

performance characteristics (i.e., spearograph throughput and efficiency) are discussed in 

Chapter 2. Both the Spex 1877 Triplemate and Spex 270M were employed with a 1200 

gr/mm spectrograph stage grating. Detection was accomplished with the Tektronix TK-

512T 512x512 CCD. The properties of this CCD and its quantum efficiency (as a 

function of wavelength) are also presented in Chapter 2 
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Excitation was provided by the 514.5 nm line of a Coherent Innova 90-5 Ar* laser, 

and all spectra were acquired at a laser power of 150 mW at the sample. The 

spectrograph stage slit width was set to 0.05 mm for surface and plasma line spectra and 

to 0.15 mm for liquid spectra, unless otherwise stated. (The slit settings for the 

Triplemate filter stage were constant at 0.5 mm (S,) and 4.0 mm (S,).) 

CCD image pixel heights (i.e, along slit axis direction) for sample Raman 

scattering dispersed with the single (S) spectrograph and Triplemate (T) are as follows; 

pyridine solutions — 145 (S) and 190 (T), neat n-alkanethiols — 164 (S) and 220 (T), thiol 

SAMs at Ag- 35 (S.T). 

Sample Preparation 

Immersion times and concentrations (in absolute ethanol) for thiol monolayer 

adsorption at Ag were 1 hr and 20 mM for propanethiol (C3SH) and thiophenol (TP) and 

24 hrs and 20 mM for dodecanethiol (CjjSH). 

Results 

Predicted S/N Performance 

Several recent reports have detailed the S/N behavior expected for Raman 

spectrograph systems utilizing CCD detectors. McCreery"' has shown that for a Raman 

spectroscopy experiment in which scattering from an analyte, a, with a Raman cross-

section P, and a number density D„ is detected in the presence of a laser-derived radiation 
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background, characterized by a "cross-section" PQ and a "number density" Dg, for 

conditions under which dark noise and read noise of the CCD detector can be neglected, 

the S/N ratio predicted for a Raman spectrograph is given by 

S/N = p (P^QTOA^I Kp (3 1) 
(PA ' PA)' 

In this expression, is the power density of the incident laser, Q is the collection angle 

of the spectrograph measured at the sample, T is the spectrograph transmission, Q is the 

detector quantum efficiency, is the sample area monitored by the spectrograph, t is the 

integration time, and K is a geometric factor that relates Raman intensity to sample and 

laser parameters. From this expression, the ratio of S/N ratios for a single spectrograph to 

the Triplemate is given by 

T Qs h ̂'5)̂  

(57.V)T. ' B ^ 
— - T ^̂ D.T Qt "̂ D.T h 
(Pa.r̂ a.r * Pb.T^B.T^ 

where the subscripts S and T refer to the single spectrograph or the Triplemate system, 

respectively. 

The experimental situation addressed here is one for which the performance of the 

Spex 270M single spectrograph is compared with that of the Triplemate for a given 
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sample using the identical CCD detector on each spectrograph. Thus, many of the optical 

considerations associated with Raman excitation and collection are identical, since the 

excitation/collection optical assembly of one spectrograph is exactly reproduced on the 

other spectrograph, except for positioning differences due to different spectrograph 

speeds. The similarities between these two systems greatly simplifies the above 

expression. Thus, the terms for cross-section and number density of the analyte for the 

two spectrographs are identical (i.e., are the P^, Q, t, and K terms. 

It should be noted that this expression implicitly assumes that the laser-derived 

radiation background entering the spectrographs (i.e., passing through the spectrograph 

stage slit of the Triplemate and the entrance slit of the single spectrograph) is identical. 

Single spectrographs are well-known to perform much worse by many orders of 

magnitude in stray light rejection than their multiple dispersion stage counterparts. Thus, 

it is unrealistic and infeasible to consider the use of a single spectrograph without some 

form of Rayleigh rejection. In our system, this took the form of a holographic notch 

Rayleigh rejection filter which confers additional intensity losses on the signal and the 

noise due to its less than perfect throughput. To correct for this, an effective transmission 

term is defined for the single spectrograph with the holographic notch filter, TS EFF, which 

is equal to the product of the single spectrograph and holographic notch filter 

transmissions. With this correction, the ratio of S/N ratios becomes 
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(S/N)^ _ (^S£FF ^DS ) Pfi.T^B.T^ 

(^T ^D.r)'~- (^a^a ^ 

Further simplification of this expression requires a detailed treatment of the 

magnitude of the background for each spectrograph. The background detected at the 

CCD can be divided into contributions from sample-derived spectral background (i.e., at 

the frequency of interest) and spectrograph background (i.e., stray light, usually arising 

from Rayleigh scattering at the sample, spread over multiple frequencies in the spectrum). 

In keeping with the approach described above, the spectral background can be 

characterized by a "cross-section" Psg, and a "number density" DSB- The stray light 

background can be similarly characterized by a "cross-section" PSL, and a "number 

density" D^l With this e.xpanded definition of background, the ratio of S/N ratios 

becomes 

[SIN)^ ^ D^bj ' Pgj _ 
(S/S\ ' (T, (P/), • Ifisss ^ 

In the simplest case, in which it is assumed that the spectral and spectrograph 

backgrounds for the single and Triplemate spectrographs are identical, this expression 

simplifies considerably. Since the signal and sample-derived spectral background (i.e., 

sample luminescence, Raman scattering from components other than the analyte of 
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interest) should be the same for a given sample, this situation represents the case in which 

the stray light rejection capabilities of the Triplemate and the single spectrograph with the 

holographic Rayleigh rejection filter are assumed to be approximately equal. Given that 

the holographic Rayleigh rejection filter used with the single spectrograph is not identical 

to the filter stage of the Triplemate in performance, the assumption of identical stray 

radiation (assumed to be largely Rayleigh radiation generated) is not strictly valid, since 

different levels of Rayleigh radiation will enter each spectrograph. However, in the 

calculations below, this assumption is used for simplicity. 

Using this assumption, the resulting expression for the ratio of S/N ratios then 

becomes 

(S/M)^ _ (^S '^SSFF ' 

Imr " (Q, r, 

Estimates of the ratio of S/N ratios for the two spectrographs are predicted for 

two sample types based on the assumption that the stray light rejection capabilities of the 

two spectrograph systems are the same (i.e., equation 3.5.) The spectrograph 

transmission characteristics are invariant with sample type, and have been estimated as 

described in Chapter 2. Thus, for the Triplemate at 514.5 nm, Tj = 0.075, and for the 

single spectrograph with a holographic notch filter of 75% transmission, TS EFJ, = 0.53. 

The sample area monitored by a spectrograph, A^, and the collection angle of a 
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spectrograph at the sample, Q, change with sample type, and thus, the magnitude of these 

terms in our solution and surface Raman experiments are considered in more detail below. 

The AD term has been discussed previously by McCreery' ", who considered conditions in 

which the scattered light image overfilled or underfilled the entrance slit to the 

spectrograph. Although the situation encountered in this study was actually a combination 

of these two cases, the discussion in McCreery's previous paper^ " is sufficient to 

understand the approach taken below and will not be repeated here for brevity. The 

reader is referred to this previous work for flirther clarification. 

CASE 1: Raman Scattering from a Liquid Sample 

Raman spectroscopy on a liquid sample contained in a small cylindrical sample 

tube is considered first. In our case, the sample tube was the sealed end of a disposable 

pipet, chosen because of its very thin walls and its diameter, the latter allows for use of a 

very small sample size. These tubes are ca. 1.0 mm in diameter and Raman scattering was 

excited with a laser beam focused to a ca. 0.2 mm beam waist in the middle of the sample 

tube. For these calculations, the illuminated volume is treated as a perfect cylinder; 

however, beam divergence leads to an imperfect cylindrical excitation volume, which can 

cause deviations from the ideal treatment presented here. After account for the 

magnification of the collection optics for both spectrograph systems (i.e., magnification 

factors of ca. 4.0 and 5.6 for the single and triple spectrograph, respectively), this 

excitation condition leads to a situation in which the slit is overfilled in the dispersion 
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direction and underfilled in the slit axis direction for the entrance slits of 0.05 mm used for 

the solution studies. It should be noted that for the Triplemate, the slit under 

consideration sits at the entrance to the spectrograph stage. Since both slits in the filter 

stage are set to a width considerably larger than 0.05 mm (and with unity magnification in 

the filter stage), this final slit ultimately dictates the area of the sample monitored by the 

spectrograph. 

For these conditions, for both spectrographs can be calculated as the height of 

the illuminated image at the sample multiplied by the image dimension of the slit width at 

the sample, which is the slit width dimension divided by the magnification factor of the 

collection optics. Thus, s = 1.3 x lO"' cm* and Aq t = 8.9 x 10"' cm\ 

The collection angle of a spectrograph at the sample (Q = etendue) is calculated 

using the equation Q = sin"' [(0.5)(f#)''] Therefore, Q is defined by the collection lens or 

spectrograph f7#, depending on the directionality of the sample scattering (i.e., into 4TZ 

steradians or a cone in a portion of the 2K steradians in fi^ont of a surface). Since liquid 

sample Raman scattering occurs into the 47t steradians of space around the sample and the 

collection lens in both spectrograph systems is fully illuminated by this scattering, the Q of 

each spectrograph system is defined by spectrograph GU (single = £74 and Triplemate = 

f78). Thus, Qs = 7.18 and Q-r = 3.58. 

Using the values of A^ and Q in equation (3.5) above gives 
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^ [(0.53) (7.18) (1.3 r IQ-^)]'- ^ ^ ^ 

(S/N)^ [(0.075) (3.58) (8.9 x lO"^)]'" 

CASE 2: Raman Scattering from a Surface Sample 

Much of the Raman spectroscopy presented in this dissertation and performed in 

our research group involves the study of chemical species at surfaces. Thus, in order to 

understand experimental results from such samples, it is useful to predict the expected 

ratio of S/N ratios for experimental conditions typically employed with these two 

spectrograph systems. In all of the surface measurements presented in this study, Raman 

scattering is excited with a 0.2 mm laser beam incident on the surface at 60° and the 

scattered radiation is collected at ca. 30°. Due to the angle of incidence, the laser spot on 

the surface is actually an ellipse of ca. 0.4 mm in length and ca. 0.2 mm in width. 

Therefore, such excitation also results in an entrance slit which is overfilled in the 

dispersion direction for 0.15 mm slit widths, but underfilled in the slit axis direction. For 

these conditions, for both spectrographs can again be calculated as the height of the 

illuminated region at the sample multiplied by the slit width and corrected for 

demagnification by the collection optics. Thus, j = 1-5 x 10"* cm^ and AQ.T = 1-1 x 10"^ 

cm^. 

For a surface sample, Q is defined by the fi'# of the collection lens, since Raman 

scattering is directed into a cone into a portion of the 2% steradians in fi-ont of the surface, 

rather than into 47c steradians."^® The collection lens is fully-illuminated in both 
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spectrograph systems and thus, there is no etendue difference in the acquisition of surface 

spectra. 

With these values in equation (3.5), 

^ [(0.53) (1.5 X 10-^)]'- ^ 3 J 

(S/N)^ [(0.075) (1.1 X 10 "')]'''-

Predicted S/B Performance 

The S/B behavior for these two spectrographs can be predicted in a similar 

manner. Following the arguments of McCreery"', the signal, S, can be described as 

^  T O  A ^ t  K  (3.8) 

The total magnitude of the background reported by the detector has contributions from 

the CCD detector in the form of bias counts (Bi), the spectrograph in the form of stray 

radiation, and the molecular sample in the form of laser-generated spectral background. 

Although no noise is expected from the CCD bias, and the noise from the spectral 

background is expected to be identical for both spectrographs, stray light, if present in 

sufficient intensity relative to the intensity of the laser-generated spectral background, will 

contribute differently to the total noise in each spectrograph. This noise was not taken 

into account in the calculations above, as it was assumed that the stray light levels in each 

spectrograph are the same. Insight into the validity of this assumption can be derived from 
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investigation of the S/B behavior of these spectrographs, as will be seen below. 

The total background for both spectrographs will represent the sum of these 

contributions and is given by 

B - (Bi '  p,, D,, P^aTQA^tK '^^D^P^QTOA^t IC) (3.9) 

Thus, the expression for S/B for both spectrographs is 

sm -
{B, • p,, D,, P^QTO A^t K '  ^^D^P^QTO A^ f A") 

and the ratio of S/B expressions for the Triplemate to the single spectrograph is 

(P. D. Pc Qr g ' *•") 
(S'B)r ^ (fl . .  •  |)„ D„ Pr Qt Tr Q '*v.t ' ' P.-i.r D=L.r Q '*r.T ' 

' (P. O. Pr. Or Q  '  *0 ( J •  '  1)  

(B'r • P« P, a Q 1 K - p_ Q A 

For conditions of an identical sample, sampling arrangement, sampling conditions, 

collection optics, and detector, this expressions simplifies to 

(S/gy . (Or TrA^j.) ^ 

(^B)s ' (QsT^„\J ' 
(B,, • Da fp Tsjrr Q ^ A" ~ 0^ Q t K) P 

{Bij •  P3 Dj, Qj Tj Q Ajyj t  K '  Pj^Qj Q A^j 1 AT) 

The first term in this expression is related to the ratio of S/N ratios for these two 
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spectrographs by equation (3.5). Thus 

(SJB)r _ 

(SW)- , 3  , 3 ,  

(B's ' Pg ^sa ^5 ^ssFr ^ "^oj ' ^ ' Psij ^SLS ^ssFf Q '^ps ' ^ 
iB'r ' Pa T, Q t K - Q .-lox' 

The contributions to the background from detector bias counts are expected to be 

negligible in most cases. For the CCD detector used here, the bias counts ranged from 

103 to 207 when binning 35 to 220 pixels, respectively, in the slit axis direction. (The 

number of pixels binned/sample type were presented in the experimental section.) 

However, funher reduction of equation (3.13) requires additional assumptions. So, it is 

assumed that Psus^sus^n^Ts EPFQAQ jtK « Psb^sbPd^Ts.effQ'^d.s^K 

Pslt^SUTPD QTTQAO jtK « PseDsnPiPTTQAaTtK, Thus, 

(•™)r _ ^ 

(SIB) ,  (SINf ,  iT ,A„) 

and the predicted behavior of the ratio of ratios is 

iSIB\ _ {SIN)\ {SIN)l _ ^ ^ 
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The more complex scenario is, of course, when this assumption does not hold (i.e., 

stray light background of non-negligible intensity). The experimental observation of this 

situation is discussed. 

S/N and S/B Considerations 

As quantitative figures of merit for each spectrograph system, S/N and S/B values 

calculated from surface Raman spectra ofthiophenol (TP) (Figures 3.1-3.4), propanethiol 

(C3SH) (Figures 3.5-3.8), and dodecanethiol (CijSH) (Figures 3.9-3.12) SAMs at ORC 

and MP Ag surfaces are reported in Table 3.1. All the spectra employed for calculation of 

these values are shown to demonstrate the reproducibility of SAM structure (i.e., 

conformational order and molecular orientation) for a particular molecule/surface system. 

These molecules were chosen because they represent a range of Raman scattering cross-

sections (Ps) (see Table 2.2) and surface Raman intensities, the latter being dependent on 

not only the 3 values but also the surface molecular orientations; TP is the strongest 

surface Raman scatterer and Cj^SH the weakest. The surface Raman bands used for the 

S/N and S/B calculations were selected based on their intensity, resolution, and vibrational 

identity. Surface Raman vibrational assignments for TP and C3SH are presented in Tables 

5.1 and 9.5, respectively; Schoenfisch'^' provided such assignments for CjiSH SAMs. A 

more complete assignment of the TP SAM bands is provided by Goodman^^. 

S/B and S/N ratios were calculated using the peak-to-background signal intensity 

divided by the background and noise intensities at the peak frequency, respectively. This 
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Figure 3.1 Raman spectra acquired on the single spectrograph of TP SAMs at ORC 
Ag and plotted on the same intensity scale. (Power =150 mW, slit width = 
150 |im, integration time = 0.5 s, and = 514.5 nm.) 
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Figure 3.2 Raman spectra acquired on the Triplemate of TP SAMs at ORC Ag and 
plotted on the same intensity scale. (Power = 150 mW, slit width = 150 nm, 
integration time = 0.5 s, and = 514.5 nm.) 
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Figure 3.3 Raman spectra acquired on the single spectrograph of TP SAMs at MP Ag 
and plotted on the same intensity scale. (Power = 150 mW, slit width = 
150 nm, integration time = 5 s, and = 514.5 nm.) 
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Figure 3.4 Raman spectra acquired on the Triplemate of TP SAMs at MP Ag and 
plotted on the same intensity scale. (Power = 150 mW, slit width = 150 ^im, 
integration time = 5 s, and = 514.5 nm.) 
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Figure 3.5 Raman spectra acquired on the single spectrograph of CjSH at ORC Ag 
and plotted on the same intensity scale. (Power =150 mW, slit width = 
150 nm, integration time = 3 s, and = 514.5 nm.) 
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Figure 3.6 Raman spectra acquired on the Triplemate of CjSH SAMs at ORC Ag and 
plotted on the same intensity scale. (Power =150 mW, slit width =150 |im, 
integration time = 15 s, and = 514.5 nm.) 
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Figure 3.7 Raman spectra acquired on the single spectrograph of CjSH SAMs at MP 
Ag and plotted on the same intensity scale. (Power = 150 mW, slit width = 
150 nm, integration time = 15s, and = 514.5 nm.) 



143 

600 800 1000 

Wavenumbers (cm"') 

Figure 3.8 Raman spectra acquired on the Triplemate of CjSH SAMs at MP Ag and 
plotted on the same intensity scale. (Power = 150 mW, slit width = 150 urn, 
integration time = 15 s, and = 514.5 nm.) 
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Figure 3.9 Raman spectra acquired on the single spectrograph of C,jSH SAMs at ORC 
Ag and plotted on the same intensity scale. (Power = 150 mW, slit width = 
150 |im, integration time = 3 s, and 514.5 nm.) 
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Figure 3.10 Raman spectra acquired on the Triplemate of CjjSH SAMs at ORC Ag 
and plotted on the same intensity scale. (Power = 150 mW, slit width = 
150 |j.m, integration time = 3 s, and = 514.5 nm.) 
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Figure 3.11 Raman spectra acquired on the single spectrograph of C^SH SAMs at MP 
Ag and plotted on the same intensity scale. (Power = 150 mW, slit width = 
150 |im, integration time = 15 s, and = 514.5 nm.) 
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Figure 3.12 Raman spectra acquired on the Triplemate of C,jSH SAMs at MP Ag 
and plotted on the same intensity scale. (Power = 150 mW, slit width = 
150 ^im, integration time = 15 s, and = 514.5 nm.) 



Tabic 3.1 S/Band Nonnalizxd S/N' Values in Surfacc Raman Spectra Acquired with the Spcx 270M and Triplcmatc Spectrographs 

S/N'- S/B 

Spcx 270M 
Single 

Triplcmatc S/T' Spcx 270M 
Single 

Triplcmatc T/S** 

Thiophenol (TP) 
v(C-CUat 1000 cm' 

ORC Ag (2.0±0.2)x 10^ (5.5±0,5)x 10' 3.6 l.3±0.1 2.0 ±0.1 1.5 

MPAg (7.1±0,31x 10' (2.3±0.3)x 10' 3.1 1.1 ±0.1 1.5±0.1 1.4 

Propancthiol (C3SH) 
V(C-S)T at 700 cm ' 

ORC As (8.2±0.I)x 10' (1.8±0.4)x 10' 4.6 0.88 ±0.08 l.I ±0.1 1,3 

MP Ag (2.5±0.I)x 10' 4.5 ±0.1 5.6 0.51 ±0.01 0.49 ±0.02 1.0 

Dodccanethiol (CijSH) 
v(C-S)p at 700 cm ' 

ORC Ag (3.2±0.2)x 10' 4.8 ± 1.3 6.7 0.26 ± 0.02 0.26 ± 0.05 1.0 

MPAg (l,4±0.2)x 10' 2.5 ±0.4 5.6 0.24 ±0.01 0,24 ±0,04 1.0 

* Normalized to an integration lime of 1 s and a spectral bandpass of 9.3 cm ' 
'' N calculated from (S+B)'^. 
' Ratio of S/N of Spex 270M to S/N of Triplematc 

Ratio of S/B of Spcx 270M to S/B of Triplcmatc 
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noise intensity was calculated from the square root of the sum of the signal and 

background intensities (N = as defined in the denominator of equation (3.1). 

The accuracy of these noise intensity values is discussed below by their comparison with 

values calculated using other mathematical expressions and by estimation of observed S/N 

values. The S/B and S/N data are normalized to an integration time of I s and for spectral 

bandpass (see discussion below). (150 mW of 514.5 nm incident radiation was used for 

surface spectral acquisition.) The precision of the S/N and S/B values, reported in Table 

3.1, result from the sampling of three surfaces; the values for CjSH at MP Ag are an 

exception to this, because they originate from sampling of these SAMs at only two such 

surfaces. 

Since a spectrograph entrance slit width of 150 |im was employed for all the 

surface spectra, the observed S/N and S/B values were normalized for the 1.8 times larger 

spectral bandpass on the single spectrograph (see discussion below in resolution section). 

Rather than simply correct the signal and background intensities observed on the single 

spectrograph by this factor, spectra of TP at MP Ag acquired with slit widths of 100 and 

150 ^im were analyzed. The S/B and S/N ratios in these spectra are presented in Table 

3.2, and from these values, spectral bandpass (SB) correction factors are calculated. As 

explained below, the tabulated SB factors are extrapolated for a slit width of 83 )j.m (i.e., 

150 |im/1.8). 
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Table 3.2 Spectral Bandpass (SB) Correction Factors for S/B and S/N Ratio Values of 
Surface Spectra 

S/N S/B 

Molecule/Surface 100 |im 150 Jim SBg/N 
Factor 

100 |j.m 150 |am SBJ/B 
Factor 

TP at MP Ag^ 49 50 0.98 0.63 0.54 1.17 

42 43 0.98 0.54 0.47 1.15 

Average SB Factor 0.98 1.16 + 0.01 

• Spectra were acquired with power = 150 mW and integration time = 1 s. 

Table 3.2 indicates that the S/N and S/B values are 1.02 times smaller and 1.16 

times larger, respectively, when the single spectrograph slit width is reduced from 150 to 

100 p.m. By extrapolation, SBj/x and SBj/g correction factors of 1.02 and 1.19 are 

estimated for surface spectra acquired at a slit width of 83 |im. Thus, the S/B single 

spectrograph data in Table 3.1 are normalized for spectral bandpass (to 9.3 cm"') by use of 

SBs/b = 1.19; the corresponding S/N values are not corrected, since SBs/^ is negligible. 

The normalized S/N values observed for each molecule/surface system are greater 

for the spectra acquired on the single spectrograph, as predicted above based on its higher 

throughput and its slightly larger value. Nonetheless, if each system was sampled only 

for spectral acquisition times required to approach the fixed dynamic range of the CCD 

(i.e., no co-addition of spectra, just integration to near CCD saturation), the S/N values 

observed with the Triplemate would always surpass those observed on the single 
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spectrograph, due to the slightly larger background intensities present in the single 

spectrograph. (Remember, S/N = 5/(5+8)'".) In this sense, the 5/N advantage of the 

single spectrograph can be viewed as a time advantage; that is, spectra of comparable S/N 

can be acquired on the single spectrograph in much shorter spectral integration times than 

those necessary on the Triplemate. This advantage may be critical for unstable samples; 

however, for routine studies on stable samples, spectra of higher quality can always be 

obtained with use of the Triplemate when integrating the CCD to near saturation. 

As shown in Table 3.1, the S/B values observed for a given surface type using the 

Triplemate relative to the single spectrograph are larger than the predicted value of unity 

by a maximum factor of 1.5. Therefore, the assumption that the stray light background 

intensity is the same in both spectrometers is largely valid. 

A more detailed discussion of the S/B and 5/N values characteristic of each thiol 

SAM follows. 

TP at ORG and MP Ag 

The average 5/N and 5/B values of the 1000 cm"' ring-breathing (v(C-C)rt,) band 

of the TP SAMs at ORC and MP Ag are presented in Table 3.1 and observed in Figures 

3.1-3.4. As the data in Table 3.1 indicate, 5/N improvements by factors of 3.1 and 3.6 are 

realized in going from the Triplemate to the single spectrograph for Raman spectral 

acquisition of TP SAMs at MP and ORC Ag, respectively. The former is identical to the 

value of 3.1 predicted theoretically and the latter is only 14 % larger. Interestingly, the 
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(S/B)T/(S/B)S values of 1.5 and 1.4 for TP at ORC Ag and MP Ag, respectively, deviate 

by the largest amount from the theoretically predicted value of 1.0; at the present time, 

explanation for this observation is unknown. 

CjSH and C,SH at ORC and MP Ag 

On both spectrographs, the average S/N and S/B values of the 700 cm"' V(C-S)T 

band of C^SH and Ci^SH SAMs at MP and ORC Ag are smaller than those for the 1000 

cm"' v(C-C)rt, band of TP SAMs at these surfaces; the smaller S/N values in the spectra of 

these monolayer systems is easily discerned from Figures 3.5-3.12. As mentioned 

previously, CjSH and Cj^SH are weaker surface Raman scatterers than TP; therefore, the 

spectral background from these alkanethiol SAMs makes a larger contribution to the total 

observed counts (i.e., I,ou] = I«g„ai ^background)- The S/B and S/N values for the V(C-S)t 

band of CjSH SAMs are larger than those of CijSH SAMs, because the Raman cross-

section of CjSH is ca. 2.6 times larger than that of C,2SH (see Table 2.2). 

As the data in Table 3.1 indicate, only the (S/B)j/(S/B)s value of 1.3 for the 

spectra of C3SH at ORC Ag deviates from the theoretically predicted value of 1.0. 

However, S/N improvements of 4.6 to 6.7 are observed in going from the Triplemate to 

the single spectrograph for Raman spectral acquisition of these monolayer systems. 

Reasons for larger deviations of the experimentally determined (S/N)s/(S/N)-j- values from 

that theoretically predicted for these alkanethiol SAMs, relative to those for the TP SAMs, 

are unknown at the present time. 
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Detectability 

The detectability and limit of detection (LOD) of pyridine in water were evaluated 

for each spectrograph system. Raman spectra of pyridine in tap water and pyridine in 

Millipore-purified water at concentrations of 100 ppt, 10 ppt, 1 ppt, 100 ppm, and 10 ppm 

were acquired on each spectrograph and the S/B and S/N values of the 1003 cm"' v(C-C)rt, 

band of pyridine were determined. (This band was employed for calculation of these 

values and determination of pyridine Raman LOD, because it is the most intense band in 

the liquid spectrum when the laser excitation is polarized perpendicular to the plane of 

incidence.) Spectra were acquired using a slit width of 50 nm for each spectrograph to 

ensure resolution of the two pyridine v(C-C)rt, bands at 1003 cm"' and 1036 cm"'. 

The S/N and S/B values for the pyridine/Millipore-purified water and pyridine/tap 

water samples at each concentration suggest that the two sets of samples are identical at 

the experimental precision of quantitative Raman spectroscopy. Thus, although the tap 

water was suspected to contain low levels of fluorescent impurities, no significant 

additional laser-generated background fi'om the pyridine/tap water solutions was noted. 

Therefore, only the S/N and S/B values of the pyridine/Millipore-purified water samples 

are presented in Table 3.3. The precision of these values results fi'om Raman spectral 

acquisition of three liquid samples at each pyridine concentration. 

In spectra acquired on the single spectrograph without use of the holographic 

SuperNotch (SN) filter (Figure 3.13), pyridine Raman bands could be observed only at the 

100 ppt and 10 ppt pyridine concentrations. Without the holographic SN filter, the 



Table 3.3 S/B and Normalized' S/N** Values in Solulion Raman Spcctra Acquired with Spcx 270M and Triplemalc Spectrographs 

S/N''"' S/B 

PvTidine 
Cone. 

Spcx 270M 
Single 
w/o SN 

Spex 270M 
Single 
w/ SN 

Triplcmatc S/T' Spex 270M 
Single 
w/o SN 

Spcx 270M 
Single 
w/ SN 

Triplemate T/S'' 

100 ppt (8.0±0.1)x 10' (I.3±0.1)x 10^ (1.9±0.1)x 10' 6.8 1.4 ±0.2 8.9 ±0.4 (1.7±0.1)x 10' 1,9 

10 ppt (l.6±0.I)x 10' (3.4±0.1)x 10' 5.4 ±0,1 6.3 0.21 ±0.03 1.7 ±0.2 3.2 ±0.2 1.9 

1 ppt NS' 5.7 ±0.3 1.0 ±0.1 5.7 NS 0.20 ±0.02 0.39 ± 0.07 2.0 

lOOppm NS 0.75 ±0.05 0.13 ±0.01 5.8 NS 0.02 ±0.01 0.04 ±0.01 2.0 

' Normalized to an integration time of 60 s 
'' N calculated from (S+B)'\ 
' Ratio of S/N of Spex 270M to S/N of Triplcmatc 

Ratio of S/B of Triplemate to S/B of Spex 270M 
' No signal observed. 
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Figure 3.13 Raman spectra acquired on the single spectrograph without SN filter of 

(a) 100 ppt and (b) 10 ppt pyridine in Millipore HjO. Each spectrum is 
plotted to full-scale intensity within its own spectral window. (Power = 
150 mW, slit width = 50 |im, integration time = 5 s, and = 514.5 nm.) 
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amount of Rayleigh scattering entering the single spectrograph is increased by a factor of 

ca. 10® (as quantified in Chapter 4); thus, the detectability in this case is stray radiation 

background-limited. The adverse effects of removal of the holographic SN filter are easily 

discerned from the tabulated S/N and S/B values and in the spectra shown in Figure 3.13. 

Obviously, use of a such a filter is absolutely necessary to achieve the maximum sensitivity 

of this spectrograph. Further discussion of the detectability of these two spectrographs 

will center predominantly on comparison of the Triplemate to the single spectrograph with 

holographic notch filter. 

The S/B values observed in spectra acquired using these spectrograph systems are 

approximately linear with pyridine concentration from 100 ppm to 10 ppt, but significant 

negative deviations from linearity are observed for the 100 ppt pyridine sample. The 

signal counts are linear with concentration throughout the entire concentration range. In 

addition, the background counts are nearly constant at each concentration up to 10 ppt; 

however, the background intensity approximately doubles for the 100 ppt sample, thereby 

decreasing the S/B values. It is speculated that at this pyridine concentration, weak 

contributions fi-om pyridine fluorescence or from trace fluorescent impurities become 

significant. 

In spectra of 100 ppm pyridine (Figures 3.14b and 3.15b), the 1003 and 1036 cm"' 

pyridine bands (see Figures 3.14a and 3.15a) are superimposed on a more intense glass 

band (i.e., from the glass sample cell) at ca. 1098 cm"'. This band dominates the Raman 

spectrum of 100 ppm pyridine acquired on the Triplemate (Figure 3.14b), whereas the 
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1000 1200 1400 

Wavenumbers (cm"') 
Figure 3 .14 Raman spectra acquired on the Triplemate of (a) 100 ppt and (b) 100 ppm 

pyridine in Millipore HjO. Each spectrum is plotted to full-scale intensity 
within its own spectral window. (Power = 150 mW, slit width = 50 jim, 
integration time = 300 s, and = 514.5 nm.) 
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Figure 3.15 Raman spectra acquired on the single spectrograph with SN filter of (a) 

ICQ ppt and (b) 100 ppm pyridine in Millipore HjO. Each spectrum is 
plotted to full-scale intensity within its own spectral window. (Power = 
150 mW, slit width = 50 |im, integration time = 5 s, and =514.5 nm.) 
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water bending bands at ca. 430 and 1642 cm"' are the most intense bands in the Raman 

spectrum acquired on the single spectrograph (Figure 3.15b), because of its larger spectral 

coverage. Thus, at these concentrations and lower, the S/B values of pyridine, and hence 

its practical detectability, are limited by background Raman scattering from the solvent 

and sample cell. Based on the spectral performance of these two spectrographs for the 

100 ppm pyridine/water sample, it is estimated that the LOD for pyridine in water is a 

factor of ca. 2 greater on the Triplemate than on the Spex 270M. This situation clearly 

represents one in which the detectability is limited by the Raman spectral background. 

As shown in Table 3 .3, S/B values are 1.9 to 2.0 times greater in the pyridine 

spectra acquired on the Triplemate than on the single spectrograph. Thus, at a particular 

signal count level, the background intensity is twice as large in the single spectrograph. 

Since the magnitude of the spectral background is expected to be the same in both 

spectrographs, a substantially greater and non-negligible stray light intensity must reach 

the detector when the single spectrograph is used. This result would suggest that the 

Triplemate filter stage is more efficient at rejecting stray light than the holographic notch 

filter of the single spectrograph. (From these liquid samples, stray light scattering is most 

likely generated from the sealed, glass dropping pipet tubes.) Therefore, it is this stray 

light background intensity which is responsible for the deviation of the (S/B)-jy(S/B)s ratio 

from the predicted value of 1.0. 

Prior to discussion of the S/N values presented in Table 3.3, it should be noted that 

Raman spectra were acquired on the Triplemate using an integration time of 300 s (Figure 
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3.14), whereas spectra on the single were integrated for only 5 s (Figure 3.15). These 

integration times were used, because after such times a near-saturation CCD count level is 

observed for the 100 ppt sample. As a result of this approach, the absolute S/N values 

measured for the Triplemate always exceed those for the single spectrograph, due to the 

larger background intensities measured on the latter. The S/N values presented in Table 

3.3, however, are normalized to an integration time of 60 s; thus, the S/N values reported 

are greater for the single spectrograph. From the spectra displayed in Figures 3.14 and 

3.15 and the S/N values shown in Table 3.3, it is apparent that the S/N advantage of the 

single spectrograph is really just a time advantage. In fact, if samples are stable and time is 

an unimportant experimental variable, superior S/N values can routinely be achieved using 

the Triplemate and integrating the CCD to near-saturation. 

The data in Table 3.3 indicate a S/N improvement of 6 to 7 in going from the 

Triplemate to the single spectrograph for Raman spectral acquisition of the aqueous 

pyridine solutions sampled here. Smaller (S/N)S/(S/N)T values are observed for the more 

dilute pyridine solutions due to the increasing background intensity contribution to the 

(S+B)'" term (i.e., N = (S+B)'") and the (S/B)T/(S/B)S value of ca. 1.9 to 2.0 for these 

samples. Nonetheless, at all pyridine concentrations, the (S/N)S/(S/N)T is a factor of ca. 

1.3 to 1.5 larger than the value of 4.5 theoretically predicted for this sampling geometry. 

Some of this deviation may be accounted for as a result of inaccuracies in the estimates of 

Ap in equation (3.5). An illuminated volume of a perfect circular cylinder was assumed in 

arriving at a predicted ratio of 4.5. In reality, however, the exciting laser beam has a well-
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defined "waist" due to beam divergence within the liquid sample cell. Therefore, the 

assumption of a circular cylinder excitation profile is not rigorously valid. The magnitude 

of this effect is greater on the Triplemate, due to the 1.4 times larger collection lens 

magnification factor in this spectrograph system. Thus, a greater fraction of Raman 

scattered light is unaccounted for with the assumption of a circular cylinder for the 

Triplemate relative to the single spectrograph. The consequence of this is that the 

(S/N)S/(S/N)T values would be larger than predicted by equation (3.5). 

Raman spectroscopic pyridine LODs for each of the spectrograph systems are 

estimated from observed S/N values; these LODs are discussed in the following section. 

Noise Intensity Approximations 

The total signal intensity measured in a Raman spectrum has contributions from 

the analytical signal (S) (i.e., the signal of interest) and the background (B) (i.e., sample-

derived and stray light), if as discussed above, the dark noise and read noise of the CCD 

are negligible. The shot noise associated with the background (Ng) is observed as 

fluctuations in the spectral baseline under the signal peaks. Shot noise is also associated 

with the analytical signal (Nj). Thus, the noise in the total signal (N) is 

^ ^ (3.16) 

N is typically measured as a standard deviation; therefore, its intensity is often expressed 

as root-mean-square (rms) noise.^ By Poisson statistics^ '\ which apply in the case of 
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shot noise-limited analytical measurements, the standard deviations in the analytical signal 

(Og) and background (Og) are and B'*, respectively. Thus, the noise associated with a 

Raman spectral band can be approximated by 

N = Og = (3.17) 

Since the S/N ratio is defined as the analytical signal divided by the noise in the total 

signal^ this derivation of equation (3.17) explains the denominator to equation (3.1). 

Unfortunately, the standard deviation of a Raman spectral band is difficult to extract from 

a Raman spectrum, and thus, a commonly used estimate of the rms noise is approximated 

by the standard deviation of the background-subtracted spectral baseline (in a spectral 

region which is unobscured by Raman bands). In actuality, noise calculated in this 

manner, which is defined here as Ni,3«iu,c, should approximate the shot noise associated 

only with the background (B' *) and not (S+B)'". 

To determine the most accurate estimate of rms noise in a Raman spectrum, S/N 

ratios were calculated using the analytical signal intensities and B"^, and (S+B)'^ 

values from spectra of 10 ppt pyridine on the single spectrograph without the holographic 

filter (Figure 3.13b) and of 100 ppm pyridine on the single with holographic filter (Figure 

3.15b) and on the Triplemate (Figure 3.14b); these S/N values are presented in Table 3.4. 

The spectrum shown in Figure 3 .15b was truncated, background subtracted, and then re

displayed in Figure 3.16a to emphasize the pyridine band intensity at 1003 cm"'. (The 

spectrum in Figure 3 .16b was acquired on the same 100 ppm pyridine sampled in Figure 
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Wavenumbers (cm ') 
Figure 3.16 Raman spectra of 100 ppm pyridine in Millipore HjO acquired on the 

single spectrograph for integration times of (a) 5 s and (b) 90 s. Each 
spectrum is truncated and then plotted to full-scale intensity within its own 
spectral window. (Power = 150 mW, slit = 50 |im, and = 514.5 nm.) 
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3.15a but for a longer acquisition time (i.e., 90 s), so as to prove the source of the 1003 

cm"' band.) These spectra were chosen because their observed S/N values appear to be 

those representative of pyridine near its LOD (after integration times of 5 s on the single 

spectrograph and 300 s on the Triplemate), which is defined spectroscopically at a S/N 

value of 3. 

Table 3.4 S/N Values Calculated Using Different Mathematical 
Expressions for Root-Mean-Square (RMS) Noise 

S/N Approximations 

Pyridine Cone./ 
Spectrograph 

S/(S+B)''' S/B"^ S/N * '^bjjclinc Observed 
S/B 

10 ppt/Single w/o SN 35 39 8.7 0.021 

100 ppm/Single w/SN 1.7 1.7 5.5 0.022 

100 ppm/Triplemate 2.3 2.3 8.9 0.041 

" N calculated from standard deviation of pixel-to-pixel baseline intensity. 

In spectra of 100 ppm pyridine acquired on the Triplemate (Figure 3.14b) and the 

single spectrograph with the holographic filter (Figure 3.15b), the (S+B)'" values appear to 

provide be better estimates of the observed S/N ratios than the values. values 

are identical or very similar to the (S+B)'" values, only because the pyridine signal intensity 

in these spectra is negligible relative to the background intensity. Obviously, N^,„rKnr values 

do not approximate the shot noise associated with the background (B^'^). Interestingly, 

the value provides a more accurate estimate of the S/N within the spectrum of 10 



ppt pyridine acquired on the single spectrograph without holographic filter. Thus, in 

spectra which contain an extremely large stray light background contribution, Poisson 

statistics do not apply, because they underestimate the shot noise created by this immense 

intensity source. 

For further comparison of the accuracy of rms noise estimates calculated from 

(S+B)'\ B''^, and the normalized S/N ratios presented in Tables 3.1 and 3.3 of 

surface and liquid Raman spectra, respectively, are re-calculated using and N^,^riinr 

values and shown in Tables 3.5 and 3.6. From these tables, it is obvious that the S/N 

ratios calculated with values underestimate the shot noise associated with the 

background, as predicted by Poisson statistics^ Furthermore, as Tables 3.3 and 3.6 

show, only the (S/N)S/(S/N)T values calculated using rms noise from (S+B)'" values 

decrease as a function of decreasing concentration; as explained above, this trend is 

expected due to the greater and non-negligible stray light background intensity in the 

single spectrograph. 

Thus, it is concluded that noise intensities calculated from (S+B)''^ provide the 

most accurate estimates of Raman spectroscopic S/N values. (Although values 

provide more accurate estimates of the S/N values acquired on the single spectrograph 

without holographic filter, this spectrograph set-up is rarely used.) 

Linearity of Response 

The linearity of signal and background as a function of spectral integration time 



Table 3,5 Normalized' S/N'"' Values for Surface Studies with Spex 270M and Triplemate Spectrographs 

S/N" S/N' 

Spex 270M 
Single 

Triplemate S/T" Spex 270M 
Single 

Triplemate S/V 

Thiophenol (TP) 

v(C-C)rt, at 1000 cm ' 

ORC Ag (2.9±0.2)x 10^ (9.5±0.5)x 10' 3,1 (9.5±1.0)x 10' (5.2±0.4)x 10' 1.8 

MP Ag (l.OiO^x 10' (3,7±0,5)x 10' 2,7 (3.6±0,4)x 10' Q^^9±0.5)x 10' 1.9 

Propanethiol (CjSH) 
V(C-S)T at 700 cm ' 

ORC Ag (l.l±0.1)x 10' (2.5±0,6)x 10' 4,4 (2.3±0,8)x 10' (1.3±0.3)x 10' 1.8 

MP Ag (3.1±0.1)x 10' 5,6 ±0,2 5,5 X9.4±0.2)X 10' (2.4±0.1)x 10' 3.9 

Dodecanethiol (CijSH) 

v(C-S)r at 700 cm ' 

ORC Ag (3.6±0,3)x 10' 5,4 ± 1,5 6.7 (4,3±0.1)x 10' (1.2±0.4)x 10' 3.6 

MP As J^1.5±0^x 10' 2,8 ±0,4 5.4 (4.9±l.llx 10' Q,5±0,4) X 10' 3.3 
* Normalized to an integration time of I s and a spectral bandpass of 9.3 cm ' 
^ N calculated from 
° N calculated from standard deviation of pixel-to-pixel baseline intensity. 

Ratio of S/N of Spex 270M to S/N of Triplemate 



Tabic 3.6 Normalized* S/N*"" Values for Soiulion Studies with Spcx 270M and Triplcmatc Spcclrographs 

S/N'- S/N' 

Pyridine 
Cone. 

Spcx 270M 
Single 
w/o SN 

Spcx 270M 
Single 
w/ SN 

Triplcmatc S/T*" Spex 270M 
Single 
w/o SN 

Spcx 270M 
Single 
w/ SN 

Triplcmatc S/T-* 

100 ppt (1.2±0.4)x 10' (4.2dk0.2)x 10^ (7.8±0.2)x 10' 5.4 (5.4±0.1)x 10^ {l,l±0.2)x 10' (3.5±0.1)x 10- 3.1 

10 ppt (1.7±0.1)x 10' (5.6±0.2)x 10' (l.l±0,3)x 10' 5.1 4.0 ±0.2 (2.2±0.3)x 10^ (5.1±0.2)x 10' 4.3 

1 ppt NS" 6.2 ± 0.4 l.2±0.l 5.2 NS (2.4±0.3)x 10' 4.4 ±0,4 5.5 

100 ppm NS 0.75 ±0.05 O.I3±O.OI 5.8 NS 2,7±0.1 0.55 ±0.05 4.9 

* Normalized to an integration time of 60 s 
'' N calculated from 
' N calculated from standard deviation of pixcl-to-pixcl baseline intensity. 
^ Ratio of S/N of Spcx 270M to S/N of Triplcmatc 
' No signal observed. 
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was measured for both spectrograph systems, since knowledge of this spectrograph 

property is necessary for accurate normalization of S/B and S/N ratios to a particular 

integration time. In Figures 3.17 and 3.18, the average normalized signal intensity (I,ignai) 

and average normalized background intensity (Ibackgroimd) Raman spectra of liquid 

alkanethiols (propanethiol, pentanethiol, octanethiol, decanethiol, dodecanethiol, and 

hexadecanethiol) are plotted as a function of acquisition time on the single spectrograph 

and Triplemate, respectively. As expected, both of these quantities vary linearly with time. 

However, the normalized background intensity is systematically greater than the 

normalized signal intensity, particularly at short integration times. This systematic 

increase is a result of the CCD bias count contribution to the measured background 

intensities. Although the CCD bias adds an equivalent number of counts to both signal 

and background, the absolute magnitude of the background is smaller, especially at short 

integration times, and therefore, the relative contribution of the CCD bias counts is 

greater. Thus, the realization that the background counts are linear with time is complete 

when the CCD bias counts (the analog-to-digital units, ADUs, created by the electronics 

of the chip) are subtracted at each sampling time interval. (Bias counts were 190 and 225 

for CCD image heights of 164 on the single spectrograph and 220 on the Triplemate, 

respectively.) 

Spectral Coverage 

The spectral coverage of a spectrograph equipped with a multichannel detector is 
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Figure 3. 17 Plot of normalized background (ik) and signal (•) intensities from Raman spectra of neat liquid 1-alkanethiols 

acquired as a function of integration time on the single spectrograph. ^ 
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Figure 3.18 Plot of normalized background (iAk) and signal (• ) intensities from Raman spectra of neat liquid 1-alkanethiols 

acquired as a function of integration time on the Triplemate. ^ 



171 

dictated by the linear reciprocal dispersion (D"') of the device and the width of the 

detector. The CCD employed in this study has 27 fim pixels in a 512 x 512 format and 

thus, the detector width is 13.8 mm. The linear reciprocal dispersion Js 

proportional to the cosine of the grating diffraction angle (p) and inversely proportional to 

the spectrograph's focusing mirror focal length (ff). This is shown in equation form as 

„.i cos B] 
D = ^ (3.18) 

k  n f ^  

where k is the diffraction order and n is the grating constant in grooves/mm. D"' is quoted 

to be 80.5 cm"'/mm at 578 nm for the single spectrograph^ '' and 56 cm'Vmm at 500 nm 

for the Triplemate'(Note: The linear reciprocal dispersion value listed in the Spex 

270M manuaP' is quoted for the focal length of the collimating mirror, not the focusing 

mirror.) 

In order to determine experimentally-observed D"' values, the spectral coverage of 

each spectrograph was measured by acquisition of an Ar* plasma line spectrum every 5 run 

from 525 nm to 635 nm for the Triplemate and 535 nm to 625 nm for the single 

spectrograph; the results are plotted in Figure 3.19. The D"' values calculated for the 

Triplemate range from 1.39 nm/mm (50.5 cm'Vmm) at 525 nm to 1.38 nm/mm (34.2 cm" 

'/mm) at 635 nm and for the single spectrograph from 2.76 nni'mm (96.3 cm'Vmm) at 535 
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Figure 3 .19 Plot of spectral coverage (in cm') verus spectrometer center (in cm ') for the single spectrograph (•) and 

and Triplemate (A) -J 
to 
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nm to 2.67 nm/mm (68.4 cm'Vmm) at 625 nm. (The single spectrograph values are 

consistent with those reported by Spex^in a plot of 1200 gr/mm grating dispersion 

versus wavelength.) In reference to equation (3.18), the small change in linear reciprocal 

dispersion as a function of center wavelength is rationalized by a change in the diffraction 

angle. Furthermore, the larger dispersion value of the single spectrograph is accounted for 

by its much shorter focal length. (Note: Due to the high throughput of the single 

spectrograph and the small wavelength-dependent change in the single spectrograph's 

diffraction angle/effective focal length, loss of spectral intensity results unless the Raman 

scattered light is re-focused after significant change of the spectrograph's center 

wavelength.) 

Resolution 

Resolution or resolving power is defined as the ability of a spectrometer to 

separate nearly identical fi-equencies. The resolution of spectrographs equipped with 

multichannel detectors is limited by the largest of the detector element (pixel) width, the 

spectral bandpass (S), or the spectral linewidth of the excitation source. 

The theoretical resolving power (R^^y,,) of a spectrometer is ultimately dictated 

by the total number of grating grooves illuminated. R.^ is the product of the 

number of grating grooves/mm illuminated, n, and width of the grating within the 

spectrograph, Wg. In this study, each spectrograph is equipped with a 1200 gr/mm 

grating, but the grating width is 50 mm in the single spectrograph and 64 mm in the 
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Triplemate. Therefore, the theoretical resolving power of the single spectrograph is 6.0 x 

IC* and that of the Triplemate is 7.7 x 10"'. Over the wavelength range of interest in this 

study (515 nm to 645 nm), these resolving powers correspond to a resolution, defined by 

the Rayleigh criterion^ (i.e., a 20% valley between adjacent spectral bands of the same 

peak intensity), of spectral bands separated by ca. 0.3 cm'' or more; this value represents 

the absolute resolution limit of each of the spectrographs. 

The spectral bandpass (S) of a spectrograph is typically the experimentally-

observed resolution-limiting factor. Under such conditions, baseline resolution (Av,) of 

adjacent spectral peaks is twice the spectral bandpass. For asymmetric Czemy-Tumer 

designs such as the spectrograph stage in the Triplemate and the single spectrograph, '•* 

and Av,^ are determined from 

Av^ = 2^ = 2(D-' W M) (3.19) 

(cos a)f 
^ " 7 ?rrT O-20) (cos P)X 

where D"' is the linear reciprocal dispersion, W is the larger of either the slit width or the 

pixel size of the detector, is the geometric magnification factor of the spectrograph 

stage, a and P are spectrograph stage grating angles of incidence and diffraction, 

respectively, and f^ and ff are the collimating and focusing mirror focal lengths. 
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respectively. 

The gratings of the single spectrograph and Triplemate operate on a sine drive^ ", 

and thus, the magnification factors are fixed by the values of f^^ and ff. Therefore, = 

1.23 (ff = 0.27 m and f^ = 0.22 m)^and M-rripimuie = 1-33 (ff = 0.6 m and f^. = 0.45 

With these M values, a spectrograph stage slit width of 150 nm, and a spectrometer 

wavelength setting of 545 nm, S and Av, values of 9.3 and 18.6 cm"' for the Triplemate 

and 17.1 and 34.2 cm"' for the single spectrograph, respectively, are theoretically 

predicted from equation (3.19). 

For comparison to experiment, the linewidth (i.e., the full width at half maximum 

(FWHM) intensity) of the v(C-C)rt, band at ca. 1000 cm"' is measured from Raman spectra 

ofTP S.AMs at MP Ag acquired on the single spectrograph (Figure 3.3) and Triplemate 

(Figure 3.4); the slit width and spectrometer wavelength setting for these spectra were 150 

nm and 545.375 nm, respectively. The observed FWHM of this band (i.e., S) is 9.8 cm"' 

for the Triplemate and 19 cm"' for the single spectrograph, corresponding to resolution 

values of 19.6 cm"' and 38 cm"' for the Triplemate and single spectrograph, respectively. 

Thus, these experimentally observed resolution values are slightly larger than those 

predicted theoretically. 

This discrepancy is most likely the result of two factors, charge spreading into 

more than one adjacent pixel, and the inability to exactly position the detector at the focal 

plane of the spectrograph. If charge spreading into adjacent pixels on both sides of a 

given pixel were to occur, the effective pixel size would be 81 nm. Given that the slit 
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width is 150 |im, this effect would not be predicted to alter S. Thus, charge spreading 

does not adequately explain this discrepancy. 

A more likely explanation is that the detector is not exactly positioned at the focal 

plane of the spectrograph. Given the short focal length of the single spectrograph used in 

this work, reproducible positioning of the detector at this exact focal length is probably 

unlikely, and thus resolution is adversely affected. This problem is also experienced with 

the Triplemate, but is less severe given the longer focal length of this spectrograph. 

Ideally, if the slit width is smaller than the pixel width, the pixel width limits S. For 

the CCD used in this study, the pixel width is 27 |im. However, even for very narrow 

slits, the slit image is believed to spread over at least two pixels as a result of the natural 

band shape, possible charge spillover from pixel to pixel, and the effect of minor optical 

aberrations. Thus, from the linear reciprocal dispersions at 545 nm of 92.6 cm'Vmm and 

46.8 cm'Vmm of the single spectrograph and Triplemate, respectively, and with the 

assumption that charge spreads into at least one adjacent pixel (i.e., an effective pixel 

width of 54 fim), the predicted minimum S achievable is 6.2 cm"' for the single 

spectrograph and 3 .4 cm"' for the Triplemate. These values correspond to resolutions of 

12.4 cm"' for the single spectrograph and 6.8 cm"' for the Triplemate. With a slit width 

less than 27 fim, such FWHM and resolution values are observed only in plasma line 

spectra. 
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Conclusions 

A comparison between two spectrographs with identical CCD detection for Raman 

spectroscopy has been undertaken. Specifically, the S/N and S/B values in spectra of 

surface and solution samples acquired on a Spex 270M and a Spex 1877 Triplemate have 

been quantitatively compared. In general, these spectrographs perform as predicted on the 

basis of conventional treatments of linearity of response, spectral coverage, and resolution. 

Small deviations from the expected behavior in the resolution can be explained by CCD 

detector positioning. 

The S/B ratios in spectra of the liquid and surface samples are predicted to be 

equal on each spectrograph system in the ideal case of identical stray light intensity within 

each system. This assumption is largely valid for the surface samples, because the 

experimentally observed (S/B)j/(S/B)s values range from 1.0 to 1.5. In contrast, when 

comparable pyridine signal intensities are observed on each spectrograph, the background 

intensity is ca. twice as large on the single spectrograph. Thus, for the liquid samples, the 

greater and non-negligible stray light intensity on the single spectrograph explains the 

(S/BV(S/B)s of 1.9 to 2.0. 

The relatively large background levels in the single spectrograph also affect the 

experimentally-observed S/N ratios. For a set integration time, the normalized S/N values 

for all sample types studied are greater for the single spectrograph than the Triplemate. 

This result is predicted and can be generalized to any Raman sample, because of the higher 

throughput of the single spectrograph. Nonetheless, this S/N advantage to the single 
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spectrograph can be viewed as a time advantage, since a larger S/N ratio can always be 

observed with the Triplemate by employing longer spectral acquisition times. Ultimately, 

the relatively large background levels in the single spectrograph significantly limit the S/N 

values that can be achieved prior to saturation of the fixed dynamic range of the CCD. 

(S/N)s/(S/N)t values of 6 to 7 for the liquid samples are 1.3 to 1.5 times larger 

than the theoretically predicted value of 4.5. Smaller (S/N)s/(S/N)-r values are observed 

for the more dilute pyridine solutions, because in these spectra the greater stray light 

background intensities on the single spectrograph become non-negligible. Thus, the 

[(S/N)s/(S/N)T]«i/[(S/N)s/(S/N)-r](jhor value of 1.5 applies when the stray light background 

intensity is negligible in both spectrograph systems; experimental uncertainties in 

illumination of the liquid samples may account for some of this deviation. For the surface 

samples, (S/N)S/(S/N)T values range from 3.1 to 6.7; only the value of 3.1 observed for TP 

SAMs at ORC Ag matches the theoretically predicted value. Although not understood at 

this point in time, the weaker the surface signal, the greater the 

[(S/N)s/(S/N)T]cV[(S/N)s/(S/N)T],Hor value. 

The study of the detectability of pyridine in water also indicated there to be 

advantages of the Triplemate. Based on the S/B ratios in the pyridine sample spectra, the 

LOD of pyridine in water has been shown to be a factor of 2 smaller with use of the 

Triplemate rather than the single spectrograph. For these samples, pyridine detectability is 

limited by Raman scattering fi-om the sample cell on the Triplemate and solvent on the 

single spectrograph, because of its larger spectral coverage. Thus, in terms of LOD, the 
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relatively large Raman spectral background on the single spectrograph dictates the use of 

the Triplemate for these aqueous solution studies. 

In conclusion, the attributes of the Spex 270M single spectrograph relative to the 

Triplemate are such that the only significant spectral advantages to use of the former 

would be recognized in the analysis of unstable (i.e., thermal- and photo-sensitive) samples 

and the performance of real-time studies. Otherwise, in analysis of stable samples, the 

patient researcher might sacrifice the time advantage of the single spectrograph and 

employ the Triplemate to obtain Raman spectra of higher S/N and S/B. 
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Chapter 4 

RAMAN SPECTROSCOPIC CHARACTERIZATION 

OF HOLOGRAPHIC NOTCH FILTERS 

Introduction 

For conventional Raman spectroscopic measurements, holographic notch filters are 

designed (for use with a particular excitation wavelength) to attenuate Rayleigh scattering 

intensity. In Chapter 3, the absolute necessity of coupling a holographic notch filter to a 

single spectrograph system for this purpose was demonstrated by experiment. 

For these experiments, a 514.5 nm holographic SuperNotch (SN) filter purchased 

from Kaiser Optical Systems was employed. At the time of these studies and subsequent 

to them, a holographic NotchPlus (NP) filter and a holographic SuperNotchPlus (SN?) 

filter, both operative at 514.5 nm, were borrowed and purchased, respectively, from 

Kaiser. The performance of these filters, as reported by the company, are summarized in 

Table 4.1; these results were obtained by operation of these filters in a collimatedh&zm. 

As can be ascertained from this table, the advantage of the NP and SNP filters is their 

greater Rayleigh scattering attenuation capabilities, which results from their larger optical 



Table 4.1 Notch Filter Performance as Reported By Kaiser Optical Systems, Inc. 

SuperNotch Plus 
(SNP) 

SuperNotch 
(SN) 

NotchPlus 
(NP) 

Optical Density (O.D.) > 6.0 >4.0 >6.0 

% Transmission (%T) 75-77 75-77 82-85 

Low Frequency (cm ') 50 50 100 

Working Angle * 0" 0" 0" 

Spectral Bandwidth (SB)^ (cm ') 248 309 459 

Spectral Edgewidth (SER^J)}; (cm ') 111 105 143 

Spectral Edgewidth (SEmuj) (cm ') 101 113 112 

* Angle at which the filter was operated 
^ SB is defined by the cm ' between 50% attenuation points. 
JSE is defined by the cm"' between the filter's O.D. 4 and O.D. 3 points. 
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density (O.D.) values. However, the disadvantages of the NP filter are its larger spectral 

bandwidth (SB), larger spectral edgewidth on the red side (SE^, and poorer accessibility 

to low-frequency Stokes and anti-Stokes Raman vibrational bands. (SB and SE are 

defined in Table 4.1.) Kaiser's performance reports indicate that the optimal working 

angle for each of these filters is 0°. 

As shown in Figure 2.1, these filters are placed in the optical path just prior to the 

entrance slit of the single spectrograph, and thus, in our single spectrograph Raman 

system, they are operative in a converging beam. Therefore, in acknowledgment of this 

difference in filter operation (i.e., on a converging vs. collimated beam), the performance 

characteristics of our SN and SNP filters and the borrowed NP filter are reported here. 

Specifically, the absolute Rayleigh scattering attenuation factor of our SN filter is 

quantified, and the attenuation factors of the NP and SNP filters are determined relative to 

that of the SN filter. In addition, the attenuation factor increase which accrues from the 

use of the SN and NP filters in combination is reported. Finally, the low-fi-equency Raman 

vibrational information accessible with each of these filters is presented and discussed. 

(Only the aforementioned 514.5 nm holographic notch filters are the subject of this study. 

Other holographic notch filters which have been purchased from Kaiser Optical Systems 

for Raman spectral acquisition at other excitation wavelengths include a 488 nm SNP, a 

600 nm SN, and a 720 nm SN. These filters were not similarly characterized.) 
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Experimental 

The materials, instrumentation, and sample preparation protocols, beyond those 

mentioned above, are reported in Chapter 2. Exceptions to or important comments on the 

experimental details in this chapter are provided below. 

Spectroscopic Instrumentation 

The single spectrograph was operated with the 1200 gr/mm grating blazed at 630 

nm and coupled to it was the Tektronix TK-512T 512 x 512 CCD. The Triplemate was 

employed with the 1200 gr/mm grating blazed for visible wavelengths and coupled to it 

was the Princeton Instruments RTE-1100-PB 1100 x 330 CCD. 

Individual holographic notch filters were positioned prior to the entrance slit of the 

Triplemate system with a ring stand and clamp assembly. Only for the two filter 

combination was the same done for their placement in the single spectrograph system; 

otherwise. Figure 2.1 applies. 

Results 

Rayleigh Scattering Attenuation 

Rayleigh scattering intensity emanating from a liquid is characteristically much 

weaker than that emanating from a solid or a metal surface. In addition, for a given set of 

experimental parameters (i.e., laser power, spectrograph slit width, and integration time), 

the absolute magnitude of this intensity reaching the detector is less on the Triplemate than 
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on the single spectrograph due to its smaller throughput. Thus, Rayleigh scattering 

spectra from liquid pentanethiol (C5SH) were acquired on the Triplemate with and without 

use of the SN filter (Figure 4.1) to quantify the Rayleigh scattering attenuation factor of 

this filter. After normalization of the spectral intensities for integration time, an 

attenuation factor of 2 x 10® was calculated. This value is ca. 10" times greater than the 

minimum factor expected for this filter, since it is reported to have an O.D. > 4.0 (Table 

4.1). 

In an attempt to further attenuate the Rayleigh scattering intensity entering the 

single spectrograph, our SN filter and a NP filter (borrowed fi'om Kaiser) were used in 

series. Without knowing that our filters are used in a convergent beam, employees at 

Kaiser had assured us that the attenuation factor of such a two filter combination should 

equal the product of the attenuation factors of each filter. Measurements in which the SN 

filter is replaced by the NP filter indicate that the latter rejects the Rayleigh line by an 

average (i.e., n =3) factor of 1.2 times greater than that of the former. Thus, an overall 

attenuation factor of ca. 10'* was expected for the two filter combination. A5 shown in 

the spectra of Figures 4.2 and 4.3, the Rayleigh scattering intensity generated from solid 

octadecanethiol (C,gSH) and an MP Ag surface is reduced only by an additional factor of 

30 and 100, respectively, bringing the observed overall attenuation factor to ca. 6 x 10^-2 

X 10^ When used individually, the filters perform optimally at slightly different tilt angles, 

near 0° (i.e., the working angle specified by Kaiser), and thus, when clamped together in 

series, these tilt angles may not be exactly reproduced. This acknowledgment and the fact 
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Figure 4.1 Rayieigh scattering acquired on the Triplemate from liquid CjSH 

(a) without and (b) with use of the SN filter. Scaling factors are indicated 
for each spectrum. (Power = 1 mW, slit widths = 0.1/4.0/0.15 mm, 
integration time = 0.5 s for a and 500 s for b, and = 514.5 nm.) 
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Figure 4.2 Rayleigh and Raman spectra acquired on the single spectrograph from solid 

C„SH with use of the (a) NP, (b) SN, and (c) NP + SN filters. Scaling 
factors indicated for each spectrum apply only to the Rayleigh scattering 
intensity. (Power = 150 mW, slit width = 25 ^m, integration time = 10 s, 
and = 514.5 nm.) 
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Figure 4.3 Rayleigh and Raman spectra acquired on the single spectrograph from MP 

Ag with use of the (a) SN and (b) NP + SN filters. Scaling factors indicated 
for each spectrum apply only to the Rayleigh scattering intensity. (Power = 
50 mW, slit width = 25 integration time = 10 s, and = 514.5 nm.) 



that the filters are operated in a convergent beam rather than a collimated hc3xn most 

likely explain the smaller-than-expected improvement in Rayleigh scattering attenuation. 

As extracted from the spectral data of Figures 4.4a and b, the Rayleigh scattering 

attenuation factor of the SNP filter is approximately 1.5 times greater than that of the SN 

filter. Since the SNP filter position was not adjusted between spectral acquisitions of the 

PbClj and PbO solid samples, the difference in observed Rayleigh scattering intensity is 

not due to the performance of the filter, but to the relative Raman scattering intensities of 

the v(Pb-Cl) and v(Pb-O) modes or the different Rayleigh scattering phenomena occurring 

at these crystalline solids. 

Other spectral features of significance in Figures 4.2-4.4 and in all other spectra 

presented in this chapter include the filter edge effects, filter artifacts (FA), and molecular 

vibrations. These features are discussed in more detail in the following sections. 

Filter Edge Effects and Filter Artifacts 

Plots (provided to us by Kaiser) of filter transmission vs. wavelength indicate an 

abrupt increase in transmission fi"om 0 % about the excitation wavelength/frequency to a 

relatively constant value (about the maximum transmission) at slightly larger Stokes/anti-

Stokes frequencies. The onset and termination of this rapidly changing filter transmission 

is due to the filter's "cut-off (CO) edge". Thus, Raman scattering and residual Rayleigh 

scattering at Stokes/anti-Stokes frequencies which span a filter's "CO edge" will be 

attenuated by relatively larger and smaller amounts, respectively. 
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Figure 4.4 Rayleigh and Raman spectra acquired on the single spectrograph of solid 

PbCl, with use of the (a) SN and (b) SNP filters and of (c) solid PbO with 
with use of the SNP filter. Each spectrum is plotted to full-scale intensity 
within its own spectral window. (Power = 10 mW, slit width = 6.25 pun, 
integration time= 10 s, and = 514.5 nm.) 
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In spectra acquired from solids and surfaces, the spectral intensity is typically 

negligible at Stokes and anti-Stokes frequencies where the filter transmission is negligible, 

and as a result, a relatively flat background is observed adjacent to the Rayleigh line. 

(Non-negligible intensity could be observed at these frequencies if the Rayleigh scattering 

is significantly large.) At frequencies which span the filter "CO edge", an abrupt increase 

in spectral intensity is typically observed due to the increasing transmittance of Raman 

signal and background scattering and any residual Rayleigh scattering. Examples of filter 

edge effects on low-frequency solid and surface spectra are provided in the following 

paragraphs and throughout this chapter. 

In the CjgSH solid spectra (Figure 4,2), the NP and SN filter "CO edges" account 

for the rather large Raman spectral background increase. As a result of the edge effect of 

the SN+NP filter combination, the lowest frequency solid C,gSH band is observed at 292 

cm'' (Figure 4.2c). 

In contrast, the MP Ag surface spectra (Figure 4.3) show an abrupt intensity 

increase far beyond the spectral background intensity level. Since the bands at 235 and 

245 cm"' in Figures 4.3a and b, respectively, are not assignable to any suspected 

contaminant at the unmodified MP Ag surface, they are attributed to Rayleigh scattering 

intensities about these frequencies. (Beyond the filter "CO edge", Rayleigh scattering 

intensity decreases at frequencies sufficiently far from the Rayleigh line.) Since these 

bands are generated by the filter(s), they are labeled as filter artifacts (FA). The fact that a 

FA is not observed in the solid C,gSH spectra (Figure 4.2) suggests that Rayleigh 
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scattering from the MP Ag surface is greater than that from solid C,gSH. The first low-

frequency surface sample band observable in spectra acquired with the SN filter is 

discussed below. 

In all the spectra presented later in this chapter, FAs and filter edge effects are 

denoted and/or discussed. 

Accessibility of the Low-Frequency Region; SN vs. SNP Filters 

As presented in Table 4.1, the SN and SNP filter specifications indicate Stokes and 

anti-Stokes Raman vibrational data should be obtainable to within 50 cm"' of the Rayleigh 

line. To confirm or refute these low-frequency limits, Raman spectra were acquired of 

solids and of monolayers at mechanically polished (MP) and chemically polished (CP) Ag 

surfaces. (The NP filter was borrowed from Kaiser only for its supposedly superior 

Rayleigh scattering attenuation capabilities relative to our SN filter. Thus, the low-

frequency limits of this filter were not thoroughly tested, and therefore, they are not 

discussed here.) 

As evidenced in Figure 4.4, Raman spectra of solid PbClj and solid PbO contain 

vibrational bands at frequencies very close to the Rayleigh line. These spectra indicate our 

SNP filter operates according to specifications for Stokes frequencies and our SN filter 

does the same for anti-Stokes frequencies. In spectra acquired with use of the SNP filter 

(Figure 4.4b), the shoulder at ca. 61 cm"' is attributable to Stokes scattering from solid 

PbCl,*Similarly, an anti-Stokes v(Pb-Cl) band at -61 cm"' is observed with use of the 



192 

SN filter (Figure 4.4a). Since these low-frequency v(Pb-Cl) bands are poorly-resolved as 

weak shoulders to the v(Pb-Cl) peak at 154/-154 cm"', it is not possible to assess the 

symmetry of these bands. Thus, whether or not the intensity at 61/-6I cm"' is affected by 

a smaller than maximum filter transmission is uncertain. In Figure 4.4c, Stokes scattering 

from solid PbO is observed at ca. 86 cm"' when the SNP filter is used. The intensity about 

this v(Pb-0) band is symmetric down to ca. 75 cm"', and thus, it is speculated that 

intensities down to this frequency may be accurately quantified from solid Raman spectra 

acquired with the SNP filter. 

Unfortunately, as discerned from Figure 4.4, the SN and SNP filter "CO edges" 

are not symmetrical with respect to the Rayleigh line. As a result, the intensity (and thus, 

appearance) of low-frequency Stokes bands are adversely affected by the SN filter; the 

same can be said for anti-Stokes bands observed in spectra acquired with the SNP filter. 

For example. Stokes scattering intensity peaks at 185 cm"' rather than 154 cm"', in the 

solid PbCU spectrum acquired with the SN filter (Figure 4.4a). Since the "band" at this 

frequency is produced predominantly as a result of filter edge effects, it is labeled as filter 

artifact (FA). As for SNP filter edge effects, the lack of observed shoulder intensity to the 

v(Pb-CI) band at -154 cm"' (Figure 4.4b) and the partial asymmetry in the v(Pb-0) peak* ' 

at ca. -142 cm"' (Figure 4.4c) is proof of the smaller filter transmission on the more 

positive fi-equency side of these bands. In fact, the symmetry to this v(Pb-0) band appears 

to start at ca. 135 cm"', and thus, this is most likely the lowest frequency at which the filter 
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transmission is at or near its maximum. These v(Pb-Cl) and v(Pb-0) bands are not labeled 

as FAs, because the intensities at these frequencies are attributable predominantly to 

Raman scattering from the corresponding Pb solids. 

Figures 4.5-4.7 further demonstrate the superiority of the SNP filter (relative to 

the SN filter) in accessing low-frequency Stokes data. With its use, a band at 118 cm"' 

and a shoulder at ca. 93 cm"' are observed in the solid C,gSH spectrum (Figure 4.5b). 

Figure 4.6 shows a band and accompanying shoulder at identical anti-Stokes frequencies 

in a solid C,gSH spectrum acquired with the SN filter, and thus, the band and shoulder are 

attributed to solid C,gSH (rather than filter artifacts) and assigned to its longitudinal 

acoustical mode'* (LAM-1) and an out-of-plane transverse acoustical mode'*^, 

respectively. Similarly, Fanconi^ * reported Stokes bands at 133 and 113 cm"' and 122 and 

102 cm"' for solid CjgHjg and C20H42, respectively. Since the C,gSH bands are closer in 

frequency to the C20H42 bands, it is speculated that the thiol moiety may affect the 

frequency of these acoustical modes. In contrast, with use of the SN filter, the first solid 

CjgSH Stokes band of appreciable S/N is observed at ca. 292 cm"', as shown in Figure 

4.5a. 

In Figure 4.7b, the v(Ag-S) band of a thiophenol (TP) SAM on MP Ag is 

observed at ca. 225 cm"'; Carron^* and Kim'" reported this TP Raman band at 230 cm"' 

(vapor-deposited Ag) and 237 cm"' (colloidal Ag), respectively. (The FA at 115 cm"' and 

SNP filter edge effects are discussed in the following section.) By contrast, the 248 cm"' 

band in Figure 4.7a is produced by SN filter edge effects, and thus, it is labeled as a FA. 
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Figure 4.5 Raman spectra acquired on the single spectrogragh of solid C,gSH with use 

of the (a) SN and (b) SNP filters. Each spectrum is plotted to full-scale 
intensity within its own spectral window. (Power = 10 mW, slit width = 
6.25 |im, integration time = 30 s, and = 514.5 nm.) 
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Figure 4.6 Raman spectra acquired on the single spectrogragh of solid C,gSH with use 

of the (a) SN and (b) SNP filters. Each spectrum is plotted to full-scale 
intensity within its own spectral window. (Power = 10 mW, slit width = 
6.25 |im, integration time = 1 s, and = 514.5 nm.) 
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Figure 4.7 Raman spectra acquired on the single spectrogragh of TP SAMs at MP Ag 

with use of the (a) SN and (b) SNP filters. Each spectrum is plotted to full-
scale intensity within its own spectral window. (Power = 150 mW, slit 
width = 25 jim, integration time = 5 s, and = 514.5 nm.) 



197 

Based on the spectrum in Figure 4.4a, in which the Stokes intensity peaks at 183 cm"' as a 

result of the SN filter CO, one might expect to observe the v(Ag-S) band at ca. 225 cm"' 

with use of this filter. However, due to the greater Rayleigh scattering from the MP Ag 

surface relative to the PbCl, solid and/or the smaller Raman scattering generated by the 

v(Ag-S) mode relative to the v(Pb-Cl) mode, the v(Ag-S) band intensity is not observed 

with use of the SN filter. Instead, the first TP SAM band in Figure 4.7a is observed at ca. 

320 cm"'. 

Raman Spectroscopy at Ag with the SNP Filter 

v(Ag-S) band 

In Figure 4.8, the v(Ag-S) band is observed at ca. 215 and 220 cm"' in the spectra 

of propanethiol (CjSH) and octanethiol (CgSH) SAMs on MP Ag, respectively. These 

results are consistent with those reported above for Raman spectra of TP SAMs at Ag. 

To prove that the band at this approximate fi-equency is assignable to the v(Ag-S) mode, 

Raman spectra were acquired of (1) polycrystalline Ag sanded w^th 1500 grit SiC paper, 

(2) MP Ag, (3) CP Ag, and (4) a CjSH SAM at CP Ag. These are shown in Figure 4.9. 

Only in the spectrum of (4) (Figure 4.9d) is there a band of significant intensity at ca. 230 

cm*' which can be attributed to the v(Ag-S) mode. Consistent with the XPS results of 

Chapter 8, the spectra in Figures 4.9a-c indicate these unmodified Ag surfaces are fi-ee of 

chemisorbed sulfur contamination. 
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Figure 4.8 Raman spectra acquired on the single spectrogragh with SNP filter of (a) 

CjSH and (b) CgSH SAMs at MP Ag. Each spectrum is plotted to full-
scale intensity within its own spectral window. (For (a) and (b), 
respectively, power = 5 mW and 150 mW, slit width = 6.25 nm and 25 (im, 
integration time = 60 s and 30 s, and =514.5 nm.) 
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Figure 4.9 Raman spectra acquired on single spectrograph with SNP filter of bare (a) 
sanded Ag and (b) MP Ag and on Triplemate with SNP filter of (c) bare CP 
Ag and (d) CjSH SAM at CP Ag. Each spectrum is plotted to full-scale 
intensity within its own spectral window. (Power =150 mw, slit width = 
25 |am for a,b and 0.5/7.0/0.15 mm for c,d, integration time = 1 s for b, 10 s 
for a, and 300 s for c,d, and = 514.5 nm.) 
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As shown in the spectra of TP and CgD,7SH SAMs at MP Ag (Figure 4.10), this 

low-frequency region can also provide information concerning the oxidation of a thiol 

monolayer. Interestingly, upon prolonged exposure of these monolayers to the ambient 

(i.e., 10 days for the TP SAM and 2 months for the CgD,7SH SAM), the width and relative 

intensity of the v(Ag-S) band increases significantly from that characteristic of a freshly-

prepared thiol SAM. Both Whitesides' "^ and Schoenfisch' ** have reported the oxidation 

of alkanethiol SAMs at Ag after extended exposure of the monolayer to the laboratory 

ambient. Furthermore, Whitesides attributed an increase in the alkane chain tilt, as 

determined from IR data, to the formation of an adsorbed alkanesulfonate species. Thus, 

it is proposed that the aforementioned spectral changes in the v(Ag-S) band are the result 

of partial/incomplete oxidation of the TP and CgD^SH SAMs. (The v(Ag-S) band 

intensity must originate from the unoxidized species, because the oxidized species are 

bound through the O atoms.) In consideration of surface Raman selection rules, the 

intensity increase of the v(Ag-S) band relative to the in-plane v(C-C) TP bands is most 

likely due to an increased tilt of the aromatic ring away from the surface normal. 

Similarly, the intensity increase of the v(Ag-S) band relative to the v(C-C) and v(C-S) 

CgDj^SH bands is attributed to a greater alkane chain tilt. The bandwidth increase, then, is 

most likely a result of increased heterogeneity of the S environment at Ag. This 

bandwidth increase also accounts for the shift in v(Ag-S) band frequency from ca. 215 to 

220 cm"' for monolayer CgD,7SH and from ca. 225 to 230 cm"' for monolayer TP. (It 
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Figure 4.10 Raman spectra acquired on the single spectrograph with SNP filter of a TP 
SAM at MP Ag (a) as prepared and (b) 10 days old and of a CgD,.,SH SAM 
at MP Ag (c) as prepared and (b) 2 months old. Each spectrum is plotted 
to flill-scale intensity within it own spectral window. (Power = 150 mW, 
slit width = 6.25 ^m, integration time = 10 s, and = 514.5 nm.) 
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should be noted that a thorough Raman study and a complementary XPS study were not 

conducted to investigate these observed spectral changes, since these results were 

acquired without this intent.) 

v(Ag-Cl) band 

Previous reports on the Raman spectra of adsorbed CI" at mechanically polished 

(MP)'* ® and eIectrochemically-roughened~'^'^ (ORC) Ag surfaces identified a v(Ag-

CI) band at 230-240 cm"', frequencies only slightly higher than those observed for the 

v(Ag-S) band of thiol SAMs at our MP and CP Ag surfaces. In order to identify the 

frequency of the v(Ag-Cl) mode at our surfaces, Raman spectra were acquired of a MP 

Ag surface which had been immersed in a 0.1 M KCl solution for ca. 10 min. The outside 

edge of this surface was wrapped with parafilm during the immersion, and thus, the laser 

beam could be rastered across the surface so as to sample different quantities of AgCl. 

The results of such surface mapping studies are displayed in Figure 4.11, and from these, 

the v(Ag-Cl) band is identified at ca. 225 cm"'. 

Filter Artifacts 

In all Ag surface spectra acquired with the SNP, a filter artifact (FA) peaks at ca. 

105-135 cm"' due to the transmission of unattenuated Rayleigh scattering along the filter 

"CO edge". (Explanation for observation of FAs was provided above.) Furthermore, 
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Figure 4.11 Raman spectra acquired on the single spectrograph with SNP filter of (a) 

bare MP Ag and MP Ag with (b) partial and (c) full CI' adsorption. Each 
spectrum is plotted to full-scale intensity within its own spectral window. 
(Power = 150 mW, slit width = 25 |am, integration time =1 s for a and b, 
and 10 s for c, and = 514.5 nm.) 
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Rayleigh scattering is most likely a source of background intensity to the v(Ag-S) and 

v(Ag-Cl) bands. Thus, thiol SAM bands largely unaffected by Rayleigh scattering 

intensity are observed only at and beyond ca. 300-400 cm"', as discerned from Figures 4.7-

4.10. For example, TP and CjSH SAM bands at ca. 320 (Figure 4.8a) and 372 cm"' 

(Figure 4.7b), respectively, are well-resolved from the relatively large low-frequency 

background. It is speculated that the variation in FA peak frequency (i.e., 105-135 cm"') 

and Rayleigh scattering background intensity (i.e., compare Figures 4.7b to Figures 4.8a 

and b) is due to Ag surface roughness differences. 

Raman Spectroscopy at Pt with the SNP Filter 

Spectra of CjSH and TP SAMs at MP Pt (Figure 4.12b,c) show no evidence for a 

v(Pt-S) band. In contrast, Tian^ " observed a v(Pt-S) band at 281 cm"' in Raman spectra 

of thiocyanate (SCN") at electrochemically-activated/"rough" Pt surfaces . As discussed in 

Chapter 5, Raman scattering at our MP Pt is suspected to be unenhanced, and thus, it is 

assigned a SEF of 1. Furthermore, the ca. 1000-1070 cm"' v(C-C)rt, and 6ip(C-H) TP 

SAM bands (see Table 5.1) in Figure 4.12c are barely observable above the spectral 

background. Since the Raman cross-sections of these aromatic vibrations are most likely 

larger than that of the v(Pt-S) mode, it is speculated that the v(Pt-S) band is not observed, 

only because its signal intensity is below the Raman LOD for this mode at MP Pt. 

Instead, the relatively intense low-frequency bands in MP Pt spectra are attributed 
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Figure 4 .12 Raman spectra acquired on the single spectrograph with SNP filter of (a) 

bare MP Pt and of (b) CjSH and (c) a TP SAM at MP Pt. Each spectrum is 
plotted to full-scale intensity within its own spectral window. (Power = 
150 mW, slit width = 25 pim for a and b and 50 |am for c, integration time 
= 60 s for b and 300 s for a and c, and = 514.5 nm.) 
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to SNP filter edge effects, and thus, they are designated as filter artifacts. These FAs are 

identifiable as (1) an intense, broad band with variable multi-peaked character at ca. 150 

cm"' and (2) much weaker, broad bands extending from ca. 250-500 cm"'. Upon variation 

of the filter's tiit angle, which controls the degree of Rayleigh scattering attenuation, all of 

these bands intensify and broaden and the latter set of bands shifts to slightly higher 

frequencies. Thus, the production of these bands by the filter is confirmed. Unlike the 

spectra acquired from Ag surfaces, the spectral background intensity at MP Pt is nearly 

the same before and after the FA at ca. 100-150 cm"'. Since the CP Ag surfaces (Rf =1.1) 

are smoother than the MP Pt surfaces (R^ = 1.4), this observation is explained by the 

differences in SEFs, rather than roughnesses, at the MP Pt and Ag surfaces. Therefore, it 

is speculated that the FAs in the 250-500 cm"' region are not observed in the Ag surface 

spectra, because they contribute negligible intensity to the background in these spectra. 

Conclusions 

The performance characteristics of our 514.5 nm holographic SN and SNP filters 

(purchased from Kaiser Optical Systems, Inc.) and a 514.5 nm holographic NP filter 

borrowed from Kaiser are summarized in Table 4.2. 

In our spectrograph systems, these filters are used in a convergent beam, whereas 

their performance in a collimated beam is measured by Kaiser. Nonetheless, when used 

individually, the Rayleigh scattering attenuation factors of ca. 10® for these filters is similar 

to or greater those reported by Kaiser (see O.D. values in Table 4.1). In contrast, when 
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the NP and SN filters are used in series, the measured overall attenuation factor of ca. 10* 

is much smaller than the predicted factor of 10'". It is speculated that this deviation is 

explained by our use of these filters in a convergent beam and/or an incomplete 

optimization of each filter's working angle (near 0°). 

Kaiser claims that Stokes and anti-Stokes vibrational data can be obtained within 

50 cm"' of the Rayleigh line with the SN and SNP filters; however, the spectral results of 

this chapter suggest differently. Specifically, Stokes data at this low-frequency limit were 

observed only in solid spectra acquired with use of the SNP filter. With the SN filter, only 

anti-Stokes data at this low-frequency limit could be obtained from solid spectra. Since 

Stokes (rather than anti-Stokes) Raman spectra are typically desired, the SNP filter should 

be employed for acquisition of low-frequency spectra. As determined here, the lowest 

frequency at which a Raman spectrum acquired with the SNP filter is usable is dependent 

on the sample type. In particular, lower frequency Stokes data is accessible in spectra of 

solids than of monolayer films at metal surfaces, because the Rayleigh scattering from a 

metal surface is greater than that from a solid. The exact frequency at which accurate 

quantitative data can be obtained from solid Raman spectra acquired with the SNP filter is 

uncertain, but a low-frequency limit of at least 75 cm"' was concluded. 

In surface spectra, significant unattenuated Rayleigh scattering (at and beyond the 

SNP filter's "cut-off (CO) edge") accounts for the production of an artificial band which 

peaks at ca. 105-150 cm"'; this band is designated here as a filter artifact (FA). Although 

v(Ag-S) and v(Ag-Cl) bands are observed at ca. 215-230 cm'' in thiol SAM and adsorbed 
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Cr spectra, respectively, they are superimposed on residual Rayleigh scattering intensity. 

At and beyond ca. 300-400 cm"', surface Raman bands are unaffected by significant 

Rayleigh scattering, and thus, this is the low-frequency limit at which accurate quantitative 

surface Raman spectroscopy may be performed. Only in spectra acquired from MP Pt are 

FAs also observed at ca. 250-500 cm"', due to the lack of Raman enhancement at this 

surface. Therefore, at these frequencies. Stokes intensity from this surface may also be 

adversely affected by FAs. 



Table 4.2 Notch Filter Performance Characterized With Our Spectrograph Systems 

SuperNotch Plus 
(SNP) 

SuperNotch 
(SN) 

NotchPlus 
(NP) 

SN+NP 

Combination 

Rayleigh Attenuation Factor 2 X 10^ 3 X lO"^ 2x 10' 6X 10'- 1 X 10" 

Low Stokes Frequency (cm ') 
Solid 
Surface 

50 
200V300-400< 

185 
300 

Nl' Nl* 

Low Anti-Stokes Frequency (cm ') 
Solid 
Surface 

-135 
Nl* 

-50 
Nl* 

Nl* Nl* 

Working Angle ~0 ~0 -0 ~0 

^ Estimated qualitative low-frequency limit 
^ Estimated quantitative low-frequency limit 
* Not investigated 
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Chapter 5 

SURFACE ENHANCEMENT FACTORS FOR Ag AND Au 

SURFACES RELATIVE TO Pt SURFACES FOR 

MONOLAYERS OF THIOPHENOL 

Introduction 

Surface-enhanced Raman scattering (SERS)"'®'' has proven to be a valuable 

surface analytical technique for the characterization of adsorbates at metal surfaces. The 

selectivity and immense sensitivity afforded by this vibrational spectroscopy have made 

routine the study of monolayers and thin films at appropriately roughened Ag, Au, Cu, 

In5.4-5.6 ^5.6-5.8^ Ga^^, Cd^ '", Li^"^, and Na' " surfaces. Examples of such studies include 

the reports of SERS at electrochemically-roughened (i.e., by oxidation-reduction cycles 

(ORCs)) surfaces' "'coldly-deposited films' '^®-'" ' island films"'' 

lithographically-produced surfaces' ̂ "'"', and mechanically polished surfaces' ' ' '"-'-^*" 

1.32.1.51 2.46.4.8,5.20 study of moIeculcs adsorbed at relatively smooth polycrystalline or 

atomically flat, single crystalline noble metal surfaces and at unenhancing ("SERS-

inactive") surfaces is also possible. Surfaces of this type studied by SERS/SUERS 
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(surface-unenhanced Raman scattering) include chemically polished surfaces* '", room 

temperature-deposited (RT) "thick" Ag films"'*'' *', Ag single crystal surfaces'"^'^"-"*"'^^, 

Au (111)'-^, Au (210)'^, Rh"-" ' *', and " 

The sensitivity of SERS for a particular molecule at each of the aforementioned 

surfaces is given in terms of a surface enhancement factor (SEF). In general, a SEF is 

defined for a specified vibrational mode as the surface-enhanced Raman scattering 

efficiency of the adsorbed molecule relative to the normal Raman scattering efficiency of 

the molecule present in the bulk phase (e g, solid, multilayer, liquid, or gas) or adsorbed at 

a "SERS-inactive" surface (e.g., glass, sapphire, and Pt). The magnitude of a SEF is 

dependent on the optical properties of the metal, the dimensions of the metal surface 

roughness features, and in certain cases, the presence of chemically-specific metal-

adsorbate interactions. 

The two enhancement mechanisms which account for the SERS phenomenon and 

its dependence on metal optical properties and metal-adsorbate interactions are 

electromagnetic (EM)' ' ̂ enhancement and chemical 

enhancement. EM enhancement results fi"om the enhancement of local electromagnetic 

fields at the surface of a metal which can support surface plasmon/optical conduction 

resonances, and as such this enhancement mechanism has been reported to be operative 

fi-om 25-160 ' the magnitude of the decay'" of these local electromagnetic 

fields scales as d''° for a monolayer system, where d is the distance of the monolayer from 

the surface. Surface plasmon excitation and the magnitude of the subsequent resonance at 
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the incident laser wavelength and/or Raman-shifted wavelength is determined by the 

dimensions (i.e., shape and size) of the surface roughness features and the wavelength-

dependent metal optical properties. EM enhancements as large as ca. iC to 10^ can result 

from large-scale roughness (LSR) at the metal surface; the optimal average diameter 

(along the major axis, regardless of particle shape) of these LSR features ranges from 10 

to 200 In contrast, CHEM enhancement is associated with 

electronic resonance/charge transfer excitation (CTE) between the metal and adsorbate at 

atomic scale roughness (ASR) features, and thus, this enhancement mechanism operates 

only on the monolayer directly adjacent to the surface. These ASR features, also labeled 

as SERS "active-sites" or sites "of maximum hybridization of metal and adsorbate in the 

excited state" by Otto^"**, consist of adatom clusters of dimensions less than 5 

nj^ 2,19.4.7.4 8.5 3.5 44.5.58.5.59-5.61 metal-adsorbate interactions at these sites produce CHEM 

enhancements of ca. 10' to 10" -•s--S8-5 '3.5 h.5.i7.5 41.5.43,5.615.63 effectively increasing the 

molecule's Raman scattering cross-section. Similar to CTE processes of isolated 

molecules and to resonance Raman processes, the molecule-surface CTE is wavelength 

dependent and thus, so is the magnitude of the CHEM enhancement. When both the 

CHEM and EM enhancement mechanisms are operative for a metal-adsorbate system, the 

SEP may be as large as 10' to 10'. 

Most reports of SEFs have used the molecule in its bulk phase as the 

reference/normal Raman scattering system, with the bulk phase being liquid^" ®', solid'-^, 

saturated vapor' ", or multilayer/bulk films at "SERS-active"~'* and "SERS-
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inactive"' surfaces. This report describes an alternate and more desirable approach 

to SEF determination, in which monolayer assemblies' at an unenhancing surface is 

used as the reference system. For the bulk phase as the reference system, the main 

difficulty in determining accurate SEFs is one of accurate account of the number of 

molecules in a volume from which the Raman signal originates; this number is difficult to 

quantify, primarily because intensity losses of unknown magnitude are expected. For 

example, Raman scattering from a bulk phase occurs into 471 steradians making complete 

collection of all Raman scattered photons unlikely. For a monolayer assembly as the 

reference system, the main difficulty becomes one of accurate account of molecular 

surface coverage; however, this value can be accurately determined by electrochemical 

and/or spectroscopic methods. Of course, for a monolayer assembly reference system, it 

is necessary that the surface provide absolutely no surface enhancement. Additional 

sources of error incurred from sampling the molecule in bulk phase versus in a monolayer 

assembly arise from differences in sampling geometry and light scattering phenomena from 

these different geometries. Unlike Raman scattering from the bulk phase, Raman 

scattering firom a metal surface occurs into a cone in a portion of the 2n steradians in front 

of the surface. Thus, use of a metal-adsorbate monolayer assembly as a reference 

system should ensure a more accurate determination of the number of molecules sampled 

in a "SERS-inactive" phase. 

This study attempts to take advantage of the inherently better-defined reference 

system of a surface-confined monolayer assembly for the determination of SEFs for 
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different "SERS-active" surfaces. Here, SEFs are determined at an excitation wavelength 

of 514.5 nm for thiophenol (TP) monolayers adsorbed at ORC-roughened 

polycrystalline (poly) Ag, mechanically polished (MP) poly Ag, coldly-deposited Ag, room 

temperature-deposited (RT) "thick" Ag, Ag (111), chemically polished (CP) poly Ag, MP 

poly Au, and MP poly Pt. A SEP for TP at MP Au is also determined for excitation at 

720 nm. The MP poly Pt/TP system (A„^ of 514,5 nm) is used as our "SERS-inactive" 

reference system. The main reasons for use of TP as the adsorbate and Pt/TP as the 

monolayer assembly reference system include the strength of TP as a Raman scatterer, 

previous reports of the orientation and surface coverage of monolayer TP at Ag (111) and 

Pt (111) by Hubbard'^^'and a previous report of the orientation of TP at vapor-

deposited and CaFi-roughened polycrystalline Ag and Au by Carron'* •*. Byrant^'^° 

performed a Raman study on TP adsorbed at MP poly Ag, Au, and Pt surfaces, but he 

reported a relative SEP only for MP Ag. The relative SEP of 2 x 10^ for this surface was 

derived by reference of the SERS signal at MP Ag to the SUERS signal of MP Pt; 

however, this SEP was not corrected for differences in surface roughness or TP coverage 

at MP Ag and MP Pt, although an acknowledgment of the possible differences in 

molecular orientation, and thus molecular coverage was made. 

The significant contributions of this study are twofold. First, this investigation 

includes the determination of SEFs for several Ag surfaces commonly used in both the 

laboratory ambient and vacuum environments. Secondly, this is the first report in which 

SERS intensities are referenced to normal Raman scattering of the identical adsorbate at 
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an unenhancing metal (i.e., Pt) for calculation of SEFs. 

Experimental 

The materials, instrumentation, and cleaning protocols for this study are presented 

in the Chapter 2. The MP AU720 UHV-prepared (i.e.. Cold Ag and "thick" RT Ag) 

surfaces and the films adsorbed at them were prepared and characterized by 

Schoenfisch' and Goodman*^, respectively. The preparation procedures of Goodman"^ 

for UHV-deposited Ag are detailed in Chapter 2, and comments on the differences in 

preparation of the MP Au surfaces by Schoenfisch'^* and the author are provided below. 

Experiments concerning the MP Au5,4 5 surface and the remaining surface types were 

conducted solely by the author. 

Mechanical Polishing of Au 

The surfaces designated MP Au5,4 5 were hand polished by the author, whereas 

those surfaces designated MP AU720 were polished by Schoenfisch''^* with use of the 

automated set-up. As a result, the average roughness factor (Rf) of MP Au5,4 5 is slightly 

greater than that of MP AUT^Q (see Table 5.2). 

Results 

Metal/TP Model 

Investigation into the film formation properties of l-alkanethiol'-^*''^'-' and 
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thioaromatic^ •" self-assembled monolayers (SAMs) at Ag, Au, and Pt surfaces is a primary 

research interest of this laboratory. The desire to measure signal intensity from a 

mechanically polished polycrystalline Pt surface necessitated the adsorption of a 

thioaromatic such as thiophenol (TP), because its Raman cross-section is larger than that 

of the I-alkanethiols (see Table 2.2). Figure 5.1 is a model of the TP SAM system used in 

this study. The important feature of this system is the presence of only a monolayer of TP 

adsorbed through metal-S bond formation. Thus, the TP molecules depronate and adsorb 

as thiophenolate species. Support for this model comes from results obtained in this study 

and in similar studies by other researchers, as described below. (The accuracy of this 

model for TP adsorption at the UHV-prepared surfaces is also defended.) 

Raman Spectroscopy 

Figures 5.2 and 5.3 show Raman spectra of solid TP and TP adsorbed at Ag, Au, 

and Pt surfaces; the spectrum of solid TP, rather than neat liquid TP, is shown for 

comparison, because these TP SAMs are predicted to be more crystalline/solid-like in 

structure. The spectral region shown is centered about the ring stretching/ring bending 

bands^ ™ at ca. 1000 cm"', because it is this region which contains TP bands of greatest 

S/N. Table 5.1 (shown below) is an abbreviated list of Raman mode assignments for solid 

and surface TP; a more complete assignment of the TP Raman vibrational modes can be 

found elsewhere.^^"" 



Figure 5.1 Model of a TP SAM at Ag, Au, and Pt surfaces. 
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Figure 5.2 Raman spectra acquired on the single spectrograph of (a) solid TP and 

TP at (b) ORC Ag, (c) MP Ag, (d) Cold Ag, and (e) MP Au^jo. Scaling 
factors for each spectrum indicate the relative signal intensities after 
normalization of the experimental parameters. (Power = 150 mW, slit width 
= 50 [im, integration time = 60 s; unless otherwise noted, = 514.5 nm.) 
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Figure 5.3 Raman spectra acquired on the single spectrograph of TP at (a) Ag (111), 

(b) CP Ag (poly), (c) "thick" RT Ag, (d) MP Au,,,,, and (e) MP Pt. Scaling 
factors for each spectrum indicate the signal intensities relative to that of TP 
at ORC Ag (Figure 5.2b) after normalization of the experimental parameters. 
(Power = 150 mW, slit = 50 urn, integration time = 60s, and = 514.5 nm.) 
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Table 5.1 Raman Frequencies and Assignments for Thiophenol (TP) 

Solid TP 
(cm-') 

Surface* TP 
(cm-') 

Vibrational 
Assignment^-''" 

892 890 Soop(CH) 

911 NO* 6(S-H) 

997 997 v(C-C)rt, 

1022 1022 v(C-C),6ip(CH) 

1091 1073 v(C-C),6^(CH),v(C-S) 

^6 = bending, v = stretching; oop = out-of-plane, ip = in-plane, rb = ring-breathing 
*Band frequencies observed at each surface are identical within experimental error. 
*Not observed 

Notice that the 912 cm"' 6(S-H) band is present in the normal Raman spectrum of 

solid TP, but not in the SERS spectra of TP at Ag. (Speculation on the presence/absence 

of this band in the spectra of TP at MP Au sampled with 514.5 nm excitation (MP Aus,^ j) 

(Figure 5.3d) and MP Pt (Figure 5.3e) is not possible, because any Raman scattering 

intensity assignable to it is most likely below the Raman limit of detection (LOD) for these 

surfaces.) In addition. Figures 5.2 and 5.3 show a frequency shift of the S-sensitive ring 

stretching band at 1092 cm"' in the solid TP spectrum to ca. 1073 cm"' in the surface TP 

spectra which suggests deprotonation'"^' '-^" and chemisorption of TP as depicted in Figure 

5.1. (In Raman spectra of liquid TP and aqueous thiophenolate, Byrant'"^*'"^" observed 

this band to shift in frequency from 1092 cm"' in the former to 1086 cm"* in the latter.) 

Furthermore, the presence of a v(Ag-S) band at ca. 225 cm"' in the spectrum of a TP 
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SAM at MP Ag (Figure 4.6) provides additional evidence for thiophenolate adsorption at 

Ag. In contrast, Goodman" detected minimal physisorption of TP as the protonated 

species to the UHV-prepared Ag surfaces by the presence of a weak v(S-H) Raman band. 

Nonetheless, support for negligible physisorption comes from the lack of 6(S-H) intensity 

and the absence of TP bands assignable to bulk TP in such surface spectra, as shown in 

Figures 5.2 and 5.3. Carron'* '* proposed monolayer thiophenolate adsorption at Au due to 

the absence of a 914 cm"' 6(S-H) band and the presence of a 275 cm"' v(Au-S) band in the 

SERS spectrum of TP at rough Au ^47 nm). Finally, results obtained by 

Hubbard' ®' and Byrant' support the SAM model pictured in Figure 5.1 for monolayer 

thiophenolate adsorption at Pt. Hubbard showed EELS spectra of TP at Pt (111) in which 

the 2567 cm"' v(S-H) band is weak or absent, whereas this band was clearly observed in 

the IR spectrum of solid TP. Bryant used XPS to estimate the thickness of a TP layer at 

MP polycrystalline Ag. These measurements yielded a film thickness of 9.2 A, consistent 

with the presence of only a monolayer. 

In this study, the 997 cm"' v(C-C)rt, band of TP was employed for SEF 

quantitation. Table 5.2 displays the average signal (peak height above the Raman 

background) and background counts (in analog-to-digital units (ADUs)) at 997 cm"' for 

TP at each surface type. (Average values were calculated from a minimum of two and in 

some cases as many as seven measurements on independent TP SAM samples.) These 

intensities were observed with the integration times listed in Table 5.2 and with 



Table 5.2 Signal and Background Responses* for Thiophenol (TP) Monolayers 

Surface 
Type 
(n samples) 

Typical 
Int.Time 

(s) 

997 cm ' 
Signal 

(ADUs) 

Average 
Background 

(ADUs) 

Average 
S/B 

Average 
S/N* 

ORG Ag (3) 1 5 .8 X 10^ 4,3 X 10' 1.4 1.8 X 10' 

MP Ag (3) 5- 15 4 .8 X 10^ 3 .8 X 10' 1.3 1.6 X 10' 

Cold Ag (2) 3 0 - 6 0  9.0 X 10' 2.9 X 10' 3.1 8.3 X 10' 

MP Au„o^ (4) 900 2.2 X 10' 1.3 X 10' 1.6 X 10-' 5.5 X 10' 

A g ( l l l ) ( 2 )  600- 1200 3.1 X 10' 4.7 X 10' 6.7 X I0-' 9.9 X 10' 

CP Ag (poly) (2) 900 1.9 X 10' 3 .0 X 10' 6.3 X 10' 8.8 X 10' 

"thick" RT Ag (2) 300 7.5 X 10^ 2.4 X 10' 3.1 X 10' 1.3 X 10' 

MP Au,„, (2) 450-600 I .l X 10' 13 X 10' 8.5 X 10"^ 3.0 

MP Pt (7) 300 2.4 X 10^ 6.2 X 10' 3 .9 X 10-^ 3.0 

* Normalized for slit width (50 pm) and power (150 mW) 
^ Thirty 30 s spectra were co-added to observe these spectral responses. 
* N = (S+B)'-'' 
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normalization of the power and slit width to 150 mW and 50 |im, respectively. All of the 

spectra were acquired with a 50 jim slit width, except one of the two spectra acquired at 

Ag (1II) (slit width = 150 |im) and all four of the MP AUTJQ spectra (slit width = 200 ^im). 

In our TP SAM spectra, signal and background intensities are not linear with slit width, 

and thus, as shown in Table 5.3, slit width (SW) correction factors were calculated from 

spectra of TP at MP Ag and ORC Ag acquired with slit widths of 50 and 150 jim. 

Table 5.3 Slit Width (SW) Correction Factors for Signal and Background Intensities 

Signal Intensity Background Intensity 

Molecule/Surface 150 |im 50 nm SW 
Factor 

150 |im 50 ^im SW 
Factor 

TP at ORC Ag^ 19,936 9388 2.1 27,755 9207 3.0 

19,382 9050 2.1 25,244 8544 2.9 

TP at MP Ag^ 7182 3889 1.9 13,420 5011 2.7 

5767 2908 2.0 12,289 4629 2.7 

Average SW Factor 2.0 ±0.1 2.8 + 0.2 

^ Spectra were acquired with power of 150 mW and integration time of 1 s. 

As Table 5.3 shows, it was necessary to correct the signal and background 

intensities observed in the Ag (111) spectrum acquired with a slit width of 150 nm by 

factors of 2.0 and 2.8, respectively. By extrapolation of the data in Table 5.3, slit width 

(SW) factors of 2.6 and 3.7 are employed for correction of the signal and background, 

intensities, respectively, observed in MP Auyjo spectra acquired with a slit width of 200 
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|im. 

From the normalized signal and background intensities, average S/B and S/N ratios 

for 997 cm"' band were calculated; these are also presented in Table 5.2 and discussed 

below. Root-mean-square noise (rms) values were calculated from the square root of the 

sum of the average signal and background intensities (i.e., N = (S+B)'") The accuracy of 

S/N values calculated in this manner is discussed later in this chapter and in Chapter 3. 

In the spectra of TP at ORC Ag and MP Ag, the average S/B and S/N values 

observed for the 997 cm"' band are relatively large. Since appreciable surface 

enhancement is predicted for these surfaces, these values are easily understood. The 

average S/B value in the MP AU720 spectra is an order of magnitude larger than that in the 

MP AU5,4 5 spectra, because Au is photo-luminescent'"'^^^ at an excitation wavelength of 

514.5 nm, but not at 720 nm. (Tiedemann'" observed a broad background in the in-situ 

Raman spectrum of CIO4' at polycrystalline Pt which he assigned to Pt luminescence with 

514.5 nm excitation, but he noted that this luminescence was of minimal intensity when 

the electrode potential was kept below +500 mV versus SCE. In our Raman spectra of 

TP at MP Pt, a broad and unusually-shaped background was observed, which is most 

likely due to Pt luminescence; however, as shown in Table 5.2, this luminescent 

background intensity is very weak, especially in comparison to that observed in the Raman 

spectra of TP at MP Auj,4 5.) 

The average S/N value of 8.3 x 10' in the spectra of TP at Cold Ag is surprising, 

because this value is achieved with spectral acquisition times of 30 to 60 s and use of only 
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5 to 15% of the CCD dynamic range. As shown in Table 5.2, the average S/B value of 

3 .1 for the 997 cm"' band of TP at Cold Ag is greater than that observed for TP at ORC 

Ag and MP Ag, because of the proportionately smaller background intensity in spectra 

from Cold Ag. In consideration of the slightly larger roughness factor estimated for our 

Cold Ag surfaces, the relatively small background intensities are attributed to the presence 

of a flat "external" surface and a rough "internal" surface at "porous" Cold Ag' '*"® " 

relative to the rough "external" surface of ORC Ag and MP Ag. STM images^ ''"^"'® of 

room temperature-annealed, coldly-deposited Ag films in the laboratory ambient support 

this description of a "porous" Cold Ag surface. In terms of Raman theory, it can be 

concluded that at an excitation wavelength of 514.5 nm, the roughness feature dimensions 

(i.e, size and shape/aspect ratio) at Cold Ag generate smaller Raman scattering 

background intensities than those at ORC Ag and MP Ag. 

Surface Raman Signal Intensities 

Before proceeding with the determination of SEFs for the 997 cm"' in-plane ring-

breathing mode of TP at each of the surfaces studied here, it is necessary to define an 

equation which relates the Raman signal to the experimental Raman sampling parameters 

and to the molecule's relevant physical and/or chemical properties. For the purposes of 

this study, only the Raman scattering signal from a surface sample needs to be understood. 

McCreery^ " has defined the Raman signal, S, for scattering from a surface, as 
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5 = p, D / Q r (? (5.1) 

where P, is the Raman cross-section, D, is the number density, is the power density of 

the incident laser, Q is the collection angle of the spectrograph measured at the sample, T 

is the spectrograph transmission, Q is the detector quantum efficiency, is the geometric 

sample area monitored at the surface by the spectrograph, and t is the integration time. 

Slight modification of equation 5.1 is required to more accurately account for the 

Raman signal originating from all of the surfaces studied here. First, the UHV optical set

up"^ for surface Raman studies at Cold Ag and "thick" RT Ag is significantly different 

from that used for studies carried out in the laboratory ambient. Although such optical 

corrections are implicit in equation 5.1, a factor, V„ is defined which explicitly accounts 

for any signal intensity losses or gains produced by use of the UHV optical chamber. 

Secondly, the "true" area sampled at the surface by the spectrograph is a product of A^ 

and the surface's roughness factor, R^. Thirdly, the Raman signal is attenuated by a 

holographic notch filter prior to dispersion by our single spectrograph, so we define a 

factor, F, which accounts for the notch filter transmission. Thus, equation 5.1 becomes 

5  =  & , D , R ^ A a P o ' a  T 0 V _ F  (5.2) 

UHV Correction Factor, 

To account for signal (and background) intensity losses or gains in spectra of TP at 
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the UHV-prepared surfaces as a result of the sampling configuration (and not of surface 

properties), spectra of TP at MP Ag were acquired in the laboratory ambient and 

subsequently, in the UHV chamber. Except for those experimental parameters which may 

be a function of sample configuration, all other parameters were kept constant during 

spectral acquisition. The signal (and background) intensities observed in these spectra are 

presented in Table 5.4, along with UHV factors, V,(and V^), which quantify the intensity 

differences. 

Table 5.4 UHV Correction Factors. V, and V^, for Signal and Background Intensities 

Signal Intensity Background Intensity 

Molecule/Surface UHV Air V, UHV Air Vb 

TP at MP Ag^ 16,168 30,141 0.54 47,105 52,259 0.90 

38,440 60,687 0.63 45,283 60,583 0.75 

43,662 60.687 0.72 45,901 60,583 0.76 

Average UHV 
Factor 0.63 ±0.09 0.80 ±0.20 

^ Spectra were acquired with power of 150 mW and integration time of 1 s. 

A UHV factor, V„ of 0.63 (+ 0.09) accounts for relative signal intensity losses due 

to differences in AQ and and due to the interaction of the Raman signal with the glass 

UHV sample cell". (The value of V^ is equally significant, since S/N values are calculated 

from S/N = S/(S+B)''^; therefore, UHV background intensities are corrected by V,,"'. 

There at least two reasons why V^ (= 0.80) > V,. First, Raman scattering from the UHV 
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glass sample cell makes a contribution to the spectral background intensity. Secondly, it is 

possible that signal Raman scattering from the UHV chamber was relatively poorly-

focused; if this were the case, signal intensity would be sacrificed for background intensity. 

In acquiring spectra from the UHV chamber, Goodman did not attempt to spectrally-focus 

the Raman scattering (see Chapter 2), rather he only tried to reproduce at the collimating 

mirror the elliptical-shaped image of spectrally-focused surface Raman scattering.) 

Adsorbatc Number Density, D, 

The adsorbate number density, D,, at a surface is a function of the surface 

morphology and roughness. Without experimental determination of the surface coverage, 

the adsorbate number density must be approximated from information about the molecular 

orientation. 

As shown in Figures 5.2 and 5.3, the only TP bands common to all spectra are 

those at 997, 1022, and 1073 cm"'. (In the spectra of TP at MP Au5,4 5 and MP Pt 

(Figures 5.3d and e), other TP bands are not detected and/or identifiable because the 

signal intensity and/or the S/N value of these bands is below the Raman LOD for these 

surfaces.) The slight variations in relative intensity of these bands as a function of metal 

suggest differences in orientation of the aromatic ring at these surfaces. Unfortunately, 

the fact that all of these bands are assigned as a, modes' " means an exact orientational 

analysis is impossible, because modes of such symmetry are composed of linear 

combinations of the polarizability tensor elements and " Nonetheless, on 
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the basis of surface Raman selection rules (see Chapter I), the data suggest that the 

aromatic ring is oriented largely perpendicular to these surfaces. Evidence to support this 

prediction is the relative lack of observable signal intensity from the out-of-plane ring 

bending modes and the relative abundance of signal intensity from the in-plane ring 

bending modes.^ A similiar qualitative arguement was presented by Carron'^* for the 

perpendicular orientation of the aromatic ring of TP at nitric acid-etched Ag foil surfaces. 

In addition, quantitative estimates of TP molecular orientation at Ag, Au, and Pt 

surfaces have been reported. Carron"' estimated the ring orientation in monolayer TP at 

vapor-deposited and CaF^-roughened Ag and Au, and Hubbard'""'^' rationalized the ring 

orientation in TP monolayers at Ag (111) and Pt (II1). Carron estimated by Raman 

spectroscopy the angle between the C, axis of the aromatic ring and the surface normal at 

vapor-deposited and CaF,-roughened Ag and Au surfaces to be 9° and 13°, respectively. 

Hubbard calculated from Auger spectral data the molecular packing densities for TP at Ag 

(III) and Pt (1II) as 0.544 nmol/cm* and 0.45 nmol/cm% respectively. From these data 

and the corresponding EELS spectra, Hubbard concluded TP to be adsorbed in a perfectly 

vertical orientation at these two surfaces. 

The molecular surface coverages determined by Hubbard for monolayer TP at Ag 

(III) and Pt (111), and the neariy identical molecular orientations of TP at similarly 

prepared Ag and Au surfaces, as calculated by Carron, suggest that the TP number 

densities at Ag, Au, and Pt surfaces are approximately equivalent. Thus, for the following 

SEP calculations, the adsorbate number density, D„ is assumed to be the same at each of 
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the surfaces. 

Relative Surface Enhancement Factor (SEFs) 

SEFs are defined by the magnitude of Raman scattering intensity resulting from the 

cumulative operation of the electromagnetic (EM) and chemical (CHEM) enhancement 

mechanisms in a molecule-surface system relative to that originating from some reference 

system in which neither of these mechanisms is operative. This definition is expressed 

here in equation form as follows: 

~ ^CHE\{ ~ (5.3) 
•^si 

where and e^HEM represent the magnitudes of enhancement provided by each 

mechanism contributing to the overall SEF, and and Ss, designate the normalized 

surface Raman signals originating fi-om the "SERS-active" metal-molecule system and 

"SERS-inactive" reference system, respectively. Note that a relative SEF is obtained fi-om 

this calculation, because the SEF fi"om the "SERS-inactive" phase is assigned a value of I. 

In this study, the MP Pt surface sampled with of 514.5 nm represents the 

"SERS-inactive" reference system. The signal intensities of the 997 cm"' in-plane ring-

breathing mode of TP presented in Table 5.2 were normalized to an integration time of 60 

s, a Rf of 1, and multiplied by 1.6 (V,"') to correct for the UHV factor, V„ when 
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appropriate. The signal intensity from MP AUT^,, was multiplied by an additional 1.9 to 

account for differences in the CCD system gain (in eVADU) of each detector (i.e., the 

CCD system gains of the Photometries PM512 and Tektronix TK-512T are 11 eVADU"' 

and 6 e'/ADU^ *° respectively) and A„^-dependent differences in ?•, F, T, and Q. The 

adsorbate number density, D„ and the Raman cross-section, p„ of adsorbed TP were 

assumed to be the same at each of these surfaces; any differences in the Raman cross-

section are explicitly accounted for by ecHE-M- The resulting normalized signal and 

background intensities are displayed in Table 5.5. The precision associated with these 

intensities and the values calculated from them (i.e., S/B, S/N, EF, and ML LOD) reflects 

predominantly the reproducibility in roughness features created at each surface type. 

of 514.5 nm 

Among the surfaces studied here, only Cold .'\g may derive any fraction of its 

surface enhancement from the CHEM enhancement mechanism. Otto"^*''^' has identified 

a "first layer enhancement" at coldly-deposited metal films and has proven' that such 

an enhancement is provided by a CHEM enhancement mechanism rather than an EM 

enhancement mechanism. The "pores" present within the structure of coldly-deposited 

metal films are believed to contain sites of atomic-scale roughness (ASR). It is at these 

SERS "active-sites" where the CHEM enhancement mechanism of metal-adsorbate charge 

transfer excitation (CTE) is proposed to occur. 

Our SEF of 1.6 X 10* for monolayer TP (i.e., 5 L exposure) at Cold Ag, is 



Table 5.5 Normalized' Responses for Thiophenol (TP) Monolayers 

Surfacc Rf 997 cm ' Signal Avg. Back. Avg. Avg. EF' 
T>pc (ADUs) (ADUs) S/B S/N 

ORC Ag 5.6 + 0 5 (3.5 +0.2) X 10'^ (2,6 +0.1) X 10^ 1.4 + 0.1 (1.4 + 0.1)x 10' (2.0 + 0.1)x 10' 

MP Ag 1.8 + 0.1 (2.9 + 0.1)x 10' (2.9 +0.1) X 10* 1,3 + 0,1 (4.0 + 0.1)x 10= (5.3+0.2) X 10' 

Cold Ag 5.0 (2.4 +2.2) X 10' (6.1 +5.4) X 10' 4.0 + 0.1 (1.3 + 0.7)x 10^ (1.6+ l,4)x 10^ 

MP AU,2o 1.4+0.2 (2.7 +0.4) X 10' (1.4 +0.2) X lO' (2.0 +0.5) X 10 ' (2.1+0.4) X 10' (6.4 + 1.0) X 10' 

A g ( l l l )  I . I  (2.3+ 1.2) X 10' (3.3 +0.9) X 10' (6.7+ 1.9) X 10' (3.0+ 1.0) x 10' (6.9 +3.6) x 10' 

CP Ag (poly) 1.1 +0.1 (1.3 + 1.0)x 10' (2.0+ 1.2) X 10' (6.2+ 1.3) X 10 ' (2.2 + 0.1)x 10' (3.9 +2.9) x 10' 

"thick" RT Ag 1.0 (2.4 + 0.1) X 10^ (5,9 +3.2) X 10= ( 4  8  + 2 . 8 )  X  1 0  '  8.6 + 2.0 7.9 + 0.4 

MP AU5„5 1.9 + 0.2 (1.3 + 0.1)x 10- (1.6 +0.6) X 10' ( 9 . 2 + 4 , 4 )  X  1 0  - 1 . 1 + 0 . 3  2.210,2 

MP Pt 1.6 + 0.1 (4.9 ± 0.8) X 10' ( l , 2  +  0 , l ) x  1 0 '  (3.9 +0.7) X 10 2 1 . 4 + 0 , 2  1 

' Normalized for integration time (60 s), slit width (50 fim), and power (150 mW) 
^ Corrected for roughness factor (R|) 

U) 
K) 
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relatively small compared to values previously reported for molecules adsorbed at coldly-

deposited Ag. (A range of values for our Cold Ag surfaces was reported in Chapter 2 

to account for uncertainties in the measurement of Rf. Thus, SEFs of 6.4 x 10' and 3.2 x 

10' would be observed at these surfaces if they had R^s of 12.5 and 25, respectively.) 

gei^i' 15.516 reported SEFs for pyridine at coldly-deposited Ag surfaces in the range of 10^-

10®; in his studies, the magnitude of the SEF is a function of the Ag surface roughness 

created by the underlying substrate (i.e., sapphire or Ag island film). Otto has calculated 

absolute SEFs values at coldly-deposited Ag of 10''-10' for pyridine"' and ethylene*"'^ and 

10' for chemisorbed CO"'*. Based on these reports Otto and Seki, much of the overall 

surface enhancement at their coldly-deposited Ag surfaces must originate from EM 

enhancement, since Otto^ has estimated the magnitude of CHEM enhancement to be 

on the order of 10'-10*. 

The 997 cm"' mode of TP at Cold Ag most definitely experiences a "first layer 

enhancement'VCHEM enhancement. This effect is evident in the spectra of Figure 5.4 by 

the initial abrupt decrease in and subsequent near saturation of signal intensity as a 

function of increasing TP exposure, which results in sub-monolayer to multilayer 

coverage. Figure 5.5 is a plot of this signal intensity and the background-subtracted 

intensity as a function of exposure; this plot also includes intensity data out to bulk TP 

coverages and thus, the reason for the increase in signal intensity beyond ca. 25 L 

exposure. Otto'"^' made similar observations about the signal intensity in spectra of 

pyridine and benzene at coldly-deposited Ag surfaces. He described this effect as a 
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1100 1200 900 

Wavenumbers (cm"') 
Figure 5.4 Raman spectra acquired on the single spectrograph of TP at Cold Ag after 

TP exposures of (a) 0.5 L. (b) 1 L, (c) 2 L, (d) 5 L and (e) 10 L and plotted 
on the same intensity scale; signal intensities were not corrected for TP 
coverage. (Power = 150 mW, slit width = 150 |am, integration time = 60 s, 
and = 514.5 nm.) 
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Figure 5,5 Plot of signal (•) and background (A) intensities from Raman spectra of TP at Cold Ag as a function of TP 

exposure; signal intensities out to 10 L are represented in the spectra of Figure 10.4. 
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"detuning" of the CT resonance by a shift in energy of the molecule's affinity levels 

(relative to the Fermi energy), resulting from an increase in the number of nearest 

neighbors. It is speculated by the author that this effect may also be explained by an 

annealing of the Cold Ag surface brought about by lability of the Ag-TP complex, because 

the behavior of the background intensity at 997 cm"' tracks that mentioned above for the 

signal intensity, as shown in Figure 5 .5. (The frequency shift of the TP \'(C-C)^ band 

from 990 to 997 cm"' (Figure 5.4), is most likely due to a re-orientation of the aromatic 

ring with respect to the surface plane (i.e., parallel —> perpendicular orientation). In a 

relatively flat/parallel ring orientation, there is a greater possibility of TI electron donation 

to the surface by the aromatic ring; as a result, the aromatic C-C bond order and thus, the 

v(C-C)rt, band frequency is smaller. Similarly, Simon* ''^ reported a frequency shift of the 

pyridine v(C-C)rt, band from 986 cm"' to 990 cm"' in the Raman spectra of sub-monolayer 

and monolayer pyridine, respectively, at Ar'-sputtered MP Ag.) 

Our observed SEF value of 1.6 x 10* for TP at Cold Ag is believed to be 

significantly lower than those previously reported by Otto and Seki, because of the lack of 

EM enhancement supported by our Cold Ag surfaces. It is speculated the small 

background intensities generated by our Cold Ag surfaces indicate the presence of minimal 

LSR features or LSR features of aspect ratios and sizes which are inefficient for the 

excitation of significant optical conduction resonances at 514.5 nm. The signal intensity 

and large average S/B value observed at these surfaces suggests a significant contribution 

of CHEM enhancement from the ASR features within the "pores" of our Cold Ag. Otto 
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includes a light penetration factor (lpf)-58.5.2i.5.«2 Qf jq in SEF calculations involving 

coldly-deposited Ag films to account for molecules adsorbed within the "pores", but at a 

depth beyond which light may escape and still be detected. Since a LPF factor is not 

employed in this study, the SEFs reported here are expected to be at least by an order of 

m a g n i t u d e  s m a l l e r  t h a n  t h o s e  r e p o r t e d  b y  O t t o .  S e k i  r e p o r t e d  S E F s  o f  2  x  1 0 ^  a n d  8 x 1 0 '  

o 
for pyridine at "Smooth Cold Ag" (i.e., 300 A coldly-deposited Ag film atop a sapphire 

substrate) and "Rough Cold Ag" (300 A coldly-deposited Ag film atop a 75 A Ag island 

film), respectively. He speculated that the "Rough Cold Ag" film more closely mimics the 

deposition of Cold Ag onto a mechanically polished Cu substrate with 0.1 |im roughness 

features; however, if our relatively thick Cold Ag films are as smooth or smoother than 

Seki's "Smooth Cold Ag" films, then the presence of a relatively small comparable in 

magnitude to that observed for TP at our Ag (111) and CP Ag (poly) surfaces (Table 5.5), 

is believable. Furthermore, since our Cold Ag surfaces are also believed to demonstrate 

CHEM enhancement, a SEF value of 1.6 x 10* for TP at our Cold Ag surface is within 

reason. At the present time, more accurate quantitative estimates of the relative 

magnitudes of and e^HEM can not be determined. 

The largest SEFs of 2.0 x 10'* and 5.3 x 10^ were observed for ORC Ag and MP 

Ag, respectively. ORC-roughened surfaces are generally thought to contain ASR features 

in the form of adatom clusters' however, recent work in this laboratory has 

indicated that these sites are not present after emersion of such a surface from a thiol 

solution. Bryant' performed potential-dependent studies on 1-alkanethiol self-assembled 
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monolayers (SAMs) at ORC Ag which indicated no difference (within experimental error) 

in signal intensity before and after negative potential excursions/cathodic 

polarization"'"'* " which would be expected to destroy any such SERS "active-

sites". Similar results have been independently obtained by Schoenfisch'"^* at MP Ag. 

Previous estimates of SEFs for ORC Ag are on the order of 10^-10® for the pyridine/CI' 

system-"'--'-' -"' ®''^''; however, in these systems, a of was 

operative due to the existence of ASR features. Thus, the SEF observed at our ORC Ag 

surfaces is expected to be at least an order of magnitude smaller than that typically 

reported in the literature. Since CHEM enhancement is not operative at either our ORC 

Ag or MP Ag surfaces, their SEF values reflect a ca. 4 times greater EM enhancement at 

ORC Ag; this result is most likely due to the more optimal size and/or shape of the LSR 

features for surface plasmon excitation with 514.5 nm radiation.In contrast, 

Bryant' reported a relative SEF of 30 for ORC Ag versus MP Ag in a study of 

butanethiol (C4SH) and pentanethiol (C5SH) SAMs at these surfaces. However, this value 

was not corrected for the roughness factor (Rf) difference at these surface types. In the 

present study, the R^ of ORC Ag is 3.1 times larger that of MP Ag, as determined in 

Chapter 2; Bryant never reported Revalues for the surfaces he prepared. Furthermore, 

differences in the size and shape of the LSR features at the MP Ag and ORC Ag surfaces 

prepared by Bryant and by the author may account for our smaller relative SEF for ORC 

Ag versus MP Ag. Not only did Bryant employ a different mechanical polishing protocol, 

but he also passed ca. 40 mC/cm^' of anodic charge (as opposed to ca. 57 mC/cm^ in 
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this study) for ORC-roughening of MP Ag. 

The SEP of 5.3 x 10' for our MP Ag compares well with that previously reported 

in the literature. For example, Bryant' •° calculated a SEP (not corrected for R^ 

differences) of 2 x lO' for a TP SAM at MP Ag relative to the signal originating from a 

TP SAM at MP Pt, and in 1981, Van Duyne~' reported a SEP of ca. IC* for pyridine at a 

polycrystalline Ag surface mechanically polished with a final alumina slurry of 0.05 ^m. 

The latter SEP was calculated by reference of the signal intensity from the MP Ag surface 

to that of a 0.05 M aqueous pyridine solution. Of course, some variation in SEFs at MP 

Ag might be expected as a result of the exact mechanical polishing protocol employed, 

especially if polishing was performed manually (as opposed to polishing with our 

automated set-up), as was the case in this study and those of Bryant.' 

SEFs for TP at our Ag (111) and CP Ag (poly) of 6.9 x 10' and 3.9 x 10', 

respectively, are the result of EM enhancement at surfaces of minimal surface roughness 

(Rf = 1.1). Since each of these surfaces were prepared by chemical polishing, only 

residual LSR features, which experience surface plasmon resonance with 514.5 nm 

excitation, are expected. Similarly, Otto^^'-^ *® has reported an absolute SEF of 8 to 80 for 

pyridine at "wavy" Ag (110). In contrast. Campion"^" has prepared (by Ar* sputtering and 

subsequent thermal annealing) atomically flat, single crystalline Ag surfaces of Ag (111), 

Ag (110), and Ag (100) which support no EM enhancement for adsorbed pyridine, beyond 

the factor of ca. 4 predicted by Fresnel reflection equations.' 

The relative SEF of 7.9 for monolayer TP (i.e., 1 L exposure) at our RT Ag is, to 
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the author's knowledge, the first such report for "thick" RT Ag films. (These "thick" 

RT-deposited or annealed Ag films (d„> 500 A, Rf~ 1) support significantly less surface 

^ o , 
enhancement than RT-deposited Ag island films (d„= 20-150 A, R^- 3-4) because of their 

relative lack of LSR and ASR features.) Otto^ "' presented a spectrum of a pyridine 

monolayer (i.e., 1 L exposure) at a "thick" RT Ag surface and commented on the weak 

pyridine bands at 992 and 1033 cm"'. However, a SEF for this system was not reported. 

The SEF value of 7.9 for TP at RT Ag determined here is close to that predicted 

theoretically' (i.e., SEF = 4) by reflection of 514.5 nm radiation from atomically flat Ag 

surfaces. 

As observed in the spectra of Figure 5.6 and the plot of Figure 5.7, the TP signal 

at 997 cm"' increases sub- and supra-linearly as a function of increasing TP exposure to 

"thick" RT Ag; this result is characteristic of normal Raman scattering (NRS), rather than 

SERS. Campion"" concluded NRS from pyridine physisorbed at atomically smooth Ag 

(III), Ag (110), and Ag (100), because the pyridine signal increased linearly with 

increasing pyridine exposure. In contrast, Rowe' "" observed the SERS signal from 

pyridine physisorbed at roughened Ag (100) to increase at a decreasing rate beyond 

monolayer pyridine, in agreement with the theoretically-predicted exponential decay in 

EM enhancement with increasing distance of the molecule from the metal surface. Thus, 

our "thick" RT Ag surfaces exhibit a SEF and exposure dependence more consistent with 

normal Raman scattering. (As a side note. Figure 5.8 shows a shift of the TP v(C-C)rt, 

band from 990 to 998 cm"' as the TP coverage at RT Ag increases from sub-monolayer to 
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Figure 5 .6 Raman spectra acquired on the single spectrograph of TP at "thick" RT Ag 
after TP exposures of (a) 10 L, (b) 5 L, and (c) 1 L and plotted on the same 
scale; signal intensities were not corrected for TP coverage. (Power = 150 
mW, slit width = 150 |im, integration time = 300 s, and = 514.5 nm.) 
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Figure 5.7 Plot of background (A  ) and signal (• ) intensities from Raman spectra of TP at "thick" RT Ag as a function 

of TP exposure; signal intensities out to 10 L are represented in the spectra of Figure 5.6, 
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Figure 5.8 Raman spectra acquired on the single spectrograph of TP at "thick" RT Ag 
after TP exposures of (a) 0.5 L and (b) 1 L and plotted on the same intensity 
scale; signal intensities were not corrected for TP coverage. (Power =150 
mW, slit width = 150 ^m, integration time = 300s, and = 514.5 nm.) 
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monolayer; this spectral behavior was also noticed at our Cold Ag surfaces (Figure 5.4), 

and thus, its explanation is provided above.) 

For an excitation wavelength of 514.5 nm, theoretical EM enhancement 

calculations at and the dielectric properties of Au' and pt^ 

and previous surface Raman spectroscopy experiments at and 

p^z5s,5.2o.5.29.5.3i5.34 or prove little, if any, EM enhancement at Au and no EM 

enhancement at Pt. In accordance with theory and experiment, a SEP of 2.2 was 

determined for TP at our MP Au;,^ 5 and a SEF of 1 was assigned to TP at MP Pt to 

designate the Pt surface as a "SERS-inactive" metal. The SEF of 2.2 for MP Aus^.s is 

expected theoretically, because Au is less reflective'^" than Ag at 514.5 nm, as shown in 

Figure 5.9. 

'^exc /I?/' 

A relative SEF of 6.4 x 10' was observed for TP at our MP Au^jo- Since our MP 

Au surfaces, like our MP Ag surfaces, are expected to lack ASR features, this SEF is 

attributed solely to EM enhancement. Therefore, the EM enhancement at MP AUTJQ is ca. 

30 times greater than that at our MP Au5,4 5. Although the Rf values reported in Table 5.5 

indicate the MP AU720 surfaces (R^ = 1.4) are slightly smoother than the MP Au5,4 5 

surfaces (Rf = 1.9), the two sets of surfaces are assumed to have LSR features of similar 

shape and size, due to nearly identical mechanical polishing protocols. However, based on 

the dielectric properties of Au^ " and particle-plasmon theory^'^^''^® predictions, only 
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Figure 5.9 Plot of reflectivity of Ag (•), Au (A), and Pt (•) at visible wavelengths. 
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with the 720 nm excitation is surface plasmon resonance and considerable EM 

enhancement expected at Au. Thus, the larger EM enhancement at MP is consistent 

with theory, and as explained below, also with previous experimental studies. 

Busby^commented that no signal could be detected from pyridine at 

electroplated Au (substrate = 600 grit SiC-abraded polycrystalline Au) when the excitation 

wavelength was 514.5 nm, but, with a of 647.1 nm, a maximum SEF of 1 x 10' (due 

solely to EM enhancement) was observed for this molecule-surface system. Furthermore, 

Chase reported a consistent increase in the surface enhancement of pyridine at ORC-

roughened Au as the excitation wavelength was increased from 647.1 to 1064 nm; from 

potential-dependent Raman spectra, he concluded that this rise was due primarily to EM 

enhancement. In contrast, Mirkin^ " reported SEFs of only 1.4 x 10'* = 632.8 nm) 

and 5.8 x 10^ (A.^^ = 752.0 nm) for S.AMs of 4-(4-mercaptobutyl)-4-ferrocenylazoben2ene 

at Au (rough)/mica. Our MP AU-^Q surfaces and Mirkin's Au (rough)/mica surfaces have 

RfS of 1.4 and 1.5, respectively; however, the former support a surface enhancement 

almost two orders of magnitude smaller, most likely due to LSR features at MP AUTJQ of 

less optimal shape and size. (Mirkin prepared Au (rough)/mica films by vapor deposition 

of 1000 A of Au at a rate of 3-4 A/s onto mica at < 50 °C. AFM studies of these surfaces 

indicated a broad distribution of spheroidal particles of diameter 500-1000 A.) 

Surprisingly, Mirkin^ " also observed SEFs of 6.0 x 10^ = 632.8 nm) and 2.4 x 10^ 

(^exc = 752.0 nm) for the aforementioned SAM at Au (111 )/mica. Although the Au 
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(11 l)/mica surfaces have a of 1.35 and LSR features of 1000-2000 A in diameter, they 

still support significant "EM enhancement". These results suggest an additional 

enhancement contribution to Mirkin's system, perhaps resonance enhancement, since the 

modes studied were those of the ferrocenylazobenzene portion of the molecule and not the 

butyl chains. 

Interestingly, the SEF of 6.4 x 10' for our MP Au^,,, surfaces is ca. 80 times 

smaller than the SEF at our MP Ag = 514.5 nm) surfaces. Although these SEF 

values may not represent the peak SEFs supported by either surface type, particle-plasmon 

theory calculations by Schatz^^"* predict a smaller EM enhancement for Au at 750 nm 

versus Ag at 514.5 nm when their metal particle aspect ratios are equivalent and the semi-

major axis of each particle type is optimized. The mechanical polishing procedures were 

nearly identical for the our MP Ag and MP Au surfaces, and thus, similarly sized LSR 

features and a similar distribution of aspect ratios at each of these surface types might be 

expected. If it is assumed that the sizes of these LSR features are dictated by the alumina 

particle size employed in the final polishing step (i.e., 0.05 |im), then their semi-major axis 

is < 25 nm. According to Schatz'^, the optimal semi-major axis of Ag and Au particles 

are 25 nm and 60 nm, respectively. Therefore, the experimental observation of a smaller 

SEF from the our MP Au surface agrees with theory. In addition, the dielectric loss 

function, -Im (e) versus E (eV), has been used by Moskovits'^* as a theoretical model of 

the magnitude of EM enhancement as a function of His model also predicts a smaller 

peak EM enhancement for Au at 750 nm versus Ag at 514.5 nm. 
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Estimated Surface Raman Limit of Detections (LODs) 

In an attempt to define the importance of the observed SEFs in practical terms, 

estimated surface Raman LODs for TP in ML quantities at each of the surfaces studied 

here are presented in Table 5.6. The LODs in Table 5.6 were calculated using the 

normalized S/N values presented in Table 5.5 and a S/N value of 3 at the LOD. 

Table 5.6 Estimated Surface Raman Limits of Detection 
for Thiophenol Monolayers 

Surface 
Type 

Average 
(S/N)^ 

Estimated 
LOD 

(MLs) 

ORC Ag (1.4 + 0.1) X 10^ (2.1 ±0.1)x 10-^ 

MP Ag (4,0 + 0.1) X 10- (7.5 +0.2) X 10"^ 

Cold Ag (1.3+0.7) X 10- (2.6 ± 0.1) X 10-^ 

MP AU720 (2.1 +0.4)x 10' (1.4 +0.2) X 10"' 

Ag(lll) (3.0 + 1.1) X 10' (1.1 +0.4)x 10-'  

CP Ag (poly) (2.2 +0.1) X 10' (1.6 ± 0.7) X 10"' 

"thick" RT Ag 8.6 + 2.0 (3.6 ± 0.8) X 10-'  

MP AU5,4 5 1.1 +0.3 2.9 + 0.8 

MP Pt 1.4 + 0.2 2.2 + 0.4 

^ Normalized for integration time (60 s), slit width (50 ^im), 
and power (150 mW) 

The smallest LOD of 2.1 x 10'^ monolayers (MLs) is estimated for TP at ORC Ag 

and the largest LOD of 2.9 MLs is predicted for MP Au5,4 5. (To the best of the author's 
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knowledge, only our research group"'^ has previously reported LODs for these surface 

types, regardless of the adsorbate and excitation wavelength.) In general, the greater the 

SEF for a particular surface type, the smaller the LOD; however, the LODs estimated for 

MP AU720 and MP Au5,4 5 are inconsistent with this trend. As shown in Table 5.2, such 

deviations in this trend are most likely the result of the relatively larger background 

intensities observed at these surface types, and therefore, such deviations in this trend are 

the result of larger background-generated noise intensities. 

In spectra of relatively small S/B, the accuracy of the S/N expression (i.e., S/N = 

S/(S+B)'') for estimation of LODs is demonstrated in Figure 5.10. This figure displays a 

Raman spectrum of TP at MP Pt acquired with the experimental conditions (i.e., power = 

150 mW, integration time = 60 s, and slit width = 50 fj.m) to which the spectral data in this 

study were normalized. The calculated S/N value of 1.4 for the 997 cm"' band in this 

spectrum is identical to that extrapolated for the TP SAM spectra acquired at MP Pt for 

an integration time of 300 s, as discerned from Tables 5.2 and 5.6. In addition, the 

calculated S/N of 1.4 appears to be consistent with the S/N observed in Figure 5.10, and 

thus, the estimated LOD of 2.2 MLs for TP at MP Pt is reasonable. Further discussion of 

the accuracy of these estimated LODs is presented in the following section. 

Noise Intensity Approximations 

Obviously, a nearly identical S/N value could have been calculated for TP at MP 

Pt, MP AU514 5, and MP Au-^jo by approximation of the rms noise with (because of the 
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Figure 5.10 Raman spectrum acquired on the single spectrograph of a TP SAM at MP 
Pt near its Raman LOD when the experimental conditions are as follows: 
power =150 mW, slit width = 50 |im, integration time = 60 s, and 

= 514.5 nm. 
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relatively small S/B values in these spectra). In contrast, for those spectra in which the 

S/B value of 997 cm"' band is > 0.6, the LODs estimated with S/N = S/B"^ would be ca. 

25 to 55% smaller than those reported in Table 5.6; these S/N values and LODs are 

presented in Tabie 5.7. However, if Poisson statistics are accepted, appreciable signal 

intensity must also contribute significantly to the generation of shot-noise in a Raman 

spectrum.^ '* Although this could not be confirmed for TP at the surface types of concern, 

because Raman spectra of such sub-monoIayer/LOD TP quantities were not acquired, 

results of Chapter 3 proved this to be the case. 

It had been speculated that the shot noise associated with the background could be 

approximated by calculation of the standard deviation of many pixel-to-pixel baseline (i.e., 

noise) intensities in a Raman spectrum; rms noise values calculated as such are defined 

here as values. However, as shown from the two sets of S/N values in Table 5 .7, 

the values clearly underestimate the shot noise associated with background, as 

predicted by Poisson statistics. 

Conclusions 

Surface enhancement factors (SEFs) were determined by reference of SERS 

intensities from thiophenol (TP) monolayers adsorbed at Ag and Au surfaces to the normal 

Raman scattering (NRS) intensity from TP monolayers adsorbed at Pt surfaces. Surface 

Raman LODs estimated for each surface type were generally found to reflect the range of 

observed SEFs. 



Table 5.7 Estimated Surface Raman LOD for Thiophenol Monolayers As A Function of S/N Defmition 

Surface 
T>pc 

Average 
IS/(B)f 

Estimated 
LOD 

(MLs) 

Average 
IS/N, 

Estimated 
LOD 

(MLs) 

ORG Ag (2.2 + 0.l)x 10' (l.4 + 0.1)x 10' (9.0 +2.6) X 10' (3.5 + 0.9) X 10-^ 

MP Ag (6.0 + 0.2) X 10' (5.0 +0.2) X 10 ' (1.5+0.4) X 10' (2.1 +0.5)x 10' 

Cold Ag (2.9+ 1.5) X 10' (1.2+ 0.6) X 10 - (1.0 +0.6) X 10' (3.6 +2.1) X 10 ' 

MP Au,jo (2,7 + 3.0) X 10' (1,1 +0.1)x 10' (2.1 + 1.0)x 10' (1.6 +0.7) X 10' 

A g ( l l l )  (3.9+ 1.6) X 10' (8,3 +3,3) X 10 ' (1.3+0.5)x 10' (2.4 +0.8) X 10 ' 

CP Ag(poly) (2.8+ 1.4) X 10' (1.2 +0.6) X 10 ' (3.5 +0.9) X 10' (8.7 + 2.2) X 10 ' 

"thick" RT Ag (l.l+0.3)x 10' (3.0+ 1.0) X 10 ' (4.6 +0.8) x 10' (6.6+ 1.1) X 10 ' 

MP AU5,4 5 I . I  +0.3 2.9 + 0.8 3.3 + 0.7 (9.2+ 1.9) X 10 ' 

M P P t  1.4 + 0.2 2.2+0.4 4.9+ 1.4 (6.6 +2.0) X 10 ' 

' Normalized for integration time (60 s), slit width (50 ^m), and power (150 mW) 
' N calculated from standard deviation of pixel-to-pixel baseline intensities. 

N) 
N) 
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SEFs of 2.0 X 10* and 5.3 x 10^ are observed at ORC Ag and MP Ag surfaces, 

respectively. Our ORC Ag surfaces suppon a SEF one to two orders of magnitude 

smaller than typically reported literature values due to a lack of CHEM enhancement at 

them. The SEF observed for our MP Ag surfaces is ca. 2.5 times larger than that 

determined previously by Bryant' "'-' and ca. 2 times smaller than that reported by Van 

Duyne"'. Variations in surface preparation procedures may produce LSR features of 

different shapes and sizes, resulting in such order of magnitude differences in EM 

enhancement at MP Ag surfaces. Our Cold Ag surfaces support a SEF of only 1.6 x ID"; 

in contrast, Otto"'*-"^''and Seki' have reported SEFs of 10'*-10^ and 10^-10®, 

respectively, for their coldly-deposited Ag films. A "first-layer enhancement'VCHEM 

enhancement has been identified at our Cold Ag surfaces, and thus, it is speculated that 

our surfaces are relatively "smooth" with LSR features incapable of supporting significant 

EM enhancement. SEFs of 6.9 x 10' and 2.9 x 10' for our Ag (111) and CP Ag (poly) 

surfaces, respectively, are the result of EM enhancement from residual LSR features at 

these chemically polished surfaces. At our "thick" RT Ag films and MP Au5,4 5 surfaces, 

predominantly normal Raman scattering (NRS) is observed, as indicated by SEFs of 7.9 

and 2.2, respectively. Finally, a SEF of 6.4 x 10' is determined for our MP Au-^o surfaces. 

No previous estimates of SEFs have been reported for MP Au at excitation wavelengths 

(A,j„s) beyond 600 nm; however, consistent with predictions of particle-plasmon theory'"^', 

this value is smaller than that observed at our MP Ag surfaces irradiated with an of 

514.5 nm. 
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Estimates of SEFs reported here are proposed to be more accurate than those 

previously reported, because the normal Raman scattering reference system employed is 

chemically identical to the SERS systems. This study represents the first report in which 

SEFs are calculated by comparison to normal Raman scattering at a "SERS-inactive" 

metal surface, rather than from a bulk phase (e.g., liquid, solid, gas, or multilayer film) of 

the sample molecule. Thus, no corrections to the normal Raman scattering intensities are 

necessary to account for differences in sampling geometry and scattering phenomena. The 

approach reported here is limited by the assumption of equivalent TP number density at all 

of our surfaces. However, based on previous work^ this assumption is justified. 
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Chapter 6 

RAMAN VIBRATIONAL ASSIGNMENTS FOR 

LIQUID AND SOLID 1-ALKANETHIOLS 

Introduction 

Prior to Raman spectroscopic analysis of 1-alkanethiol self-assembled monolayers 

(SAMs) at Ag, the neat liquid and solid alkanethiol bands must be identified and assigned; 

in either physical state, each molecule has its own signature Raman spectrum. Upon 

surface adsorption of these molecules, it is these spectral signatures which aid in the 

assessment of monolayer composition and molecular conformation and orientation. 

The most complete and accurate reports of vibrational assignments of 1-

alkanethiols are those by Joo, Bryant, and Thompson. Joo' " performed the early 

Raman spectroscopic studies of neat liquid propanethiol (CjSH)'^' and butanethiol 

(C4SH)'^' . Bryant'^ presented vibrational assignments for neat liquid and solid C^SH, 

pentanethiol (CjSH), octanethiol (CgSH), nonanethiol (C9SH), decanethiol (C,oSH), 

dodecanethiol (CiiSH), hexadecanethiol (CigSH), and octadecanethiol (C,gSH) in the 

spectral regions from 600-1300 cm"' and 2800-3000 cm'', and Thompson' '" supplemented 
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this study by reporting vibrational assignments for neat liquid and solid CjSH in the same 

spectral regions. 

In this chapter, Raman spectra of C3-C5SH, CgSH, CjiSH, and C,gSH are 

presented, and vibrational assignments are discussed for the bands observed in the 600-

1600 cm"' and 2400-3300 cm"' spectral regions. Alkanethiol bands in the 600-1400 cm'' 

region are assigned a trans (T) or gauche (G) character based on their frequencies and 

relative intensities in the liquid and solid Raman spectra, while bands in the 1400-1600 cm" 

' and 2400-3000 cm"' frequency regions are discussed for their information regarding 

changes in intra- and intermolecular interactions upon phase change. In addition, bands 

are assigned as methyl (CHj), methylene (CH^), and S-sensitive modes by 

acknowledgment of their frequency and intensity behavior as a flinction of chain length. 

Since Raman polarization measurements were not performed, Byrant's'assignments of 

the symmetric and asymmetric character of the v(C-H) bands are accepted. 

Alkanethiol band assignments by Joo'^* ''^', Bryant' "', and Thompson"" were 

either confirmed or revised. Otherwise, bands are assigned by reference to normal 

coordinate calculations on n-alkanes, IR and Raman spectroscopic studies on n-alkanes, 

and Raman measurements on polyethylene, alkanoic acids, and phospholipids (consisting 

of saturated alkanoic acids). 

Experimental 

All of the alkanethiols studied here, except C,gSH, exist at room temperature in the 
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liquid state and thus, the solids were formed by liquid Nj-freezing of the liquids. Since the 

melting point of CijSH is 30-35 °C, which is near room temperature, this solid was further 

crystallized with this freezing protocol; spectra of CjgSH before and after freezing suggest 

this solid is a melt at room temperature, rather than a crystalline solid. Heat was applied 

by a heat gun to sample liquid CigSH. 

Neat liquid C4SH solidifies upon liquid N^-freezing; however, rather than form a 

dense, white crystalline solid characteristic of the other solid alkanethiols, it freezes into a 

less dense and colorless solid. The observed Rayleigh scattering off of this solid supports 

its atypical color and density. Furthermore, Raman spectra of frozen C4SH indicate that it 

is incompletely solidified or better described as an amorphous solid. Specifically, G bands 

are observed in the spectra of "solid" C4SH, but are not observed in the spectra of the 

crystalline alkanethiols, which adopt an "all-trans" conformation. The greater 

intermolecular and intramolecular disorder in this "solid" is also evident in the spectra 

from band widths, frequencies, and intensities. Rather than delete from this chapter the 

discussion of the Raman spectra of liquid and "solid" C^SH, it is included to help lend 

significance to the aforementioned band characteristics. 

Results 

600-1600 cm"' Spectral Window 

Raman spectra in the 600-1600 cm"' region of neat liquid and solid CnH2„.^,SH, 

where n = 3, 4, 5, 8, 12, and 18, are shown in Figures 6.1 and 6.2, respectively. The 
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Figure 6.1 Raman spectra (in the 600-1600 cm ' region) of liquid (a) CjSH, (b) C4SH, 
(c) C5SH, (d) CgSH, (e) CijSH, and (f) C,gSH. Each spectrum is plotted 
to full-scale intensity within its own spectral window. (Power = 150 mW, 
integration time = 1 s, slit width = 50 |im, and = 514.5 nm.) 
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6.2 Raman spectra (in the 600-1600 cm"' region) of solid (a) QSH, (b) C«SH, 
(c) C5SH, (d) CgSH, (e) CijSH, and (f) C,gSH. Each spectrum is plotted 
to full-scale intensity within its own spectral window. (Power = 150 mW, 
integration time = 1 s, slit width = 50 pirn, and = 514.5 nm.) 
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frequencies, relative intensities, and mode assignments of the bands in this region are 

presented in Tables 6.1 (liquid) and 6.2 (solid). Band intensities are scaled relative to the 

band of maximum intensity, and the breakdown of the intensity designations is as follows: 

very strong (vs) = 75-100% (of maximum intensity), strong (s) = 50-75%, medium (m) = 

25-50%, weak (w) = 10-25 %, and very weak (vw) = 0-10%. 

This spectral region consists of v(C-S), v(C-C), and 5(C-H) bands. v(C-S) and 

v(C-C) vibrations are located in the 600-735 cm"' and 1000-1160 cm"' regions, 

respectively. The four classes of 5(C-H) vibrations and the corresponding spectral regions 

in which each of them is observed are shown in Figure 6.3. The arrows indicate that 

twisting and wagging motions are in-plane vibrations, and + and - signs indicate that the 

rocking and scissoring motions are out-of-plane vibrations. 

600-735 cm ' Region 

In the liquid alkanethiol spectra (Figure 6.2), bands at ca. 655 and 735 cm"' are 

assigned to the V(C-S)G and V(C-S)T modes, respectively; here, the T and G designations 

apply to the conformation of the Ci-C, bond adjacent to the C-S bond. These band 

assignments were originally deduced by Joo'^* '"^' from Raman spectra of CjSH and C4SH 

as neat liquids, aqueous thiolate solutions, and adsorbed thiolate species at Ag. Bryant'"^ 

confirmed these assignments by comparison of the Raman spectra of neat C^SH, aqueous 

butanethiolate, and C4SH adsorbed at Ag and Au. 
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Table 6.1 Raman Frequencies and Assignments for Liquid 1-Alkanethiols (C„H2„.,SH) in 
the 600-1600 cm"' Region 

C,SH C,SH C,SH CgSH C,,SH C„SH Mcxle 

650vs 655vs 656vs 655vs 655m 655m v(C-S)o 

706m 709m 708s 709w 709w 71 Iw r(CH,>, 

731s 731m 73Is 737m 73 9w 737w v(C-S>, 

744m 751sh r(CH3)G 

758sh r(CH;)T 

112m 778sh 767sh 770sh r(CHj)o 

778sh r(CH:>r 

8l2m 806\'\v r(CH:>, 

835sh 83 Sw r(CH,)c 

858m 862sh 84 2w 847w 849w r(CH,CHj)G 

880m 88 Im 882m 872w 868w 87Gw r(CH,)c 

895sh 897s 890w 889w 889w r(CH,>r 

918m r(CH5)T 

927sh 930v^v 922\'\v 925sh/\'w 918sh r(CH,)o 

95 Im r(CH,>, 

957vw 957w r(CH,)c 

970sh 965w>' 966vw r(CHi>T 

986vw r(CH,)a 

lOOOvw r(CH,>, 

1013w 1004sh/vw v(C-C>, 

1022sh/vw 1019sh r(CHj)a 

1030m r(CHj)a 

1035m v(C-CV 

1032s 1053m 1063m 1066m 1065m 1066m v.(C-C>r 

V = stretch: r = rock 
vs = ver\' strong; s = strong; m = medium; w = weak; v\v = verv- weak; sh = shoulder 
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Table 6.1 Raman Frequencies and Assignments for Liquid I -Alkanethiols (C„H2„^,SH) 
Bands in the 600-1600 cm"' Region 

C,SH C.SH C,SH C,SH C„SH C„SH Mcxie 

I056sh 1063sh 1070sh 1078m 1079m 1079m v(C-C)o 

I086sh I095sh 1096sh v(C-CK 

1106m 1109m 1114m 1118w 1122W 1124w v.(C-C>r 

1138sh/\-\v I 144v\v 1 149sh/\'w 1143vw V(C-C)G 

1 169^- 1163vw 1 163vw t(CH,)o 

1189sh/\'w 1187\v I I94sh/\'w 

1203\-w t(CH,)G 

1216w 1221 w t(CH,)c 

1233m t{CH,)o 

1247m 1244^ 1247sh/\'W t(CH,)o 

I259sh ICCH,)^ 

!277sh I278sh 1275sh t(CH,)„ 

1289sh t(CH:)c 

1292m 1298m 1301s 1302s 1301s 1301s t(CHj)o 

1334W 1341W 1340vw 1343sh/vw 1339sh/vw 1343sh W(CH,)a 

1356sh/vw W(CHJ)G 

1366sh/vw 1366vw 1369vw 1370vw 1367vw w(CH^c 

138lsh/vw 1378sh/vv,' 5.(CH,) 

1444s 1444s 144lvs I439vs I438vs 1438vs s(CHO 

I455sh I455sh I455sh 1448sh s(CH:) 

V = stretch; 5 = bend; t = twist; w = wag; s = scissor 

vs = very strong; s = strong; m = medium; w = weak; \-\v = very weak; sh = shoulder 
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Table 6.2 Raman Frequencies and Assignments for Solid 1-Alkanethiols (CnH2„.,SH) 
Bands in the 600-1600 cm"' Region 

CjSH C,SH C,SH C,SH C,,SH C„SH Mode 

655vs v(C-S)o 

702VS 708s 706s 708m 706m 707w r(CH,>, 

721m 725s 725sh 727sh r(CH,)T 

730vs 731s 738s 738s 735m 736w v(C-SV 

745sh r(CH,)o 

744w r i C H , ) r  

749m 760vw r(CH,)T 

763s 770m 778w 780vw rCCH,)^ 

802m 807vw r(CH,)T 

827m 815w r(CH,)T 

834sh r(CH,)G 

836v\v 825w 835v\v r ( C U , ) j  

85Is 855w r(CH,H 

857sh r(CH,)o 

879m r(CH,)o 

881m 880sh 866vw r(CH3K 

892w 896s 898vs 890m 891m 89 Iw r(CH3>r 

914w rCCHj)^ 

929vw r(CH,)T 

949m 944\'\v r(CH,)T 

942\v r(CH,>r 

963sh 967w 961vw r(CH,)T 

971sh 979%"^' 972vw r(CH,>r 

986v\v 992\'\v 992vw rCCHOx 

V = stretch; r = rock 
vs = ver\' strong; s = strong; m = medium; w = weak; NAV = ver\' weak; sh = shoulder 
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Table 6.2 Raman Frequencies and Assignments for Solid I-Alkanethiols (C„H2„»,SH) 
Bands in the 600-1600 cm"' Region 

C,SH C.SH C,SH C,SH C,,SH C„SH Mode 

99S\'v.- 1002vw 1008vw lOlOvw 1015sh/vw V(C-C)T 

I015w I030w r(CH,)T 

1035m 1034m 1038m 1027v\^' V(C-C)T 

1029vs 1053vs 1056s 1056sh 1060s 1060s v.(C-CV 

1064sh v(C-CV. 

1063s 1083m 1105w V(C-C)T 

1082w 1091m 1100m 1108\-\v 11 1 Owv V(C-C)T 

1184^ ll77w I173w tCCHj), 

1194sh 1196VW 1192\^v 

1207m 1202^- 1199sh/\'w 1202vw tCCHj), 

1222^ I223\v 1225\'w 1218\'w 1220vw T(CH2)T 

1234m 1227shy\\v 1228sh/vw t(CH,>, 

1244W 1240\'\v 1245\"w 1240\'w t(CH,>T 

1262w 1265\-\v 1255\AV 1257\'w t(CH,>r 

1270sh/\Av tCCHj^r 

1280m 1285w 1279w 1276vw t(CH,>T 

1291m 1301s 1302m 1296VS 1294vs I294VS 

1330w 13 15sh/vw 1324vw I327sh/vw w(CH,>, 

1336w 1347w 1344v\v 1341vw W(CHI)Q 

1357v\v w(CHj)o 

1369\'\v I369v\s' 1370\-w 137Iv'\v I369vw w(CH3>r 

1376^ 1382vw 1380sh/vw 1380sh/vw 1380sh/v\^- 1382VW 5.(CH,) 

V = stretch; 5 = bend; t = twist; w = wag 
vs = ver\' strong; s = strong; m = medium; w = weak; vw- = very weak; sh = shoulder 
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Table 6.2 Raman Frequencies and Assignments for Solid I-Alkanethiols (CnH2„^,SH) 
Bands in the 600-1600 cm"' Region 

C,SH C,SH C,SH C,SH C,,SH C.gSH Mode 

1414sh/\'w I418sh/vAv 1415s 1415m s(CH:) 

1423in sCCHj) 

I433sh s(CHJ 

I445sh sCCHj) 

1448m I448vs 1450s 1449vs I442VS 144Ivs s(CHj) 

i455sh s(CH,) 

1460sh 1468sh 1463s 1464vs 1463s 1463s 5.(CH,) 

1483m 1479sh 1477sh I478sh s(CH,) 

1504^ 1492sh/\'w * 

• signifies combination or overtones mode 
5 = bend; s = scissor 

vs = ver\' strong; s = strong; m = medium; w = weak; v\v = ver\- weak; sh = shoulder 
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Figure 6.3 Methylene bending motions and the corresponding mode frequencies characteristic of perhydro alkanes. N> 
Os 
o^ 
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In the liquid alkanethiol spectra (Figure 6.1), the V(C-S)G band intensity is larger 

than that of the V(C-S)T band. Furthermore, as Table 6.3 indicates, the intensity ratio I 

V(C-S)G )/I v(C-S)-r is larger for the shon-chain alkanethiols (Cj-CjSH) than for the long-

chain alkanethiols (Cg, C,2, and C,gSH); this is perhaps expected, because the probability 

that a G bond will reside in the Ci-C, bond is greater for the short-chain alkanethiols. 

Table 6.3 I V(C-S)G /I v(C-S)j Values for Liquid 
CnSH and Amorphous Solid^ C4SH 

Alkanethiol I V(C-S)G, 
IV(C-S)T 

CJSH (1) 2.1 

C4SH (1) 2.5 

C,SH (SY 1.4 

C5SH (I) 2.2 

CGSH (I) 1.7 

C,,SH(I) 1.8 

C.GSH (1) 1.5 

The short-chain and long-chain average I V(C-S)G /I V(C-S)T values are 2.3 and 1.7, 

respectively. 

In the solid alkanethiol spectra (Figure 6.2), only the V(C-S)T band at ca. 735 cm"' 

is observed, except in the amorphous solid C^SH spectrum (Figure 6.2b), in which 

considerable V(C-S)G intensity remains. (In fact, I V(C-S)G/I V(C-S)T is 1.4 for amorphous 
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solid C4SH.) This absence or lack of V(C-S)G band intensity, relative to that in the liquid 

spectra, is indicative of greater conformational order near the thiol moiety. 

The band at ca. 710 cm"' in the liquid and 705 cm"' in the solid was assigned by 

joo'^8 '" as a T methylene rocking (r(CH,)j) mode. Bryant'and Thompson' 

confirmed the T character of this band, but both of them assigned it only as a S-sensitive 

mode. In the liquid alkanethiol spectra (Figure 6.1), it is evident that the ca. 710 cm"' 

band must contain a contribution from or be sensitive to the v(C-S)xmode, because the 

intensity ratio I V(C-S)T/I (710 cm"') is chain length-independent. Furthermore, the fact 

that the frequency of this band is independent of alkane chain length supports its 

association with a localized conformational structure. Thus, this band is attributed to a 

rocking motion of the CH, group adjacent to the S head group and assigned as a r(CH2)T 

mode. 

720-1030 cm ' Region 

The methylene and methyl rocking-twisting region extends from 719-1060 cm"'.® ' 

Although bands in this region have contributions from a combination of rocking and 

twisting motions, they are commonly referred to and discussed as rocking modes.® ' 

As implied above, bands assignable to methyl modes are identifiable by their 

relatively constant frequency as a function of alkane chain length. Thus, in the liquid and 

solid alkanethiol spectra, constant-frequency bands at ca. 875 and 890 cm'' are assigned to 

G and T methyl rocking (r(CH3)) modes, respectively. In addition, a methyl-methylene 
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rocking mode of -GT conformation is assigned to the ca. 850 cm"' band in the liquid 

spectra; this assignment might explain why a ca. 850 cm'' band is not observed in the 

spectrum of liquid CjSH. 

These band assignments were made by reference to the spectral results ofZerbi®"^, 

Gaber®"*, and Snyder"*°. Zerbi" acquired Raman spectra of nonadecane (C,,) as a 

function of temperature. Only the rCCHj)!- mode at 890 cm"' was observed in the low-

temperature ordered phase; however, in Raman spectra of the high-temperature solid 

phase and the liquid, bands also appeared at ca. 842 and 872 cm"', which Zerbi®^ assigned 

to -GT and -TG (end-gauche) conformations, respectively. Gaber® •* reported similar 

results from the Raman spectra of heptadecane (Cp). Below the melting point (T„) of 

heptadecane, only the 890 cm"' band was present, but above its T^,, bands of equal 

intensity to the 890 cm"' band were observed at 842 and 872 cm"'. In IR spectra of liquids 

heptane (C7) to heptadecane (C^), Snyder' observed a constant-frequency band at 845 

cm"', which he assigned to a methyl-methylene rocking mode for two reasons. First, its 

intensity relative to the rCCHj)-^ band at ca. 890 cm"' is constant. Secondly, normal 

coordinate calculations for n-octane indicate a methyl-methylene rocking mode of TGTTT 

conformation at this frequency. 

Other r(CH3) bands are identified in the alkanethiol spectra. The 957 cm"' band in 

the liquid CgSH and CjjSH spectra (Figures 6. Id and e, respectively) is attributed to an 

end-gauche (-TG) conformation. Normal coordinate calculations on n-alkanes by 

Snyder' indicate this band is allowed only when the G conformation is followed by a 
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long T sequence. 

In addition, bands at ca. 914 and 916 cm"' in the spectra of solid and liquid CjSH, 

respectively, are assigned to a r(CH3)T mode. Thompson"" assigned these CjSH bands to 

r(CH2)x modes; however, the following argument lends support for the assignment 

provided here. In both solid and liquid CjSH spectra (Figures 6.1a and 6.2a, respectively), 

the ca. 915 cm"' band is equivalent in intensity to the rCCHj)!- band at ca. 895 cm"'. In the 

liquid alkanethiol spectra (Figure 6.1), the intensity ratio I (890 cm"')/I (1295 cm"') has 

values of 1.00 (Cj), 1.02 (CJ, 0.87 (C,), 0.46 (Q), 0.36 (C,,), and 0.19 (Cjg). (As 

discussed later in this chapter, the 1295 cm"' band is assigned to a pure CH, twist mode, 

and thus, this ratio represents a measure of the relative number of CH, units in the alkane 

chain.) If the intensity of the 895 cm"' C3SH band was essentially doubled (by addition of 

the 915 cm"' band intensity), a ratio value of 1.98 results, which is more consistent with 

the observed and expected chain length-dependent trend in this value. 

In both the liquid and solid alkanethiol spectra, the remaining bands observed 

below the rocking mode high-frequency limit of 1060 cm"' were assigned as methylene 

rocks, unless they could otherwise be assigned to v(C-C) modes. In accordance with 

normal coordinate calculations on n-alkanes' the observed number of r(CH2) bands 

in the crystalline alkanethiol solid spectra (i.e., this excludes the amorphous solid C4SH 

spectrum) increases with increasing chain length. In fact, the number of r(CH2) bands per 

crystalline solid C„SH is as follows; 3 (C3), 4 (C5), 5 (Cg), 8 (€,2), and 10 (C,g). The 

spectral results of amorphous solid C4SH are not included, because only in this "solid" 
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spectrum do r(CH2)G bands add to the observed number of solid r(CH2)j bands. Deviation 

from this trend in the spectra of liquid alkanethiols longer than pentanethiol is most likely 

due to poor resolution of these weak bands. Rather than strictly follow the assignments 

by Bryant' "' and Thompson"", the T and G character of these rCCH^) bands was 

determined by their relative intensities in the liquid and solid spectra. 

1000-1160 cm ' Region 

Fately^^ reported that n-alkane v(C-C) Raman bands are typically observed in the 

800-1180 cm"' region. Alkanethiol bands assignable to v(C-C) modes are presented in 

Table 6.1 (liquid) and 6.2 (solid). Most of the assignments in the 1030-1130 cm"' region 

are unquestionably correct due to the abundance of literature reports on these bands. v(C-

C) bands outside of this spectral region are discussed separately, because the accuracy of 

their assignments is less certain. 

In the crystalline solid alkanethiol spectra (Figure 6.2a, 6.2c-f), all of the observed 

v(C-C) bands are of T character; a V(C-C)Q band is observed only in the amorphous solid 

C4SH spectrum (Figure 6.2b). The band at 1029 cm"' in the spectrum of CjSH and at ca. 

1050-1060 cm"' in the spectra of C4SH through C,gSH is assigned as the v,(C-C) mode (a 

= asymmetric). The v,(C-C) mode (s =symmetric) is assigned to the band which increases 

in frequency from 1110 cm"' for CjSH to 1130 cm"' for C,gSH. These two modes are 

commonly observed at similar frequencies in the ER and Raman spectra of solid n-



Ill 

alkanes^ and Raman spectra of solid alkanoic acids^" and gel-phase 

phospholipids® Polarized Raman measurements by Rabolt®on multilayer 

Langmuir-Blodgett (LB) films of cadmium arachidate and by Harrand® '^ on uniaxially-

oriented dipalmitoyi phosphatidylcholine (DPPC) films confirmed the symmetric and 

asymmetric nature of these v(C-C) modes. 

One of the v(C-C)x bands in this spectra! region appears only in the long-chain 

alkanethiol spectra; this band is observed for CgSH, Cj^SH, and C,gSH at 1063, 1083, and 

1105 cm"', respectively. Such a V(C-C)T band, which increases in frequency with 

increasing chain length, is also observed in the Raman spectra of gel-phase phospholipid 

molecules® solid alkanoic acids® and solid n-alkanes®For example, Peticolas® * 

discussed the presence of a very weak chain length-dependent band at 1075-1110 cm"' in 

the Raman spectra of solid n-alkanes > Cg. In addition, in the Raman spectra of even-

numbered alkanoic acids, Peticolas®" observed a V(C-C)T band which increased in 

frequency from 1055 cm"' for caprylic acid (C7COOH) to 1110 cm"' for behenic acid 

(CijCOOH). Furthermore, in Raman spectra of solid dimyristoyi phosphatidylcholine, 

dipalmitoyi phosphatidylcholine, and distearoyi phosphatidycholine (myristoyl = , 

palmitoyi = C.e , stearoyl = C,,), Levin® reported the appearance of a v(C-C)j band at 

1092, 1102, and 1103 cm"', respectively. 

A fourth band assigned to a V(C-C)T mode of the solid alkanethiols is observed at 

1082 cm"' for C3SH and increases in frequency to 1113 cm"' for C,gSH. This band is not 
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observed in Raman spectra of solid n-alkanes, alkanoic acids, and phospholipids or in IR 

spectra of solid n-alkanes. Thus, Bryant'speculated that this band is sensitive to the S 

atom. In contrast, Thompson' '" assigned the C3SH band to a r(CH2)x niode. 

Nonetheless, Bryant's' assignment is accepted and extended to the C3SH band at 1082 

cm"', because this band appears to the fit the fi-equency trend of this chain-length 

dependent v(C-C) mode. 

In the liquid alkanethiol spectra (Figure 6.3), some of the previously discussed 

v(C-C)-r bands are observed, but at slightly different frequencies, for reasons explained 

below. In addition, a v(C-C) band attributable to G conformations in the alkane chain 

appears in the liquid spectra. 

The V,(C-C)T band is observed at 1032 cm"' for C3SH, 1053 cm"' for C4SH, and 

ca. 1065 cm"' for CjSH through C,gSH. Except in the spectra of C4SH, the frequency of 

this band is 3-6 cm"' higher in the liquid spectra than in the solid spectra. In both liquid 

and amorphous solid C4SH spectra, this band is observed at 1053 cm"'; this lack of 

fi'equency shift is discussed later. 

The v,(C-C)x band is observed at 1106 cm"' in the liquid C^SH spectrum and 

increases in fi'equency as the chain length increases, such that it is observed at 1124 cm"' in 

the liquid C,gSH spectrum. In contrast to the frequency shift of the V^(C-C)T band, this 

band appears at 2-6 cm"' lower in frequency in the liquid spectra than in the solid spectra. 

In the spectra of C4SH, this frequency shift is 5 cm"'. 
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The v(C-C)x band which is sensitive to the S atom is resolved only in the spectra 

of the short-chain alkanethiols; it is observed at 1086, 1095, and 1096 cm"' for C3SH, 

C4SH, and C5SH, respectively. Thompson"" incorrectly assigned the CjSH band to a 

rCCH,)!- mode, and Bryant'designated the C4SH and C5SH bands only as a T bands. 

Relative to the frequency of this band in the solid spectra, it appears 4 cm"' higher for 

CjSH and C4SH and 4 cm"' lower for C5SH The significance of this observation is 

uncertain, since frequency shifts of opposite direction are noted. 

A broad band not observed in the spectra of the solid alkanethiols (except in the 

Raman spectrum of amorphous solid C4SH) is present in the liquid spectra between the 

V,(C-C)T and V,(C-C)T. Since significant intramolecular disorder is introduced when these 

molecules are in their liquid state, this band is assigned as a V(C-C)G mode. The G band is 

observed at 1056 cm"' for CjSH, 1063 cm"' for C4SH, 1072 cm"' for C5SH, and ca. 1079 

cm"' for Cg, C,2, and C,gSH. Similarly, a G band is identified at ca. 1080 cm"' in the IR and 

Raman spectra of liquid n-alkanes' ' and in the Raman spectra of liquid-

crystalline phospholipid assemblies®" ® 

v(C-C) band frequencies and relative intensities in the Raman spectra of alkanoic 

acids, phospholipids, and alkanes and in the IR spectra of alkanes have been interpreted 

for their information concerning average intramolecular order. These interpretations are 

applied here to the Raman spectra of liquid and solid alkanethiols. 

The v(C-C)-r bands observed in the crystalline solid alkanethiol spectra are believed 
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to be indicative of an "all-trans" form of the flilly extended alkane chain. The V,(C-C)T 

band is observed at a smaller frequency in the liquid spectra than in the solid spectra 

because, as explained by Levin®the liquid band is representative of an alkane chain with 

various T segments separated by G conformations. The same explanation could be used 

to reason the frequency increase of the v,(C-C)-i- band from its solid alkanethiol values; 

however, differentiation in the behavior of these two T bands is borne out in the spectral 

results of C4SH. Specifically, values of I V(C-S)G/I V(C-S)J (Table 6.3) and I V(C-C)Q/I 

v(C-C)j (Table 6.4) indicate that there are a greater number of G conformations in liquid 

C4SH than in the amorphous solid. 

Table 6.4 I V(C-C)G /I v(C-C)x Values for Liquid 
CpSH and Amorphous Solid^ C^SH 

Alkanethiol I V(C-C)G. 
IV,(C-C)T* 

I v(C-C)g. 
Iv.(C-C)t^ 

CjSH (1) 0.86 0.31 

C,SH (1) 0.99 0.77 

C,SH (s)^ 0.65 0.34 

C5SH (1) 1.23 0.95 

C,SH (1) L39 1.01 

C,,SH (1) 2.12 1.15 

C.gSH (1) 2.33 1.13 

^ a = asymmetric; s = symmetric 
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Yet, unlike the V,(C-C)T band, the VJ(C-C)T band is observed at the same frequency in the 

liquid and amorphous solid C4SH spectra. Thus, the v,(C-C)j band must be less sensitive 

to the number of G conformations in the alkane chain than the v„^(C-C)-r band. 

The presence of a V(C-C)G band in the liquid alkanethiol spectra is indicative of an 

alkane chain consisting of closely coupled G bonds and thus, shorter T segments. 

Furthermore, as Zerbi" explained, the relatively large width of a V(C-C)G band signifies an 

intensity contribution from a broad distribution of G conformations (e.g., TGGT, GTG, 

TTGTT, GTT, etc.). Finally, the band's intensity relative to that of V(C-C)T bands is a 

measure of the relative number of G bonds/molecule. In fact, in the liquid alkanethiol 

spectra, the ratios of I V(C-C)G/I VJ(C-C)T and I V(C-C)G/I VJ(C-C)T increase as a function 

of increasing chain length (Table 6.4). This result is expected, because as the chain length 

increases, there are a greater number of bonds in which G conformations may reside. 

Snyder's®^ IR spectroscopic study of high-temperature solid phase odd n-alkanes 

through C29 supports this hypothesis. 

Another v(C-C)y band was identified in the CgSH spectra, because Raman spectra 

of the liquid and solid deuterated analog (CgDnSH) were also acquired. (These spectra 

and their band assignments are presented in Chapter 7.) This band is observed at ca. 1038 

cm"' in the liquid and solid CgSH spectra and at ca. 1032 cm"' in the liquid and solid 

CgDpSH spectra. Normal coordinate calculations by Snyder® '-®"^ on n-octane (Cg) support 

this assignment. This band was incorrectly assigned by Bryant'^' as a r(CH2) mode of T 
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character in the solid and G character in the liquid. 

Other alkanethiol bands in the 1010-1015 cm"' and 1030-1040 cm"' regions were 

assigned to v(C-C) modes on the basis of normal coordinate calculations by Snyder^ '-^ " 

on propane (Cj) through octane (Cg) and Snyder's'ER spectra of liquid propane (Cj) 

through octadecane (C,g). T and G designations are given to these alkanethiol bands 

based on their intensity behavior in the liquid and solid spectra. In contrast, Bryant' *' 

assigned all of these bands to rCCH,) modes. 

Finally, a V(C-C)G mode is assigned to a very weak band at ca. 1146 cm"' in the 

liquid CijSH and C,gSH spectra. In support of this assignment, Snyder"*" observed a ca. 

1145 cm"' band in IR spectra of liquid alkanes. In addition, his normal coordinate 

calculations on n-alkanes indicate that there is a mode at this frequency having one or two 

G bonds at any position in the alkane chain. Bryant' observed a band at this 

approximate frequency in the liquid Cj^SH spectrum, but he assigned it only as a G mode. 

1160-1305 cm ' Region 

The spectral region between 1160 and 1420 cm"' contains bands assignable to two 

types of CH, bending modes ~ CH, twisting-rocking and CH, wagging. Normal 

coordinate calculations by Snyder® ' indicate that bands of the former type are restricted to 

the 1175-1311 cm"' region and bands of the latter type are limited to the 1170-1413 cm"' 

region. Although bands in the former region have vibrational contributions from a 

combination of the twisting and rocking motions, they are commonly assigned as twisting 
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modes/ ' Figure 6.3 identifies the displacement of the hydrogen atoms in each of the CH, 

bending motions. 

Bands observed in the liquid and solid alkanethiol spectra (Figures 6.1 and 6.2, 

respectively) from 1160-1305 cm"' are assigned to methylene twisting (tCCH,)) modes. 

Thus, some of the bands in this region may be incorrectly assigned, since the frequencies 

of these bands may actually correspond to CH, wagging modes. Nonetheless, the 

observed number of tCCH,) bands largely increases with increasing chain length, as was 

the case with the r(CH,) bands. In fact, the number of tCCH,) bands per crystalline solid 

C„SH is as follows: 3 (Cj), 5 (C,), 6 (Cg), 10 (Ci^), and 8 (C,g). The spectral results of 

amorphous solid C4SH are not included, because only in this "solid" spectrum do t(CH2)G 

bands add to the observed number of solid tCCH,)^ bands. Most likely, the deviation from 

this trend in the long-chain liquid alkanethiol spectra (Figure 6,1) and solid C,gSH 

spectrum (Figure 6.2f) is explained by the lack of resolution of these weak bands. 

As shown in Tables 6.1 (liquid) and 6.2 (solid), all of the t(CH2) bands are 

designated as T bands in the solid alkanethiol spectra and as G bands in the liquid 

alkanethiol spectra. These conformational assignments are believed to be accurate for 

several reasons. First, the bandwidths in the liquid and solid spectra are characteristic of 

these bond conformations. Secondly, in the crystalline solid alkanethiol spectra, the only 

G bands observed were assigned to r(CH3) modes, which signifies that only end-gauche 

conformations remain in these solids. Furthermore, normal coordinate calculations by 

Snyder'-'*"-®' indicate that the bands in the 1160-1305 cm"' region are predominantly 



279 

attributable to CH, bending modes. Finally, the tCCH,) bands observed in the liquid and 

solid spectra are typically of different frequencies, although in some instances by only a 

few cm"'; however, Snyder' '*"-^* observed only small frequency differences between 

tCCHj) bands appearing in the IR spectra of liquid and solid alkanes. As Snyder' 

explained, modes calculated for liquid alkanes are displaced in frequency by only a few cm" 

' fi-om their frequency in solid alkanes, due to the introduction of one G bond into the all-

T alkane chain. He speculated greater frequency displacements could be expected for 

modes containing two or more G bonds. 

The tCCH,) band of greatest intensity in the liquid and solid alkanethiol spectra is 

attributable to the in-phase (ip) mode. For the long chain alkanethiols, this band is 

observed at ca. 1295 cm"' in the solid spectra and at ca. 1300 cm"' in the liquid spectra; 

why there is not a comparable band frequency shift in the short alkanethiol spectra is not 

understood. Nonetheless, as quantified in Table 6.5, the flill-width at half-maximum 

intensity (fwhm) of this band is greater in the liquid spectra (than in the solid spectra) for 

all of the alkanethiols studied here. Gaber® '* made similar observations about this band in 

the Raman spectra of liquid and solid n-heptadecane He explained the frequency 

shift and band broadening to the presence of a broad distribution of G conformers. In 

Raman spectra of liquid and solid lauric acid (C,,COOH) and stearic acid (C,7C00H), 

Peticolas® " also noted similar changes in this band. 
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Table 6.5 FWHM^ Values of the Liquid and Solid 
C„SH tip(CH,) band^ at ca. 1300 cm"' 

Alkanethiol Liquid 
FWHM 
(cm"') 

Solid 
FWHM 
(cm"') 

CjSH 30 12 

C,SH 28 18 

C5SH 24 14 

CgSH 34 9 

Cp_SH 24 9 

C.xSH 27 9 

^ FWHM = full-width at half-maximum 
* ip = in-phase; band frequency = 1295-1300 cm"' 

1305-1390 cm ' Region 

In the 1305-1390 cm"' region of the alkanethiol spectra (Figures 6.1 and 6.2), 

bands are assigned to methylene wagging (w(CH2)) modes and a methyl symmetric 

bending (S^CHj)) mode, as indicated in Tables 6.1 (solid) and 6.2 (liquid). Bands 

assignable to CHj and CHj modes of saturated alkane-containing molecules are typically 

very weak in this region of the Raman spectrum.®^ Thus, only the band frequency and 

intensity of the S^CHj) mode has been characterized." ® ^ ® " If bands are observed in 

the W(CH2) mode region of a Raman spectrum,® ® ' they have not been discussed for 

their identity or their assignment to T or G conformations; however, the W(CH2) bands 



281 

observed in the ER spectra of liquid n-alkanes' sodium dodecyl sulfate micelles'"'*', 

and phosphatidylcholine assemblies"'""" have been interpreted for the conformational 

information they provide, because the modes to which they are attributed contain different 

types of G and T bond sequences. As displayed in Figure 6.4, the wagging of CH^s 

involved in single gauche (-GTTG-, -GTT), end-gauche (-TG, -G), double-gauche (-GG-

), and kink (-GTG-) bond sequences have calculated frequencies'"" of 1336, 1344, 1354, 

and 1312 and 1369 cm"', respectively. More specifically, the 1336 cm"' band originates 

from the wagging of CHjS in a T sequence adjoined by a G bond and the 1312/1369 cm"' 

band pair originates from cooperative wagging of CH^s in G conformations connected by 

a T bond. Figure 6.4 also indicates that w(CHi) modes assignable to "all-trans" (T.) 

sequences have frequencies throughout the 1305-1390 cm"' region, as determined by 

normal coordinate calculations on "all-trans" solid n-alkanes and observed in IR spectra of 

solid n-alkanes. In panicular, bands in the 1311-1330 cm"' range"'" are attributable to 

"all-trans" sequences longer than five methylenes. Thus, T and G designations to the 

alkanethiol bands in the 1305-1390 cm"' region are based on their band widths and 

frequencies, normal coordinate calculations on solid®' and liquid"" n-alkanes, and 

previous IR spectral results"'"""". (The S^CHj) mode is not assigned a T or G 

character.) 

In the liquid alkanethiol spectra (Figure 6.1), bands are observed at ca. 1340, 

1365, and 1380 cm"'; only the C4SH spectrum shows the presence of two very weak 

shoulders to the 1341 cm"' band at 1356 and 1366 cm"'. The 1380 cm"' band, which is not 
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resolved in the liquid CijSH and C,gSH spectra, is assigned to the 5.(CH3) mode; 

explanation for this assignment is the provided in the discussion of the solid alkanethiol 

spectra. 

In reference to Figure 6.4, the ca. 1340 cm"' alkanethiol band and the QSH band 

at 1356 cm"' are assigned to w(CH2) modes attributed to end-gauche (EG) and double-

gauche (DG) sequences, respectively. Only the 1340 cm"' band of > CjSH may also have 

an intensity contribution from the wagging of CH^s in a single-gauche (SG) sequences 

(i.e., -GTT). In addition, the presence of the 1334 cm"' CjSH band and the 1341 cm"' 

C4SH band supports a w(CH,)[:f, assignment, because the SG sequence is not possible for 

these chain lengths. 

The constant-frequency 1365 cm"' alkanethiol band must be assignable to a 

localized vibrational mode, and Figure 6.4 indicates that it may be assignable to a w(CH2) 

mode attributed to a kink sequence. The lack of a 1365 cm"' liquid CjSH band supports 

this assignment, since a kink sequence is not possible for this chain length; however, the 

presence of a 1366 cm"' C4SH band contradicts this assignment for the same reason. 

Thus, this band may result from the overlap of a w(CH2)^ mode and a 6,(CH3) mode. 

Snyder®"^ emphasized that an array of bands is observed in the 1360-1380 cm"' region of n-

alkane IR spectra, because of the strong coupling between CHj wagging and CHj 

symmetric bending, as determined from normal coordinate calculations on n-alkanes. As 

mentioned in the previous paragraph and shown in Figure 6.4, a w(CH2)iu„k mode also has 

a calculated frequency of 1312 cm"'; however, any band at this approximate frequency is 
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unresolved from the broad tCCH^) band at ca. 1300 cm''. 

In an IR spectroscopic study of liquid tridecane (CH3(CHi),,CH3), Callis' '*' 

calculated 0.68 EG, 0.64 DG, and 0.77 kink conformers per molecule (on average) by 

using absolute band intensities at ca. 1341, 1354, and 1367 cm"'. These values, at least, 

support the presence of such G conformers in the liquid alkanethiol molecules; however, 

on the basis of the relative magnitude of these numbers, it is not understood why a DG 

band is only observed in the C4SH spectrum. 

In the solid alkanethiol spectra (Figure 6.2), multiple variable-frequency bands are 

observed in the 1305-1357 cm"' region and two constant-frequency bands are observed at 

ca. 1370 and 1380 cm"'; bands of the latter type appear in the liquid alkanethiol spectra at 

these same frequencies. Variable-frequency bands®^ are indicative of molecules with a 

high degree of conformational order, and thus, those bands in the 1315-1348 cm"' region 

are assigned to w(CH,)-r bands. In fact, the 1315, 1324, and 1327 cm"' bands of solid 

CgSH, CijSH, and C,gSH, respectively, signify the presence ofT sequences longer than 

five methylenes. For CgSH, this proves that these molecules acquire an "all-trans" 

conformation in their crystalline, solid state. 

The 1357 cm"' band of amorphous solid C4SH is assigned to CH2 wagging in a DG 

sequence, because these molecules maintain a high degree of intramolecular disorder. If 

C«SH is sampled in a high-temperature solid phase, then this assignment is consistent with 

the results of Snyder® ®. In an IR spectroscopic study of high-temperature solid phase long 

chain n-alkanes (C,7 -C29), he observed a 1353 cm"' band only when the solid was within 
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1-2 °C of its melting point; he assigned this band to CH, wagging in a DG sequence. 

Nonetheless, it is also possible that this conformational sequence exists in "solid" C4SH, 

simply due to its amorphous character at the sampling temperature. Finally, if there are 

w(CH;)x bands at frequencies below 1357 cm"' in the amorphous solid C^SH spectrum 

(Figure 6.2b), they are not discemable from the noise in the spectrum. 

The 1370 and 1380 cm"' bands are assigned to w(CH,)-r and S.CCHj) modes, 

respectively, for the several reasons. First, Fately'^ stated that the characteristic Raman 

frequency of the n-alkane S/CHj) mode is 1380 cm"', and he noted that the intensity of 

this band is typically very weak, which is the case in the solid alkanethiol spectra. 

Secondly, Sheppard® identified an IR and Raman frequency-sensitivity of the 5,(CH3) 

band, but this applied only to the electronegativity of the atom adjacent to the methyl 

group; therefore, spectra of CHjCH^Br, CH3CH3, and CH3CCI3 showed this band at 

1378.5 cm"', 1379 cm"', and 1380 cm"', respectively. Finally, by acquiring Raman spectra 

of solid do" and d3-hexadecanoic acid (CijCOOH), Levin® " was able to assign bands 

observed at 1374 and 1379 cm"' to wCCH,) and 5,(CH3) modes, respectively. 

As discerned from the preceding discussion, some of the band assignments made in 

the 1305-1390 cm"' region are somewhat uncertain. In particular, the assignment of the 

1370 cm"' band is very questionable. The constant frequency of this band in the solid 

alkanethiol spectra is not easily explained, unless this band is assignable to wagging of a 

CHi in a T bond adjacent to the CH3 group (since constant-frequency bands are usually 
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the result of a localized vibration); the deuterated Raman spectroscopic study by Levin® ", 

which was mentioned above, nullifies the possibility of a CH3 mode contribution to this 

band. Thorough temperature-dependent Raman spectroscopic studies of these solid and 

liquid alkanethiols might help to confirm or revise the T and G character of the w(CH2) 

bands. Furthermore, deuteration of the CH3 group and/or the CH, units of these 

alkanethiols would aid in the assignment of the 5,(CH3) band(s). 

1390-1525 cm'' Region 

Normal coordinate calculations on n-alkanes by Snyder^' limit the CH^ scissoring 

(sCCH,)) and CHj asymmetric bending (S^CCHj)) mode fundamentals to the 1446-1473 cm" 

' region; the scissoring action of the CH, groups is depicted in Figure 6.3. Nonetheless, 

alkanethiol bands were observed from 1414-1504 cm"'. Similarly, Koenig^*° observed 

bands from 1414-1506 cm"' in Raman spectra of crystalline long-chain alkanes. Thus, as 

reported by Snyder® Koenig®^°, and Hendra® this region contains bands attributable 

not only to S^CCHj) and sCCH,) modes, but also to overtones (second harmonics) and 

combinations and crystal-field splitting components. 

Solid alkanethiol spectra (Figure 6.2) show three to five bands in this spectral 

region. All of these bands are observed at frequencies characteristic of "all-trans" solid n-

alkanes and alkanoic acids and of a unit cell packing structure. Common unit cell 

structures for solid alkane molecules include orthorhombic, monoclinic, triclinic, and 

hexagonal; the first two contain two molecules per unit cell and the latter two contain only 
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one molecule per unit cell.^ *°^^ Koenig® *" acquired Raman spectra of the following 

saturated alkanes; triclinic n-C2oH42, orthorhombic n-C2jH4g, and monoclinic and 

hexagonal n-C^gH,,; hexagonal n-CjgHjg is the high-temperature solid phase of the 

monoclinic n-CjjHjg. The bands he observed in the 1410-1505 cm"' region are diagnostic 

for the unit ceri(s) adopted by each solid alkanethiol. Thus, this spectral region most 

definitely contains information concerning intermolecular interactions (i.e., lateral chain 

packing). 

The 1445 and 1465 cm"' bands are assigned to the in-phase (ip) sCCH,) mode and 

the out-of-plane (oop) S^CCHj) mode, respectively; these assignments follow those made 

by Snyder®The relatively constant frequency of these bands supports the in-phase 

character of the former and the localized CH, mode contribution to the latter; however, 

normal coordinate calculations by Snyder®' on solid n-alkanes indicate that this 6,(CH3) 

band, at least for some of the chain lengths studied here, may be overlapped with a sCCH,) 

mode. A 1465 cm"' band in the Raman spectra of polyethylene® " also supports the 

possibility of a sCCH^) mode contribution to the alkanethiol band at this frequency. 

Sheppard®'* explained that for molecules of C, symmetry, such as the n-

alkanethiols, the and 5,(CH3)oop vibrations are non-degenerate, and thus, two 

separate bands may be observed. Normal coordinate calculations on n-alkanes by 

Snyder®' indicate that the in-plane component may couple with sCCHj) modes throughout 

the 1445-1475 cm"' region; the coupling is calculated to be greatest at the high frequency 

end and then decrease, such that the least amount of coupling is at the low fi-equency end. 



288 

Thus, the alkanethiol band at ca. 1445 cm"' is predominantly a s(CH2) mode, but the band 

envelope beyond this frequency may have intensity contributions from the 5,(CH3)ip mode. 

The relatively strong 1415 cm"' band in the CjjSH and CjgSH spectra and 

considerably weaker shoulder in the CjSH and CgSH spectra is at a frequency which is 

significantly below the calculated®' low frequency limit (i.e., 1446 cm"') of sCCH,) modes 

and at the calculated® ' high frequency limit (i.e., 1413 cm"') of w(CH2) modes. 

Calculations by Snyder® *' and Tasumi® *^ indicate the polyethylene s(CH2) band at ca. 1440 

cm"' is split into components separated by ca. 20 cm"'. Consistent with this, Koenig®"" 

observed bands at 1416 and 1441 cm"' in Raman spectra of polyethylene. Thus, he 

assigned this band to a crystal-field/correiation splitting component of the ca. 1445 cm"' 

s(CH2) mode. Since correlation splitting results from the intermolecular coupling of 

vibrational modes, the 1415 cm"' band is observed only in the Raman spectra of 

monoclinic and orthorhombic n-alkanes.® ® *' (An assignment of this band to a w(CH2) 

mode is dismissed due to this band's significant intensity relative to the intensity of the 

w(CH2) bands in the 1310-1370 cm"' region.) 

Interestingly, only in the CjSH spectrum is a band observed at 1423 cm"', rather 

than ca. 1415 cm"'. This observation is explained by Raman spectra of orthorhombic n-

CijH^g and monoclinic n-CigHjg acquired at temperatures of -160 °C and 25 °C, which 

show the 1415 cm"' band to shift to ca. 1420 cm"' when the temperature of the solid is 

increased. Coincident with this frequency increase, the 1443 cm"' band shifts to 1441 cm' 

'. The fact that the crystal-field components of the s(CH2) mode are split by a smaller 
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frequency difference at the higher temperature supports the expected decrease in 

intermoiecular interactions. Nonetheless, the presence of the solid CjSH 1423 cm"' band 

suggests that an orthorhombic or monoclinic unit cell structure exists in this solid. 

The 1483 cm"' band ofCjSH and ca. 1480 cm"' shoulder of CgSH, CijSH, and 

C,gSH appear at frequencies outside of the calculated frequency range of sCCH,) and 

6(CH3) modes. The assignment of the 1480 cm"' band to a methylene mode is supported 

by the almost identical value of the intensity ratio I (1480 cm"')/I (1295 cm"') for these two 

chain lengths (i.e., 0.43 for C5SH and 0.46 for CgSH); this ratio is not quantified from the 

Ci^SH and C,gSH solid spectra due to the relatively poor resolution of these shoulders. 

Koenig® *" observed bands at 1470 and 1472 cm"' in spectra of orthorhombic n- C33H,g 

monoclinic n-QgHsg, respectively; however, he did not assign them. Perhaps, these bands 

are attributable to a crystal-field/correlation splitting component of a ca. 1465 cm"' s(CH2) 

mode; as explained above, 1465 cm"' intensity in solid alkane spectra may have a 

contribution from the S/CHj) mode and a s(CH2) mode. Thus, the ca. 1480 cm"' solid 

alkanethiol band is assigned to both of these modes.. 

The 1492 cm"' shoulder and 1504 cm"' band in the spectra of C,gSH and CjjSH, 

respectively, are of relatively weak intensity and thus, these bands are assigned as 

combination or overtone modes. 

In summary, the crystalline solid alkanethiol spectra in this frequency region 

suggest that these solids adopt a monoclinic or orthorhombic unit cell structure (i.e., two 

molecules/unit cell). To prove that this spectral region is sensitive to lateral alky! chain 
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packing, the band frequencies in the amorphous solid C4SH spectrum are also discussed. 

The lack of resolution of the s(CH,) and 5,(CH3) bands at ca. 1448 and 1468 cm"', 

respectively, in the amorphous solid C4SH spectrum (Figure 6.2b) is additional proof of 

the disorder in this solid, relative to the crystalline, "all-trans" character of the other solid 

alkanethiols. As reported in Table 6.1, shoulders to these bands are present at 1433 and 

1455 cm"'; the latter band is indicative of intermolecular disorder, as it was observed as a 

relatively intense shoulder in spectra of liquid C5SH through C,gSH. In higher resolution 

Raman spectra of C5SH, the relative intensity of a resolved 1433 cm"' band was observed 

to increase as a function of increasing temperature (i.e., I (1433 cm'')/I (1450 cm"') 

increased from 0.19 to 0.30). Although this band is not characteristic of any of the 

aforementioned unit cell structures, it may be characteristic of a distorted or "pseudo" unit 

cell structure. Nonetheless, it is representative of a "looser"® *' unit cell structure (i.e., one 

in which there are fewer molecules per unit cell and/or less intermolecular interaction). 

Therefore, the observed band frequencies of amorphous solid C4SH indicate that some of 

the molecules are packed in a hexagonal unit cell and others in a triclinic unit cell, or 

perhaps a unit cell structure that is a mixture of these two unit cells has resulted. 

In the spectra of liquid C5SH through C,gSH (Figure 6. Ic-f, respectively), two 

poorly resolved bands are observed at 1440 and 1455 cm"'; these bands are not resolved in 

the liquid CjSH and C4SH spectra (Figure 6.2a and b, respectively) and thus, they appear 

as one broad band at 1444 cm"'. (These band structures are characteristic of liquid alkanes 

and alkanoic acids.) Bands at these frequencies are assigned to s(CH2) modes; however. 
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as shown in Table 6.6, the decrease in the intensity ratio I (1455 cm'')/I (1300 cm"') as a 

function of increasing chain length indicates a possible CHj mode contribution to the 1455 

cm"* band. As discussed above, the 5,(CH3),p mode may couple with s(CH2) modes. 

Table 6.6 I (1455 cm"')/! (1300 cm"') 
Values for Liquid C„SH 

Aikanethiol I ri455 cm"'^ 
I (1300 cm"') 

CjSH (1) 1.5 

QSH (1) 1,4 

C,.SH (I) 1.2 

C„SH (1) 1.2 

The structural differences observed in this Raman spectral region of the solid and 

liquid alkanethiols parallel those changes in the Raman spectra of alkanes®'^'® alkanoic 

acids^", and phospholipid assemblies®"*'^ In Raman spectroscopic studies of 

phospholipid assemblies, the 1450 cm"' region has been monitored for bilayer membrane 

changes in lateral chain packing as a function of temperature and bilayer components. As 

a result, such studies have proven that this region is extremely sensitive to intermolecular 

disorder, more so than the v(C-H) region. In addition, Raman spectral results of Levin"^ 

have indicated that the band intensity changes in this region are also somewhat sensitive to 

intramolecular disorder (i.e., G conformations). 
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2300-3300 cm"' Spectral Window 

Raman spectra in the 2300-3300 cm"' region of solid and neat liquid CnH2„.,,SH, 

where n = 3, 4, 5, 8, 12, and 18, are shown in Figures 6.5 and 6.6, respectively. The 

frequencies, relative intensities, and mode assignments of the bands in this region are 

presented in Tables 6.7 (solid) and 6.8 (liquid). 

This spectral region contains v(S-H), v(C-H), and methylene scissoring and methyl 

bending overtone and combination modes. v(S-H) and v(C-H) bands are located in the 

2540-2580 cm"' and 2840-2970 cm"' regions, respectively. Overtone and combination 

bands are observed in the 2600-2750 cm"' region. Limited band intensities are designated 

due to poor resolution of the vfC-H) bands; however, band intensities are still scaled 

relative to the band of maximum intensity. 

2500-2600 cm ' Region 

Solid alkanethiol spectra (Figure 6.5) show a ca. 2550 cm"' band and an 

accompanying shoulder at ca. 2575 cm"'. In the liquid alkanethiol spectra (Figure 6.6), 

only a single broad band is observed at ca. 2575 cm"'. Joo'"^* and Bryant'"^ observed a ca. 

2575 cm"' band in the liquid C4SH Raman spectrum, but neither of them detected this band 

(or any band at a nearby frequency) in the liquid butanethiolate Raman spectrum. (Joo'"" 

observed the same Raman spectral results for liquid CjSH and liquid propanethiolate.) 

Thus, each of them assigned this band to a v(S-H) mode. Neither Joo nor Bryant reported 
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Figure 6.5 Raman spectra (in the 2300-3300 cm"' region) of solid (a) C^SH, (b) C,SH, 
(c) C5SH, (d) C,SH, (e) C.jSH, and (f) C„SH. Each spectrum is plotted 
to full-scale intensity within its own spectral window. (Power = 150 mW, 
integration time = 1 s, slit width = 50 fim, and = 514.5 nm.) 
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Figure 6.6 Raman spectra (in the 2300-3300 cm' region) of liquid (a) CjSH, (b) C<SH, 
(c) C5SH, (d) CgSH, (e) CijSH, and (0 C|gSH. Each spectrum is plotted 
to full-scale intensity within its own spectral window. (Power = 150 mW, 
integration time = I s, slit width = 50 |im, and = 514.5 nm.) 
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Table 6.7 Raman Frequencies and Assignments for Solid 1-AlkanethioIs 
Bands in the 2300-3300 cm"' Region 

C,SH C,SH C<SH C«SH C„SH C,«SH Mode 

2546s 2553s 2563VS 2545s 2551W 2549m v(S-H) 

2575m 2575\v 257 Iw 2575v\v 2583vw v(S-H) 

2606\'w * 

2634\'w * 

2622\-\v 2634\'\v 2620vw * 

2652\-w 2664\AV 2657v%v 2645\'\\- 2654vw * 

2707\v 2707w * 

2724VW 2730vw 272Ivw 2724\AV 272Ivw 2722w * 

2842 2844 2852 2850 2848 2849 v,(CH,) 

2858 2860 2861 2862 v.(CH,) 

2870 2872 2870 v,(CH,) 

2909 2902 2892 2883 2882 2881 v.(CH,) 

2898 2896 2900 v.(CH,) 

2912 2903 2897 2902 2897 v.(CH,) 

2911 v,{CH,.FR) 

2925 2917 2920 v,(CH,.FR) 

2927 2924 2924 2923 v,(CH,,FR) 

2933 v.(CH„FR) 

2952 2948 v.(CH,)_ 

2958 2959 v.(CHO 

2965 2960 2965 2963 v.fCHO„ 

* signifies combination or overtones mode 
V = stretch; FR = Fermi Resonance 
vs = very strong; s = strong; m = medium; w = weak; vw = very weak; sh = shoulder 
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Table 6.8 Raman Frequencies and Assignments for Liquid 1-AJkanethiols (C„H2„^,SH) 
Bands in the 2300-3300 cm"' Region 

CjSH C,SH C,SH C«SH C,,SH C.sSH Mode 

2575s 2575s 2576s 2576m 2578m 2579m v(S-H) 

2664^ 2667VW 267Ivw * 

2677\'\v « 

2700vav 2690\'\\' * 

2714v\v 27l5\'\v « 

2735v^^' 273 7vu- 2733v-%v 2727\-w 2726\'\v 2723vw * 

2849 2855 2855 2852 2852 v,(CH,) 

2860 2863 2862 2865 2862 2868 v,(CH,) 

2875 2875 2874 2873 2877 2876 v,(CH.) 

2893 2891 v,(CH,) 

2895 v,(CH,) 

2912 2903 2897 2902 2897 v.(CH,) 

2917 2915 2913 2911 2910 v,(CH,.FR) 

2926 2924 2928 2926 2926 2926 v,(CH,.FR) 

2932 2934 2936 2936 v,(CH,.FR) 

2965 2962 2960 2957 2959 2958 vJCH,) 

• signifies combination or overtones mode 
V = stretch; FR = Fermi Resonance 
vs = very strong; s = strong; m = medium; w = weak; vw = very weak; sh = shoulder 
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solid alkanethiol spectra in the 2500-2600 cm'' region; however, the 2550 cm"' solid 

alkanethiol band in Figure 6.5 is also assigned as a v(S-H) mode. The isolation of the 

v(S-H) vibration from the alkane chain, the predominance of a lower frequency v(S-H) 

band upon solidification, and the presence of the liquid v(S-H) band in the predominantly 

"^all-trans" solid alkanethiols prove that the v(S-H) bands are primarily sensitive to 

intermolecular interactions, not intramolecular interactions. Four peculiarities exist in the 

v(S-H) region of the solid alkanethiol spectra that support this band's sensitivity to 

intermolecular interactions. First, the C^SH spectrum shows the presence of only a single 

broad band centered at 2553 cm"' Secondly, the two v(S-H) bands are poorly resolved in 

the C3SH spectrum. Thirdly, the v(S-H) band structure in the long-chain alkanethiol (Cg, 

C,2, and C,gSH) spectra (Figures 6.5 d-f, respectively) is relatively constant and distinctly 

different from that in the short-chain alkanethiol spectra. Fourth, in the C5SH spectrum, a 

v(S-H) band is observed at 2563 cm"', rather than at ca. 2550 cm"'. Only the last 

observation seems inconsistent with the conclusions made about the intermolecular 

interactions from the 1390-1525 cm"' region. 

2600-2750 cm ' Region 

Solid and liquid alkanethiol spectra (Figures 6.5 and 6.6, respectively) display a set 

of weak bands in this region. Hendra®'^® observed bands at similar frequencies in the 

Raman spectra of crystalline polyethylene and assigned them to overtones (second 



298 

harmonics) and combinations of polyethylene SCCH,) fundamentals. Mendelsohn® *^ 

acquired Raman spectra of polycrystalline dg- and dj-stearic acid (C17COOH) and 

observed a set of weak bands from 2591-2725 cm"', all of which appeared at similar 

frequencies in both spectra. Since the CH3 fundamentals must not contribute significantly 

to the observed overtone and combination bands, most of Hendra's® "^ assignments should 

apply to the alkanethiol bands in this spectral region. Consistent with the Raman spectral 

results of Mendelsohn® "^ and Gaber®"* (who acquired Raman spectra of liquid and solid n-

heptadecane), the alkanethiol band at ca. 2725 cm"' is the most intense overtone or 

combination band in this spectral region. 

2800-3000 cm ' Region 

Fately®^ reported that the v(C-H) region characteristic of alkanes extends from 

2843-2972 cm"'. This region contains symmetric (s) and asymmetric (a) v(CH3) and 

v(CHj) bands and multiple symmetric methyl and methylene Fermi resonance (PR) bands 

(V,(CH3,FR) and v,(CH2,FR)). It is these FR bands which cause this region of a Raman 

spectrum to be very complex. As observed in the solid and liquid alkanethiol spectra 

(Figures 6.5 and 6.6, respectively), multiple peaks and shoulders are superimposed upon a 

very broad and relatively intense spectral envelope, which spans the aforementioned 

frequency range. 

Due to the complexity of this Raman spectral region, it has been studied 
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extensively for alkanes" "-'""' ""-^'", alkanoic acids'^"-'alkanethiols' '"-'"^-^ '^ 

and phospholipid assemblies® ® v(CH3) and vCCH,) bands have been 

differentiated by Raman spectra of polyethylene*^ and selectively deuterated 

alkane-containing molecules® and by their chain-length dependent relative 

Raman intensities. Furthermore, polarization measurements' have been performed to 

determine the symmetry or asymmetry of a v(C-H) band, and curve-fit routines' *' have 

been employed to more accurately determine the frequency, intensity, and width of the 

bands in this region. 

The solid and liquid alkanethiol v(C-H) band frequencies are presented in Table 

6.7 and 6 8, respectively; reasons for not attributing these bands to T and G conformations 

are presented after discussion of the band assignments. Thompson' '" reported v(C-H) 

band frequencies for liquid and solid C3SH, and Byrant' *' did the same for C4SH, CjSH, 

CgSH, C,2SH, and C,gSH. Their tabulated frequencies were extracted from spectra 

acquired on the Spex 1877 Triplemate. In contrast, the frequencies reported here were 

extracted from spectra acquired on the Spex 270M single spectrograph. As a result of the 

poorer resolution of the single spectrograph, a few of the bands resolved in the spectra 

acquired by Bryant'-^' and Thompson"" are not resolved in the spectra shown in Figures 

6.7 (solid) and 6.8 (liquid). Furthermore, a few of the band frequencies tabulated in these 

tables differ by a few wavenumbers from those reported by Bryant'-^' and Thompson' '". 

Nonetheless, none of the band assignments presented in these tables are incorrect, just 
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incomplete (due to the poor band resolution). Discussion of these assignments is 

provided, rather than reference the assignments of Bryant'and Thompson' '", so that the 

assignments may be better understood. Furthermore, due to the thoroughness of this 

discussion, the assignments are more accurate. 

In the solid aikanethiol spectra (Figure 6.5), ca. 2870 cm"' band of CjSH, C4SH, 

and C5SH is assigned to the v,(CH,) mode, and bands in the 2950-2965 cm"' region are 

assigned to the V3(CH3) mode(s). The v/CHj) band is resolved only in the short-chain 

aikanethiol spectra, because its relative intensity decreases as a flinction of increasing 

chain length (Table 6.9); the 2850 cm"' v,(CH,) band is discussed in the following 

paragraph. 

Table 6.9 I v,(CH3)287o/I v,(CH,)2Jso 
Values for Solid QSH 

Aikanethiol I V^(CH3)2X70 

^ ^5(^^2)2850 

C3SH (s) 1.5 

C,SH (s) 1.4 

C5SH (s) 1.2 

Only in the C3SH and CgSH spectra (Figures 6.5a and d, respectively) are both the in-

plane (ip) and out-of-plane (oop) v,(CH3) bands resolved; the former band appears at ca. 

2950 cm"' and the latter at ca. 2965 cm*'. (Bryant'"' also observed resolution of these two 

bands in the Raman spectra of solid C4SH and C,2SH.) The in-plane and out-of-plane 
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designations of these VjCCHj) bands follow those of Snyder^ Snyder^'^° explained this 

band splitting to be the result of intramolecular and intermolecular interactions within the 

solid phase of the molecule. The spectral results of Snyder'^" and Mendelsohn® " prove 

intramolecular interactions to be the predominant cause of the observed band splitting. 

Specifically, Mendelsohn's® " Raman spectra of isotopically-isolated solid stearic acid 

(C,7C00H) also show resolution of the in-plane and out-of-plane v^CCHj) bands. 

Solid alkanethiol bands at 2850 and 2860 cm"' are assigned to v,(CHi) modes. 

Specifically, the latter is assigned to the mode attributable to the CH, group adjacent to 

the terminal CHj (co-v^CCH^)) and the former is assigned the to mode attributable to the 

remaining methylene groups (v,(CH;)). These assignments are supported by Bryant's' 

curve-fit results of liquid alkanethiol Raman spectra, which show I (2850 cm"') > I (2860 

cm"') for the longer chain alkanethiols. Similar assignments were made by Taga®^' and 

Levin®Taga"' acquired Raman spectra of potassium hexanoate and potassium 

hexanoate deuterated at the carbon adjacent to the CHj group. In spectra of both of these 

molecules, a 2865 cm"' band was observed; however, this band was of smaller intensity in 

the dj-potassium hexanoate spectrum, due to its lack of a co-v,(CH2) mode contribution to 

this band. Levin®" assigned the 2855 cm"' Raman band of hexadecane (C,6) to the co-

v,(CH2) mode, because its intensity was twice that of a corresponding band in the 

spectrum of hexadecanoic acid (CijCOOH). (This assignment is reasonable since there 

are twice as many CHj groups in hexadecane.) 



302 

Similarly, a ca. 2900 cm"' band in the solid CgSH, CiiSH, and C,gSH spectra 

(Figures 6.5d-f, respectively) is attributed to the v^CCH,) mode adjacent to the terminal 

CHj (co-VjCCH^)). In addition, the v^CCHj) mode for the remaining methylene groups is 

assigned to the band which decreases in frequency from 2909 cm"' for CjSH to 2881 cm"' 

for CjgSH. These assignments follow those of Levin"'. In the Raman spectra of n-octane 

(Cg) and n-hexadecane (Ci^), he observed bands at ca. 2880 and 2895 cm"' and noted that 

the latter is of weaker relative intensity in n-octane (Cg). Thus, he assigned the 2895 cm"' 

band to the co-v^(CH2) mode. Although Bryant' did not make the same assignment for 

the liquid and solid alkanethiols, his curve-fit spectral results of the liquids support 

Levin's®" assignments. 

As there are bands specific to the co-CH, group, it is reasonable that there may 

also be bands specific to a v(C-H) mode of CH, adjacent to the S atom (a-v(CH;)). The 

spectral results of Taga®^' support this contention. He acquired Raman spectra of solid 

and liquid potassium hexanoate and potassium hexanoate deuterated at the carbon 

adjacent to the carboxyl group. An intense 2910 cm"' band was observed in the former, 

but not detected in the latter, and thus, Taga®^' assigned this band to the a-v,(CH2) mode. 

A ca. 2915 cm"' band was assigned to the a-Vj(CH2) mode for similar reasons. Thus, 

bands in the 2910-2920 cm"' region of the solid alkanethiol spectra are suspected to have a 

contribution from a a-v(CH2) mode; however, bands in this frequency region are not well 

resolved in some of the solid alkanethiol spectra. Additional support for an intensity 



303 

contribution to the bands in this region from the a-v^CHj) mode is presented in the 

discussion of v(C-H) region of the liquid alkanethiol spectra. Nonetheless, because of the 

author's uncertainty of these assignments, alkanethiol bands in this frequency region are 

assigned as Fermi resonance (FR) bands. 

Fermi resonance (FR) interactions occur due to a coincidental overlap of 

fundamental and overtone vibrational mode frequencies. This mixing of vibrationally 

excited energy states results in the appearance of bands at and above and below the 

frequency/frequencies of overlap. Snyder^ provided an energy level diagram depicting a 

FR interaction scheme. 

Solid alkanethiol bands in the 2917-2933 cm"' are assigned as FR bands, because 

their intensities originate from a FR interaction of a v,(CHi) fundamental with a sCCHj) 

overtone or a v^CCHj) fundamental with a SjCCHj) overtone. (There is no possibility of 

FR bands resulting from the frequency overlap of a v^CCH,) fijndamental with a sCCH,) 

overtone, because this interaction is symmetry forbidden. 

The 2933 cm"' CgSH band is assigned to a v,(CHj,FR) mode, which most likely 

originates from the overlap of the overtone of the ca. 1465 cm"' 5,(CH3) mode with the 

v^CHj) fundamental. As shown in Figure 6.5, there is intensity about this frequency in 

the other solid alkanethiol spectra; however, a distinct band or shoulder is not resolved in 

these spectra. For the alkanethiols studied here, Bryant'"^ also observed a ca. 2935 cm"' 

band only in the solid CgSH spectrum. Regardless of these results, Raman spectra of do-
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and dj-stearic acid (C^COOH) by Mendelsohn^" and dg- and dj-hexadecanoic acid 

(C,jCOOH) by Levin®" prove the 2935 cm"' band to have a CH3 mode contribution. As 

discussed in the following paragraph, this band also has a contribution from a v,(CH2,FR) 

mode. 

Solid alkanethiol bands in the 2910-2925 cm"' region are assigned solely to 

V,(CH2,FR) modes. (The 2920 cm"' solid C^SH band is the result of overlap of two bands 

at 2916 and 2922 cm"', as detected by Bryant' "^) In the Raman spectra of crystalline 

polyethylene and polymethylene, Snyder"' *^ assigned the broad band that extends out 

to 2960 cm"' and shows a maximum at 2898 cm"' and a shoulder at 2930 cm"' to a 

continuum of v,(CH2,FR) modes; calculations for an extended polymethylene chain (Cig) 

by Snyder^'* indicate that band intensity from these modes extends from 2865-2942 cm"'. 

The manifold of v,(CH3,FR) bands most likely originates from the overlap of the VjCCH,) 

fundamental with the overtone of the in-phase sCCHj) mode at ca. 1445 cm"' and 

overtones of other s(CHn) modes which contribute intensity to s(CH2) region. 

Nonetheless, the ca. 2880, 2900, and 2935 cm"' bands are assigned to the v,(CH2), co-

Vj(CH,), and v,(CH3,FR) modes, because the intensity from these vibrations must be 

greater than that from the v,(CH,,FR) modes; polarization measurements' and Raman 

spectra of dg- and dj-alkanoic acids®" ® " prove this to be the case. Additional support for 

an intensity contribution of the v,(CH2,FR) mode to the solid alkanethiol ©-v.CCHj) bands 

at ca. 2900 cm"' is presented in the discussion of the 2900 cm"' liquid alkanethiol band. 
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In the liquid alkanethiol spectra (Figure 6.6), bands are observed at frequencies 

similar to those in the solid alkanethiol spectra, and thus, the band assignments largely 

mimic those for the solid alkanethiols. 

The 2875 and 2960 cm"' bands are assigned to the v.CCHj) and v^CCHj) modes, 

respectively. The lack of splitting of the in-plane and out-of plane components of the 

VjCCHj) mode is most likely due to a decrease in intramolecular interactions in the 

randomly-oriented, liquid alkane chain; in the solid alkanethiol spectra (Figure 6.5), this 

band splitting is observed due to intramolecular interactions along the "all-trans" chain of 

the crystalline solids®^" There are significantly fewer intermolecular interactions in the 

liquid than in the crystalline solid; however, as discussed above, changes in these types of 

interactions have a much smaller effect on v^CCHj) band splitting. The lack of band 

splitting in the liquid alkanethiol spectra (Figure 6 6) is not the result of poor resolution, 

because it is also not observed in those spectra acquired by Bryant' 

The ca. 2855 and 2865 cm"' bands are assigned to the v,(CH2) and a)-v,(CH2) 

modes, respectively. The v,(CH2) band is observed at 2912 cm"' in the liquid CjSH 

spectrum and gradually decreases in frequency as the chain length increases, such that it is 

observed at 2891 cm"' in the liquid C,gSH spectrum. The 2902 cm"' CgSH band and the 

2897 cm"' C,gSH band are assigned to the co-v,(CH,) mode. The v^CH,) and o-v,(CH2) 

bands are unresolved in the liquid Ci^SH spectrum, and thus, a single band is observed at 

2895 cm"'. Due to greater spectral resolution, Bryant'^' reported liquid CjjSH bands 
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assignable to these modes at 2887 and 2901 cm"'. 

The ca. 2935 cm"' band is assigned to a v,(CH3,FR) mode; this band is not resolved 

in the spectra of liquid CgSH and CijSH. Two liquid alkanethiol bands are assigned to 

V,(CH2,FR) modes. One of these has a relatively constant frequency of ca. 2925 cm"'. 

The other one is observed at 2917 cm"' in the liquid C4SH spectrum and decreases in 

frequency as a function of increasing chain length to 2910 cm"' in the liquid C,gSH 

spectrum; this band is not observed in the liquid CjSH spectrum. (The 2912 cm"' CjSH 

band fits the chain length-dependent frequency trend of the v^CCH,) band, but does not fit 

such a trend in the lower frequency V5(CH2,FR) band.) Bryant'^ calculated 

depolarization ratios of 0.2-0.4 for the liquid alkanethiol band in the 2910-2920 cm"' 

region; these values are significantly greater than those calculated for the v,(CH,) bands 

and consistent with the range of values calculated for the ca. 2900 cm"' v^CCH,) band. 

Thus, in keeping consistent with the discussion of the solid alkanethiol band in this region, 

this liquid alkanethiol band is also suspected to have a contribution from a a-v,(CH2) 

mode. 

In the Raman spectra of liquid polyethylene, Snyder®^' assigned the broad band 

which has intensity maxima at ca. 2900 and 2925 cm"' to a continuum of v,(CH2,FR) 

modes. (Snyder does not specify the approximate starting and ending cm"' values of this 

broad band.) Thus, the 2900 cm"' liquid alkanethiol band, which is assigned to the co-

v,(CH2) mode, is also expected to have an intensity contribution from a v,(CH2,FR) mode. 
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This intensity contribution would account for the 2900 cm"' band's depolarization ratio 

value of 0.2-0.3, as calculated by Bryant. This value is smaller than that (p = 0.5-0.7) 

calculated for the ca. 2960 cm"' v^CCHj) band, which is more likely a "pure"asymmetric 

band, due to the lack of FR contributions at this frequency. Furthermore, a p value > 0.75 

is expected for a depolarized band (i.e., originating from an asymmetric vibration).® 

Any differences in the liquid and solid alkanethiol band frequencies and intensities 

are the result of changes in intermolecular and/or intramolecular interactions caused by 

changes in the lateral alkane chain packing and T/G isomerization, respectively. 

Correlations of relative intensity ratio changes and frequency shifts with changes in such 

inter- and intramolecular interactions upon phase change are discussed below. 

As shown in Tables 6.7 (solid) and 6.8 (liquid), the v,(CH2) and v,(CH2) bands of 

all the alkanethiols, except C4SH, shift up by 2-5 cm"' and 3-10 cm"', respectively, upon 

phase change from the solid to the liquid. The v,(CH2) band of amorphous solid C4SH 

shifts up by only 1 cm"', most likely, due to incomplete solidification of liquid C4SH, and 

thus, relatively minimal changes in C4SH's intramolecular and intermolecular interactions. 

The Raman spectral results of Gaber® and Snyder®^' indicate that changes in 

intramolecular interactions are the predominant cause for such frequency shifts. Gaber® * 

acquired spectra of low-temperature (low-T) solid, high-temperature (high-T) solid, and 

liquid n-heptadecane (0,7). Although the s(CH2) region of n-heptadecane indicates 

obvious changes in the intermolecular interactions upon the low-T solid to high-T solid 
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phase transition, the v(C-H) region shows a frequency increase only upon the solid-to-

liquid phase transition of n-heptadecane. Similarly, Snyder® *' observed a ca. 2880 cm"' 

band in spectra of crystalline and isotopically-isolated and a ca. 2890 cm"' band in 

the liquid spectra. (Isotopic isolation of the solid molecule reduces the intermolecular 

interactions present in the crystalline solid.) 

As shown in Figures 6.5 (solid) and 6.6 (liquid), the v(C-H) band envelopes of the 

liquid and solid alkanethiols, except CjSH, differ quite drastically; these differences are 

largely due to intensity changes of the FR bands. In particular, the intensity distribution of 

the broad v,(CH2,FR) band is altered because of differences in sCCH,) band frequencies. 

In the spectra of solid CjSH through C,gSH, the most intense band appears in the 2880-

2900 cm"' region; this band is assigned to the V3(CH2) mode, but it also has a significant 

intensity contribution from the broad v,(CH2,FR) band. In fact, Snyder® *' explained that 

when the intensity ratio I (2890 cm'')/I (2850 cm"') is ca. 2, the intensity of the 

V,(CH2,FR) band at ca. 2890 cm"' is equal to that of the v,(CH2) band. In the spectra of 

liquid C4SH through CigSH, the most intense band appears at 2930 cm"' (C4SH, C5SH, 

and CgSH) or at 2855 cm"' (CjiSH, C,gSH), because the 2890 cm"' band has lost 

considerable intensity. In comparison of liquid and solid n-C35H74 Raman spectra, 

Snyder® *' not only determined that the half-width of the 2890 cm"' liquid band was greater 

by a factor of 2-3, but also that most of the intensity contributed by the v,(CH2,FR) band 

had disappeared. Thus, in the Raman spectra of alkane-containing molecules, the 2890 
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cm"' liquid band is a better measure of the v,(CH,) peak height than the corresponding 

solid band. (Less significant spectral changes are observed in the v(C-H) region of liquid 

and solid CjSH due to its relatively small number ofCH, groups.) 

The intensity ratios I (2880 cm'')/I (2850 cm"'), I (2930 cm"')/I (2880 cm"'), and I 

(2930 cm"')A (2850 cm"') have all been monitored for the information they hold 

concerning inter- and intramolecular order/disorder of aqueous phospholipid 

assemblies®Langmuir-BIodgett (LB) phospholipid multilayers®"^^, and 

alkanethiol self-assembled monolayers' ' (S.^VMs). The first intensity ratio decreases 

and last two increase with increasing disorder of the molecular system. As mentioned 

previously, T and G designations are not applied to the v(C-H) alkanethiol band 

assignments, because the observed relative intensity changes may be the result of changes 

in only intermolecular interactions or both inter- and intramolecular interactions. To 

monitor changes in intermolecular order, Levin®^' defined a lateral order parameter, , 

which he defined as [(''sample ~ ''liqijidhcxjdcc3ne)]^[('^cryiljuinehexjdecane ~ ''bquid hexadecane)]' 

denotes the calculated value of the intensity ratio I (2880 cm"')/I (2850 cm"'). He 

cautioned that this lateral order parameter is only semi-quantitative and will yield good 

qualitative approximations of relative intermolecular order when it is applied only to 

molecular systems which have no appreciable conformational disorder. A simple example 

of this parameter's application was provided by Levin®^'. He calculated order parameter 

values of 1.0 and ca. 0.5 for solid hexadecane (C^) and solid dipalmitoyl 

phosphatidylcholine (DPPC), respectively. He believed these parameter values were 



310 

reasonable, since the large choline head group of DPPC (relative to the CHj group of 

hexadecane) would be cause for poorer lateral chain-chain packing. 

Conclusions 

Liquid and solid CjSH, C4SH, CjSH, CgSH, CijSH, and C,gSH Raman spectra in 

the 600-1600 cm"' and 2300-3300 cm"' regions have been presented, and frequencies, 

relative intensities, and vibrational mode assignments of the bands in these spectral regions 

were tabulated. These band assignments have been very thoroughly researched and 

discussed, because some of the assignments made by Joo' Bryant' and 

Thompson' '" were believed to be incorrect. Furthermore, these previous band 

assignments were incomplete, since none of them performed careful assignments of the 

CHj and CH, bending bands in the 1300-1515 cm"' region. Frequency shifts and intensity 

ratios in each spectral region are also discussed for their use in assessment of a molecular 

system's inter- and intramolecular order/disorder. 
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Chapter 7 

RAMAN VIBRATIONAL ASSIGNMENTS FOR 

LIQUID AND SOLID d.^-OCTANETHIOL 

Introduction 

As will be shown in Chapter 9, Raman spectra of 1-aikanethiol SAMs at Ag 

indicate the co-adsorption of a contaminant. Thus, liquid d^-octanethiol (CgD^SH) was 

obtained from the research group of Dr. Vicki Wysocki, since Raman spectroscopic study 

of this deuterated thiol as a self-assembled monolayer (SAM) at Ag would indicate 

whether or not the contaminant source was of perhydro alkanethiol origin. 

However, prior to analysis of this study, the vibrational assignments of liquid and 

solid CgDpSH are discussed for the Raman bands in the 450-1650 cm"' and 2050-3300 

cm'' spectral regions. These assignments are used in Chapter 9 to identify those 

monolayer Raman bands originating solely from the deuterated thiol. 

Since there are no previous literature reports of IR and/or Raman spectra of 

deuterated n-alkanethiols, the Raman vibrational assignments of liquid and solid CgD^SH 

are determined by reference to the following sources; (1) Raman spectra of perdeuterated 
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crystalline polyethylene^ **, methyl deuterated (dg-) and perhydro liquid dodecane, 

perdeuterated and selectively deuterated alkanoates^' and alkanoic acids^ and 

perdeuterated and selectively deuterated crystalline and solution-phase (in CHClj) 

dipalmitoyl phosphatidylcholine (DPPC)'"*^, (2) norma! coordinate calculations on 

CD3CD3^ \ deuterated polyethylene^ and perhyrdro n-alkanes^^, (3) IR spectra of solid 

CDjCDj^^ and solid and solution-phase (in CCI4) methyl deuterated (dj-) hexadecanoic 

acid^ ", and (4) Raman spectra of liquid and solid n-alkanethiols (see Chapter 6) and 

perhydro 1-alkanethiol and d,7-octanethiol SAMs (see Chapter 9). 

CgD,7SH was purified by triple distillation in benzene and characterized by GC-MS 

to be ca. 98% pure. Nonetheless, Raman bands originating from impurities within this 

liquid are observed and thus, they too are assigned and discussed; this discussion appears 

at the end of the chapter. 

Theory 

As evidenced by the number of references cited for this chapter, there are relatively 

few reports on the IR and/or Raman spectra of deuterated alkane molecules. Nonetheless, 

by application of the equation v « (k/jj.)'^ (where, k = force constant and n = reduced 

mass)' *, a crude approximation to the frequency shift of CHj and CHj bending and 

stretching modes can be made when hydrogen atoms have been isotopically substituted by 

deuterium atoms. By use of this equation, CHj and CHj vibrational modes would be 

predicted to shift downward in frequency by a factor of 1.36. This is definitely a very 
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caide estimate of the frequency shift ratio, because it does not account for differences 

between CH, and CHj vibrations, differences between stretching and bending vibrations, 

or differences in the various bending motions. As such, Krimm^' derived the approximate 

isotopic frequency rule to more accurately calculate frequency shift ratios for vibrations 

involving isolated CH, and CHj functional groups. In particular, he calculated ratios for 

each class of CH, bending modes (i.e., rocking, twisting, wagging, and scissoring) and for 

symmetric and asymmetric CH, and CH, bending and stretching modes. For estimation of 

the frequency regions spanned by particular vibrational modes of CgD^SH, these 

frequency ratios were applied to the CH, and CH3 vibrations of the 1-aIkanethiols. As 

Krimm^' emphasized, these ratios can only lead to approximate frequencies for CD, and 

CDj vibrational modes, because other atoms often participate in the vibrational motion of 

CHj/CDi and CH3/CD3 groups. 

Experimental 

CgD,7SH exists at room temperature in the liquid phase and thus, the solid was 

formed by liquid Nj-freezing of the liquid. Raman spectra of the solid were acquired for 

only Is to minimize localized warming at the spot of laser incidence and delocalized 

warming from the laboratory ambient. 
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Results 

450-1650 cm"' Spectral Window 

Raman spectra in the 450-1650 cm'' region of neat liquid and solid CgDijSH are 

shown in Figures 7. la and b, respectively. The frequencies, relative intensities, and mode 

assignments of the bands in this region are presented in Table 7.1. Band intensities are 

scaled relative to the band of maximum intensity, and the breakdown of the intensity 

designations is as follows: very strong (vs) = 75-100% (of maximum intensity), strong (s) 

= 50-75%, medium (m) = 25-50%, weak (w) = 10-25 %, and very weak (vw) = 0-10%. 

This spectral region consists of v(C-S), v(C-C), and 5(C-D) bands. v(C-S) and 

v(C-C) vibrations are located in the 600-700 cm"' and 1030-1250 cm"' regions, 

respectively. The four classes of C-D bending vibrations and the corresponding frequency 

regions in which they are predicted to be observed are shown in Figure 7.2. These 

predictions are based on the frequency shift ratios calculated by Krimm^' for methylene 

and methyl bending modes, the frequencies of n-alkanethiol Raman bands assigned to 

bending modes (Chapter 6), and the frequency limits defined for these modes by normal 

coordinate calculations on n-alkanes by Snyder^ ^ The arrows indicate that the twisting 

and wagging motions are in-plane vibrations, and the + and - signs indicate that the 

rocking and scissoring motions are out-of-plane vibrations. 

Bands in this spectral region are assigned a trans (T) or gauche (G) character by 

comparison of the band frequencies and relative intensities observed in the Raman spectra 

of the liquid and solid. As in Chapter 6, methylene scissor and methyl deformation bands 



315 

JU 

500 1000 1500 

Wavenumbers (cm"') 
Figure 7,1 Raman spectra (in the 450-1650 cm ' region) of (a) liquid and (b) solid 

CgD,-SH. Each spectrum is plotted to full-scale intensity within its own 
spectral window. (Power = 150 mW, integration time = 20 s for a and 1 s 
forb, slit width = 25 lim, and = 514.5 nm.) 



Table 7.1 Raman Frequencies and Assignments for Liquid and Solid 
d|7-Octanethiol (CgD,,SH) Bands in the 450-1650 cm ' Region 

Liquid Solid Mode 

535sh/v-w r(CD:,)n 

6I0m 606vw v(C-SV 

631vw rCCDjV 

652m r(CD,)o 

678s 674s r(CD,V 

691m v(C-SV 

7l2sh 712^11/^ r(CD,) 

728sh/v'\v r(CD,>T 

759m 751s'%v r(CD,-> 

793sh/v-w 

830w l(CD,V 

851m 856vw t(CD,) 

87lsh t(CD,)n 

889sh/vw t(CD,V 

915sh 919s t(CD,>r 

937sh 937sh/vw w(CD,) 

958vs 961sh s(CD,) 

974sh s(CDO 

987vs s(CD,) 

1034m 1030vw vfC-CV 

1057s 1057m 5.(CD0 

1074sh v(C-CV 

IllOsh V(C-C>r 

1124 vs 1139s v(C-C\ 

1161sh/vw 

1189sh/vw 1193sh/vw 

1220sh 

1240m 1247w vfC-CV 

r = rock; t = twist; w = wag; s = scissor, 5 = bend; v = stretch 



Rocking Twisting Wagging Scissoring 

520 - 760 cm ' 820 - 920 cm' 890 -1040 cm ' 940 -1020 cm ' 

Figure 7.2 Methylene bending motions and the corresponding mode frequencies characteristic of perdeutero alkanes. U> 
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are not assigned a T or G character, since these bending modes are more sensitive to 

intermolecuiar interactions than to intramolecular conformations. 

Impurity bands are discussed separately at the end of the chapter. Finally, a few of 

the bands in this spectral region are unassigned due to the uncertainty of their origin; these 

bands may also be assignable to impurities. 

600-700 cm'' Region 

In the liquid CgDi^SH spectrum (Figure 7. la), the 610 cm"' band is assigned to the 

V(C-S)Q mode, because it is of negligible intensity in the solid spectrum. For the v(C-S) 

mode, the T and G designations apply to the conformation of the Cj-Cn bond adjacent to 

the C-S bond. Thus, the lack of V(C-S)G band intensity in the solid spectrum is indicative 

of greater intramolecular order near the thiol headgroup. The 691 cm"' band in the solid 

spectrum (Figure 7 lb) is assigned to the v(C-S)y mode, because of its relative intensity 

and its frequency separation (i.e., ca. 80 cm"') from the V(C-S)G band. The fact that the 

V(C-S)T band is significantly less intense than the V(C-S)G band in the liquid 1-alkanethiol 

spectra (Figure 6.1) may explain why this band is not resolved in the liquid QDj^SH 

spectrum. In the liquid 1-alkanethiol Raman spectra, the V(C-S)G and V(C-S)T bands are 

observed at ca. 655 and 735 cm"', respectively, which amounts to a frequency separation 

of 80 cm"'. The 45 cm"' decrease in frequency of these bands upon deuteration of the 

alkane chain implies that the bands assigned to v(C-S) modes have other vibrational mode 
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contributions and/or the v(C-S) modes involve motions of the H and D atoms. 

Assignment of the liquid and solid CgD,7SH V(C-S)T and V(C-S)G bands is also 

based on the Raman spectra of CgDiySH SAMs at MP Ag (Figures 9.19 and 9.20). In 

these spectra, the only relatively intense band appearing in the 600-700 cm"' region was 

consistently observed at ca. 665 cm''. A frequency decrease of the v(C-S) modes upon 

thiol deprotonation and subsequent thiolate adsorption at Ag, similar to that experienced 

by the perhydro analogs (Chapter 9), supports the assignment of 691 cm"' solid CgD,7SH 

band to the v(C-S)-r mode. 

520-760 cm ' Region 

Krimm'^ calculated frequency shift ratios of 1.379 and 1.292 for methylene and 

methyl rocking modes, respectively, and thus, the rocking mode region is approximated to 

extend from 520-760 cm"'. Although bands in this region have coordinate contributions 

from a combination of rocking and twisting motions, they are referred to and discussed as 

rocking modes.^^ 

Bands at 728 and 751 cm"' in the solid spectrum are assigned to r(CD3) modes. 

These assignments follow those of Ripley^' who observed this band pair in the Raman 

spectrum of solid d^-dodecane (CD3(CH2),o CD3), but not in the Raman spectrum of solid 

n-dodecane. As such, the liquid CgDjySH Raman band at 759 cm"' is also assigned to a 

r(CD3) mode. Bands observed in 520-760 cm"' region of the liquid and solid spectra 
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which could not otherwise be assigned to a v(C-S) or rCCDj) mode are assigned as rCCDj) 

modes. 

820-920 cm'' Region 

Bands observed in the Raman spectra of liquid and solid CgD,7SH (Figures 7. la 

and b, respectively) from 820-920 cm"' are assigned only to methylene twisting (tCCD,)) 

modes. In actuality, these bands have vibrational contributions from a combination of the 

twisting and rocking motions; however, they are commonly assigned as twisting modes.' ® 

The shoulder at 915 cm"' in the liquid spectrum and the 919 cm"' band in the solid 

spectrum are assigned to the in-phase tCCD,) mode. These assignments are supported by 

the relative intensity of this band in the solid spectrum and by normal coordinate 

calculations by Koenig^ on deuterated polyethylene. Koenig^ calculated a frequency of 

ca, 917 cm"' for this mode and observed a 917 cm"' band in the Raman spectrum of 

crystalline deuterated polyethylene. Furthermore, application of Krimm's^'^ frequency 

shift ratio of 1.414 for methylene twisting modes to the in-phase tCCH,) band at ca. 1300 

cm"' in the Raman spectra of the liquid and solid I-alkanethiols (Figures 6.1 and 6.2, 

respectively) places the deuterated analog of this band at ca. 920 cm"' in the Raman 

spectra of deuterated n-alkanethiols. Finally, in the Raman spectrum of crystalline dgj-

DPPC, Levin' " observed a relatively intense 919 cm"' band, which he assigned to the in-

phase t(CD2) mode. 



937 cm ' Band 

Krimm^^ calculated a frequency shift ratio of 1.323 for methylene wagging modes, 

and thus, the wCCD,) bands are predicted to be observed in 890-1040 cm"' region. 

Unfortunately, this region of a deuterated alkane is complicated due to the presence of 

tCCDj) bands at the low frequency end of this region (i.e., 820-920 cm"') and methylene 

scissoring (s(CDi)), methyl bending (5,(CDj)), and v(C-C) bands at the high frequency 

end. In reference to the Raman spectra of the perhydro 1 -alkanethiols (Figures 6.1 and 

6.2), any w(CD2) bands at the high frequency end of 890-1040 cm"' region are expected to 

be of relatively weak intensity, and thus, they are possibly not resolved. At the low 

frequency end of this region, the assignment of the ca. 920 cm"' band to the in-phase 

t(CD,) mode is undoubtedly correct. Thus, only the 937 cm"' band in the Raman spectra 

of liquid and solid CgD^SH is assigned to a w(CH,) mode. 

940-1020 cm ' Region 

Krimm's^^ calculated frequency shift ratio of 1.349 for the methylene scissoring 

modes would place s(CD2) bands in 1050-1100 cm"' region. In contrast, normal 

coordinate calculations by Koenig'-^' on deuterated polyethylene indicate s(CD2) modes 

have frequencies of 966 and 980 cm"'. 

CgDpSH Raman bands at 958 and 974 cm"' in the liquid spectrum and at 961 and 

987 cm"' in the solid spectrum are assigned to s(CD,) modes. In reference to the Raman 

spectra of perhydro 1-octanethiol (Figure 6. Id and 6.2d), the relative intensities of these 
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bands and the structure of the 5(00,) band envelope in the liquid spectrum support these 

assignments. Furthermore, in the Raman spectra of crystalline dfi^-DPPC, Levin^ 

observed a relatively intense 984 cm"' band and an accompanying shoulder at 967 cm"', 

both of which he assigned to sCCD,) modes. (Koenig^ observed sCCD,) bands at 976 

and 993 cm"' in the Raman spectra of crystalline deuterated polyethylene.) It should be re-

emphasized that Krimm's'' frequency shift ratios were calculated for isolated methylene 

and methyl groups. Thus, this ratio very poorly approximates the sCCD,) band 

frequencies, because other atoms must participate in the methylene scissoring vibrations. 

It is speculated that the predominant intensity contribution to 992 cm"' band in the 

liquid spectrum originates from an impurity species. As such, it is also possible that the 

987 cm"' band in the solid spectrum has an intensity contribution, the magnitude of which 

is uncertain, from the same impurity. At the end of this chapter, the identity of this 

impurity is discussed. 

1030-1240 cm'' Region 

Little, if any, frequency shift is expected for the v(C-C) modes of perhydro 1-

o c t a n e t h i o l  u p o n  i s o t o p i c  s u b s t i t u t i o n  o f  t h e  h y d r o g e n  a t o m s  w i t h  d e u t e r i u m  a t o m s . I f  a  

frequency shift is observed, it is most likely the result of a change in the vibrational 

contribution to that particular v(C-C) mode. 

In the Raman spectrum of the solid CGD^SH (Figure 7. lb), V(C-C)T modes are 

assigned to bands at 1030, 1110, 1139, and 1247 cm"'. Except for the 1247 cm"' band. 
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these assignments are based on the observation of V(C-C)T bands at similar frequencies in 

the solid perhydro 1-octanethiol Raman spectrum (Figure 6.2d). The 1139 cm"' band 

most likely corresponds to the 1124 cm"' band of 1 -octanethiol, and thus, it is assignable 

to the (C-C) mode. Normal coordinate calculations on (perhydro) n-alkanes by 

Snyder^^ indicate that the (C-C) mode contains a significant contribution from a 

r(CH3) mode. Lack of this contribution to the v^.^(C-C) mode of solid CgD,7SH may 

explain the frequency shift of this band. Normal coordinate calculations by Koenig^'^* on 

crystalline deuterated polyethylene support the assignment of the 1139 cm"' band to the 

^!>Tn(C-C) mode. In addition, according to his calculations, the 1247 cm"'band is 

assignable to the (C-C) mode. Koenig^ ** observed bands at 1149 and 1254 cm"' in 

the Raman spectrum of crystalline deuterated polyethylene, and thus, he assigned these 

bands to the v^(C-C) and v^„^(C-C) modes, respectively. Levin^'*^ also observed bands 

at 1145 and 1249 cm"' in the Raman spectrum of crystalline dfi,-DPPC. Furthermore, he 

observed an Ii249/In4s ca. 0.2, which approximates the value of this intensity ratio in the 

Raman spectrum of solid CgD,7SH. 

In the Raman spectrum of the liquid CgDpSH (Figure 7. la), v(C-C) modes are 

assigned to bands at 1034, 1240, and 1124 cm"' and a shoulder at 1074 cm"'. Bands at the 

first two frequencies most likely originate predominantly from T bond sequences, because 

bands at similar frequencies are observed in the solid spectrum. The assignments of the 

other two v(C-C) bands require more discussion. In the Raman spectra of the liquid and 
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solid I-alkanethiols (Figures 6.1 and 6.2, respectively), the v„.„(C-C) band is consistently 

observed at a smaller frequency in the liquid than in the solid, because, as explained by 

Levin^the liquid band is representative of an alkane chain with various T segments 

separated by G conformations. Thus, the 1124 cm"' liquid CgD^SH band is assigned to 

the v^(C-C)-r mode. The shoulder at 1074 cm"' is assigned to G bond sequences for two 

reasons. First, intensity at this frequency is absent in the solid spectrum, and secondly, a 

V(C-C)G band is observed at 1078 cm"' in the Raman spectrum of liquid perhydro 1-

octanethiol (Figure 6. Id). 

1057 cm ' Band 

Krimm's^^ calculated frequency ratio of 1.403 for the asymmetric methyl bending 

mode would place the 5„.„(CD3) band at ca. 1045 cm"'. Similarly, normal coordinate 

calculations on CD3CD3 by Hansen' ̂  indicate that this mode has a frequency of ca. 1045 

cm"'. Nonetheless, Hansen" reported the 5^(CD3) band at 1055 cm"' in the ER spectrum 

of solid CD3CD3, and Levin^" observed this band at 1057 cm"' in the IR spectrum of solid 

and solution (in CCIJ dj-hexadecanoic acid. Thus, the 1057 cm"' liquid and solid 

CgDpSH band is assigned to the S^/CDj) mode. 

1160-1600 cm'' Region 

Some of the bands in this spectral region are unassigned, because their identity and 
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origin are unknown. Other bands are assignable to impurity species; these impurity bands 

are discussed at the end of the chapter. 

1800-3250 cm"' Spectral Window 

Raman spectra in the 1800-3250 cm"' region of neat liquid and solid CgD,7SH are 

shown in Figures 7.3 a and b, respectively. The frequencies, relative intensities, and mode 

assignments of the bands in this region are presented in Table 7.2. 

Table 7.2 Raman Frequencies and Assignments for Liquid and Solid 
d, 7 -0ctanethiol (CgD,7SH) Bands in the 1800-3200 cm"' Region 

Liquid Solid Mode 

2055 

2074 2074 v.(CD„FR) 

2105vs 2105VS v.fCDO 

2129 2130 v.(CD,.FR) 

2143 a-v/CD-,) 

2159 2155 a-viCD,) 

2199 2201 v,(CD,> 

2216 2220 v,CCDO 

2548vs vfS-H) 

2575vs 2573W vfS-m 

V = stretch; FR = Fermi Resonance 
s = symmetric; a = asymmetric 

This spectral region contains v(C-D) and v(S-H) bands in the 2050-2225 cm"' and 
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Wavenumbers (cm"') 
Figure 7.3 Raman spectra (in the 1850-3250 cm ' region) of (a) liquid and (b) solid 

CgD,-,SH. Each spectrum is plotted to full-scale intensity within its own 
spectral window. (Power = 150 mW, integration time = 20 s for a and I s 
for b, slit width = 25 |im, and = 514.5 nm.) 
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2540-2580 cm"' regions, respectively. Limited band intensities are designated due to poor 

resolution of the v(C-D) bands; however, band intensities are still scaled relative to the 

band of maximum intensity. 

2050-2225 cm ' Region 

Since Raman polarization measurements were not performed, previous literature 

assignments of the symmetric and asymmetric character of the v(C-D) bands are 

referenced. In the Raman spectra of liquid and solid CgD,7SH (Figure 7.3a and b), bands 

at 2074 and ca. 2130 cm"' are assigned to v„„(CD3,FR) modes; the ca. 2218 cm"' band is 

assigned as the Vj^(CD3) mode. These assignments are supported by the Raman spectral 

obsep/ations of Ripley^' and Mendelsohn^ who acquired Raman spectra of liquid methyl 

deuterated d^-dodecane and liquid and solid methyl deuterated dj-stearic acid, 

respectively. Mendelsohn^ assigned the 2074 and 2130 cm"' bands to FR modes, 

because they are of equal intensity and their depolarization ratios are characteristic of 

bands originating from modes of the same symmetry. The splitting of the v^CCDj) band 

by Fermi resonance (FR) is confirmed by at least two other spectral observations. First, in 

the IR spectrum of solid CD3CD3. Hansen^ ̂  observed only a single band at 2100 cm"'; 

based on normal coordinate calculations on this molecule, he assigned this band to the 

v^(CD3) mode. Secondly, in the Raman spectra of liquid and solid CgD^SH, the 1057 

cm"' band is assigned to the 5^.„(CD3) mode, the overtone of which would be expected at 
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ca. 2100 cm"'. 

The 2105 and ca. 2200 cm"' Raman bands of liquid and solid CgDjySH are assigned 

as the v^CCD,) and Vj^CCD,) modes, respectively. These assignments follow those 

made by Mendelsohn"' who acquired Raman spectra ofliquid and solid d3s-stearic acid. 

Finally, the bands at 2143 and 2155 cm"' in the solid spectrum and the 2159 cm"' band in 

the liquid spectrum are assigned to the modes. Mendelsohn^'^^ observed the 

2143 cm"' band only in the Raman spectra ofliquid a-methylene deuterated methyl 

laurate, and Cameron^* observed Raman bands at 2154 and 2158 cm"' in the spectra of 

solid a-methylene deuterated palmitic and stearic acids, respectively. 

2500-2600 cm ' Region 

In the Raman spectrum of solid CgDiySH (Figure 7.3b), the 2548 cm"' band and its 

accompanying shoulder at 2573 cm"' are assigned to v(S-H) modes. In the liquid 

spectrum (Figure 7.2a), only the v(S-H) band at 2575 cm"' is observed. Support for these 

assignments has already been discussed in Chapter 6. 

Impurity Bands 

As mentioned in the introduction to this chapter, CgDpSH was purified by triple 

distillation in benzene and characterized by GC-MS to be ca. 98% pure. Perhaps 

unsurprisingly, benzene was detected by GC-MS as a 1% impurity. Impurities are also 
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detected by Raman spectroscopy; the frequencies, relative intensities, and mode 

assignments of these impurity bands are presented in Table 7.3. The identity of and 

evidence for these impurity species are discussed in the following paragraphs. 

Raman bands assignable to benzene are detected in the liquid and solid spectra of 

CJOITSH. In the low-frequency Raman spectra (Figure 7.1), benzene bands'^® are 

observed at 992, 1585, and 1605 cm"' The first band is assignable to the vCC-C)^ mode 

and the latter two are assigned as v(C=C)^ modes. The 992 cm"' band was attributed to 

benzene based on its resolution as a sharp band on the shoulder of the liquid d,,-

octanethiol sCCD,) bands and its intensity relative to the V(C=C)A, bands. In the high 

frequency spectra (Figure 7.3), benzene v(C-H)^ bands'^® are observed at 3046, 3060, 

and 3186 cm"'. 

In spectra of neat benzene and neat CgSH (spectra not shown), the v(C-C)rt, band is 

ca. 30 times more intense than the v(C-S)c; band. Since benzene is present in liquid 

CgDpSH at the 1% impurity level, the relative intensity of the v(C-C)rt, band in Figure 7.1 

is surprisingly large. Most likely, the environment which liquid CgD,7SH provides to the 

impurity benzene enhances the v(C-C)rt, mode Raman scattering efficiency/cross-section. 

In addition, bands attributable to hydrocarbon impurities are also detected in the 

liquid and solid spectra. The in-phase t(CH2) band and a s(CH2) band characteristic of 

alkanes^ are observed at 1305 and ca. 1450 cm"', respectively. Overtone and 



Table 7.3 Raman Frequencies and Assignments for Liquid and Solid d,7-Octanethiol 
(CgDjiSH) ImpuritN' Bands in the 450-3200 cm ' Region 

Liquid Solid Mode 

992SH v(C-C)rt, 

I304vw I305\'\V KCH,) 

145Ivw 1453\'W S(CH;) 

I586VW 1585V'\V O
 

II n
 

1606V'\V 1604V\V V(C=C);^ 

2289\-\V 

2319SH/V\V 

2376V\V 

2391V%V 

2444^ 

2458%-^ 

2466^ 

2492V\V 

2734SH/\-\v 

2768^ 

2883VW v.(CH,) 

2894V'\V v.(CH,) 

2897VW' 2907VV,- v.(CH,,FR) 

2925SH/VW 2930V\V v.(CH,.FR) 

2947SH/V\V 2942V\v v.CCH,) 

3046SH/\'%V 3047V'\V v(C-H)^ 

3060\'%v 3060v\v 

3186\'W v(C-H)^ 

t = tuist; s= scissor; v = stretch; FR = Fermi Resonance 
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combination bands characteristic of hydrocarbons^^'"^ ̂ ' are observed in the 2300-2500 cm" 

' and 2600-2800 cm"' regions, and alkane v(C-H) bands^are observed in the 2800-3000 

cm"'. There is some uncertainty to the source of this alkane impurity; it could be 

attributed to a perhydro or a CHD impurity. 

Conclusions 

Raman spectra in the 450-1650 cm"' and 1800-3250 cm"' regions of liquid and 

solid di7-octanethiol (CgDj^SH ) have been presented, and frequencies, relative intensities, 

and vibrational mode assignments of the bands in these spectral regions have been 

tabulated. These band assignments have been very thoroughly researched and discussed, 

since there are relatively few literature reports on IR and Raman spectra of deuterated 

alkanes. Nonetheless, there remains a small degree of uncertainty in these assignments. 

Only after a systematic chain length study of the Raman spectra of liquid and solid 

deuterated n-alkanethiols could these assignments be confirmed and or revised with the 

utmost confidence. In such a study, Raman bands assignable to CDj, CDj, and v(C-S) 

modes would be easily discerned, because the relative intensity of these bands would 

change significantly as a function of chain length. 

GC-MS results indicated the liquid CgDj^SH was 98% pure; 1% of this impurity 

was determined as benzene, which was the distillation solvent. As such, Raman bands 

attributed to benzene and other hydrogenated alkane molecules were detected and 

assigned. 
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The material in this chapter is important to the discussion of 1-alkanethioI and 

CgD,7SH SAMs at Ag (see Chapter 9). More specifically, it is significant that the liquid 

and solid Raman spectra of CgD^SH do not show thiol bands of appreciable intensity in 

the 1200-1600 cm"' region. 
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Chapter 8 

CARBON CONTAMINATION AT Ag SURFACES; 

SURFACE PREPARATION PROCEDURES EVALUATED BY 

RAMAN SPECTROSCOPY AND X-RAY PHOTOELECTRON SPECTROSCOPY 

Introduction 

Prior to this study'and that of Thompson'(discussed later in this section), a 

thiol monolayer-coated polycrystalline Ag surface was typically only mechanically polished 

to remove this strongly-bound chemisorbed monolayer. (As detailed in Chapter 2, 

mechanical polishing was performed on a padded lapping wheel with aqueous alumina 

slurries.) Since the thiol monolayer was suspected to be abraded from the Ag surface, the 

pad was most likely quickly contaminated with the by-products of such physical abrasion. 

Perhaps, Bryant'^ was not concerned with the presence of residual impurities at the 

freshly-prepared mechanically polished (MP) Ag surface, because Whitesides"* had 

suggested that strongly adsorbed contaminants at vapor-deposited Au surfaces should be 

preferentially displaced by adsorbing thiols. Nonetheless, Bryant must have speculated on 

the presence of contaminants co-adsorbed with alkanethiol self-assembled monolayers 
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(SAMs) at MP Ag and electrochemically-roughened (ORC) Ag surfaces. First, he never 

presented'-''"'^* Raman spectra of alkanethiol SAMs at Ag beyond 1325 cm"V Secondly, 

Raman spectra of C4SH, CijSH, and C,gSH SAMs at MP Ag and ORC Ag acquired (with 

an excitation wavelength (X„J of 514.5 nm) out to 1325 cm"' indicate superposition of 

alkanethiol 5(CH„) bands atop a rising background intensity.' 

In electrochemical experiments intended to define the electrochemical potential 

window in which n-alkanethiol SAMs at MP Ag could be studied as intact films (for their 

structure/composition as a function of electrochemical potential), Bryant' *' observed the 

reductive desorption of partial monolayers of C^SH, CjiSH, and C,gSH in aqueous 

solutions of 0.5 M KOH and 0.1 M KCl. Furthermore, he noted partial desorption of 

these monolayers from MP Ag occurred at more positive potentials when immersed in the 

former electrolyte as opposed to the latter; he reasoned this result was due to the 

increased solubility of alkanethiolates in basic solutions. Raman spectra acquired (but not 

shown) by Bryant'after such reductive desorption experiments proved the presence of 

sub-monolayer films at these MP Ag surfaces. Although partial desorption of the C^SH 

SAM was evidenced by a voltammetric wave at ca. -1.4 V (versus Ag/AgCI) in 0.1 M 

KCl, Bryant subjected this monolayer to a potential of -2.5 V for 10 min with the hope of 

completely removing it; however, Raman scattering characteristic of adsorbed C4SH 

continued to be observed. 

Thompson"" stated (without providing spectral data) that mechanical polishing of 

thiol-modified MP Ag surfaces was not successful in complete thiol removal. 
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Furthermore, he reported that XPS data prove that "clean" MP Ag surfaces adsorb thiols 

from the polishing pads used to remove thiol monolayers.* '" Thus, acknowledging the 

aforementioned reductive desorption results of Bryant and the possibility that thiol 

monolayer desorption from MP Ag is kinetically slow, Thompson"" mechanically-

polished thiol-coated MP Ag surfaces with 1.0 [im agglomerated alumina to remove at 

least a portion of the monolayer and then potentiostated them at ca. -1.7 V (versus 

Ag/AgCl) in 5 M NaOH for ca. 2 hr to desorb the entire monolayer. Subsequent to the 

electrochemistry, these surfaces were rinsed thoroughly with water and mechanically 

polished. Thompson''" acquired Raman spectra (in the v(C-S) region) of a CjSH SAM at 

MP Ag before and after mechanical polishing and after mechanical polishing followed by 

20 min and I hr of electrochemical treatment. From these spectra, he concluded that the 1 

hr electrochemical treatment protocol was most effective at nearly complete removal of 

the thiol monolayer. The accuracy of this conclusion and the necessity for the 

electrochemical "cleaning" step is questioned, because there doesn't appear to be 

significantly less intensity in the v(C-S) region after the 1 hr electrochemical treatment 

protocol than after only mechanical polishing. Unfortunately, Thompson did not perform 

an XPS study to complement these Raman results. Although his dissertation research may 

not have required that he study longer-chain n-alkanethiol SAMs at MP Ag, Thompson 

never discussed the effectiveness of this electrochemical "cleaning" protocol on these 

monolayer systems. Thus, the aforementioned conclusion may also be an over-

generalization. 
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Thompson' '" also attempted abrasion of thiol SAMs from Ag surfaces by sanding 

them with 240 grit SiC paper, but he discarded this procedure because he believed the 

Raman spectra (in the v(C-S) region) of these sanded surfaces indicated substantial sub-

monolayer quantities of adsorbed thiol. If he had also acquired XPS spectra of these 

surfaces, he would have reached a different conclusion. 240 grit SiC paper is surely 

abrasive enough to remove not only the thiol SAM, but also considerable Ag. As 

discussed later in this chapter, the significant band intensity which Thompson observed in 

the v(C-S) region, and thus attributed to adsorbed thiols, is assignable to graphitic carbon 

contamination. 

For reasons similar to those discussed above for Bryant, Thomspon"° must have 

also speculated on the presence of contaminants co-adsorbed with alkanethiol SAMs at 

MP Ag and ORC Ag surfaces. Nonetheless, he obviously concerned himself only with 

thiol removal, because Raman spectra of the MP Ag surface indicate it is by no means 

contaminant-free. 

MP Ag surface cleanliness was extensively studied by the author' '" for several 

reasons. First, as determined by Raman spectroscopy, the reproducibility of alkanethiol 

SAMs at MP Ag was very poor. Specifically, broad backgrounds of varying intensity 

were often observed in the 450-950 cm"' and 1100-1700 cm"' regions; spectra in these 

regions of a propanethiol (C3SH) SAM at MP Ag are shown in Figures 8.1 and 8.2, 

respectively. Secondly, accurate Raman spectral information from the 1310-1380 cm'' 

w(CH,) region could not be obtained, since the alkanethiol monolayer bands in this region 
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were always superimposed upon a broad background. As stated in Chapter I, the initial 

research objective of this author was to extract spectral data from the w(CH2) region, 

because only this region possibly contained monolayer bands indicative of specific gauche 

conformational sequences (see Figure 6.4) within the alkanethiol molecules. Third, 

intense broad bands, similar in shape to the background in Figures 8.1 and 8.2, were 

consistently observed in Raman spectra of un-modified MP Ag. From these spectral 

results, it was concluded that the un-modified and alkanethiol SAM-modified MP Ag 

surfaces were similarly contaminated. Thus, it was imperative that the source and identity 

of this contamination be determined, in order to minimize its presence at MP Ag. 

Much of the Raman spectroscopic and electrochemical research performed in this 

laboratory and others utilizes Ag surfaces exposed to the ambient atmosphere during 

preparation and/or experimental use. As a result, these surfaces unavoidably experience 

contamination by carbonaceous impurities. For the reasons outlined above, an 

investigation into the relative amounts of carbon contamination at polycrystalline Ag 

surfaces after various cleaning procedures was performed. Common methods used to 

clean and/or polish Ag surfaces include mechanical polishing with diamond pastes or 

alumina powders, chemical polishing with* and without"*^^^""'-^*®-* * subsequent 

flame treatment, electrochemical polishing*^* \ inert gas (e.g., Ar) plasma cleaning, and 

Ar* sputtering followed by annealing^^'^*^. Assessment of surface cleanliness after any of 

the aforementioned cleaning protocols can be accomplished with electrochemical (cyclic 

voltammetry* \ underpotential deposition (UPD) of metals^'^, differential capacitance 
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400 800 

Wavenumbers (cm"') 

Figure 8.1 The v(C-S), r(CHJ, and v(C-C) regions of a Raman spectrum acquired on 
the Triplemate of a CjSH SAM at MP Ag. (Power = 150 mW, slit widths = 
0.5/2.7/0.15 mm, integration time = 600 s, and = 514.5 nm.) 
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Figure 8.2 The 5(CHJ region of a Raman spectrum acquired on Triplemate of a CjSH 
SAM at MP Ag. (Power = 150 mW, slit widths = 0.5/2.7/0.15 mm, 
integration time = 900 s, and = 514.5 nm.) 
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measurements' ® * spectroscopic (x-ray photoelectron spectroscopy (XPS)", Auger 

electron spectroscopy^" ""^^ ~^* ~'*° ""*~~^®"°, low energy electron diffraction (LEED)^"'* '*, 

Raman spectroscopy^"), or microscopic (scanning electron microscopy (SEM)* ", optical 

microscopy (OM)"', scanning probe microscopy) techniques. 

At the time of this study, routine cleaning and polishing of polycrystalline Ag 

surfaces consisted of sanding with 1500 grit SiC paper and mechanical polishing with 

successively finer grades of agglomerated alumina down to 0.05 |im. Although these 

procedures succeed in removing adsorbed thiol monolayers, Raman spectra acquired by 

Cooney* '• indicate Ag surfaces mechanically polished with alumina slurries remain heavily 

contaminated with various carbonaceous impurities, as evidenced by Raman bands 

observed in the 1000-1800 cm"' and 2800-3000 cm"' regions. 

Prior to our investigation into Ag surface cleanliness, alumina was believed to be 

completely removed from the surface after several minutes of sonication in water; 

however, as the XPS data shown in this chapter indicate, alumina remains embedded in the 

surface and can be responsible for considerable surface contamination. As part of this 

study, the effectiveness of sonication (with the Bransonic 220 ultrasonicator) was 

evaluated on the basis of Raman and XPS spectra of the resulting surfaces, and a 

procedure that minimizes the presence of surface alumina was developed. 

In an attempt to further reduce the amount of carbon contamination at MP Ag 

surfaces, the chemical polishing and thallium UPD procedures of Bewick and Thomas^'^ 

were employed with slight modifications. Their chemical polishing procedure is based on 
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the oxidation of Ag in a 1.1 solution mixture of 15-20% HjO, and 0.05 M NaCN and its 

subsequent reduction in a 0.1 M NaCN solution; reduced Ag is removed as soluble 

Ag(CN)'2. Chemical polishing of polycrystalline Ag acts to smooth and clean the surface; 

however, it may not remove all of the adsorbed carbonaceous impurities. In addition, CN" 

from the final chemical polishing bath may remain adsorbed to the surface. In the past, 

CN" has been removed by electrochemical polarization of the Ag electrode in a non-

adsorbing electrolyte at potentials sufficiently negative to cause slight hydrogen 

evolution."^ In this study, the Tl UPD procedure used for characterization of the Ag 

surface crystallinity was also found to aid immensely in the removal of adsorbed CN" and 

other adsorbed carbonaceous impurities, based on XPS and Raman spectra acquired after 

Tl UPD. This observation is consistent with the desorption of adsorbed halides upon UPD 

of other metals.* 

Finally, Ar* sputtering of mechanically polished Ag was investigated as a means of 

removing carbon contamination from the surface. This procedure has been utilized 

extensively by the surface science community for surfaces routinely handled in vacuum."^ 

Although this procedure is not one that can be utilized in the ambient environment, its 

use here serves as an important comparison to the other cleaning protocols investigated. 

Raman and XPS spectra of mechanically polished with sonication (MP), 

mechanically polished without sonication (MPWS), chemically polished (CP), chemically 

polished with subsequent Tl UPD (CPAJPD), and Ar*-sputtered (ARS) Ag surfaces are 

presented for comparison of surface cleanliness. In addition, the 24 hr stability of the MP 
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and CP/UPD surfaces to adsorption of carbonaceous species and surface oxidation is 

discussed. On the basis of the surface Raman spectra observed after use of the chemical 

polishing/T! UPD protocol, regions of these polycrystalline Ag surfaces are deemed to be 

relatively carbon-free. 

Experimental 

The materials, instrumentation, and cleaning protocols for this study are presented 

in Chapter 2. Exceptions to or important comments on the experimental details in this 

chapter are provided below. 

Mechanical Polishing 

All of the Ag surfaces employed for this study were sanded with 1500 grit silicon 

carbide (SiC) paper prior to being mechanically polished. Subsequent to this study, only 

those Ag surfaces at which thiol monolayers or cyanide contamination had been adsorbed 

were sanded. In addition, only the Bransonic 220 ultrasonicator was used for these 

surfaces. Future studies in this laboratory employed the Bransonic 1210 sonicator. As 

described in Chapter 2, the sonication protocol applied was dependent on the sonicator 

used. 

AT* sputtering 

After this study was performed, it was learned that the acceleration voltage of 6 
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keV employed here for Ar* sputtering was perhaps a bit high, leading to significant surface 

roughening. For example, other researchers"^'*"''*^ commonly perform Ar' sputtering at an 

acceleration voltage of 0.5-2 keV, most likely to minimize surface roughening. 

Ar Plasma Cleaning 

Ar plasma cleaning of MP Ag surfaces with a radio frequency plasma generator 

was attempted as an alternative to Ar* sputtering; however, this cleaning method was not 

pursued due to contamination deposited at the Ag surface upon plasma bombardment of 

the entire Ag XPS stub (i.e. Ag metal/Ag solder/Cu or stainless steel substrate). The 

reader is referred to Chapter 2 for further details. 

Results 

XPS and Raman Spectroscopy 

Polycrystalline Ag surfaces prepared by each of the aforementioned procedures 

were subjected to both Raman spectroscopic and XPS analysis. Reproducibility of these 

surface preparation protocols was estimated by the analysis of three surfaces of each type 

(except for the MPWS surface). The degree of reproducibility is reflected by the 

elemental ratio values determined from XPS spectra, as shown in Table 8.1; these values 

are calculated using equations 2.1 and 2.2 and the sensitivity factors provided in Chapter 

2. Representative XPS and Raman spectra are presented for each surface preparation 

protocol. The results of these analyses allow assessment of the following issues; (1) the 



Table 8.1 Elemental Ratios from XPS Data for Ag Surfaces Prepared by DifTerent Protocols 

C/Ag O/Ag Al/Ag Carbon Is 
Binding 

Energy (cV) 

Oxygen Is 
Binding Energ>' 

(eV) 

MECHANICALLY POLISHED 

without sonication (MPWS) 1.00 1.39 0.577 285.2 532.6 

with sonication (MP) 0.554 + 0 051 0.799 + 0.0f)9 0,296 + 0.054 285.0+ 0.3 532.0 + 0.2 

Ar'-SPUTTERED(ARS) 0.063 + 0.003 0.188+ 0.010 0.062 + 0.006 284.2+0.2 532.0 + 0.5 

CHEMICALLY POLISHED 

without undcrpotcntial deposition (CP) 0.331+0.041 0.230 + 0.032 N/A 284.3+ 0.1 531.3+0.7 

with undcrpotcntial deposition (CP/UPD) 0.271 + 0.028 0 208 + 0.018 0.093 + 0.001 284.1+ 0.3 531.3 + 0.3 
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cleanliness of polycrystalline Ag surfaces prepared by standard mechanical polishing 

procedures and (2) the variation of surface cleanliness with different cleaning or polishing 

protocols. 

Investigation of surface cleanliness by XPS is common, since XPS can provide 

quantitative information about the relative elemental composition of the surface. In 

particular, the degree of carbon contamination at the surface can be readily determined 

with XPS. An appreciation for the difference in cleanliness of surfaces prepared by 

different protocols can be realized by consideration of the XPS survey spectra in Figures 

8.3-8.7 and the C/Ag and Al/Ag ratio values (Table 8.1) extracted from the XPS data. 

MPWS Ag is designated the "dirtiest" surface, as it contains the largest quantities of 

carbon and alumina impurities. The detection of oxygen is consistent with the presence of 

alumina, the oxidation of adsorbed carbon species, and/or the possibility of silver oxide 

(AgO and/or AgiO) and hydroxide (AgOH) formation at the air-exposed surface. 

Although not quantified, only the XPS survey spectra of MPWS Ag and MP Ag 

(Figures 8.3 and 8.4, respectively) indicate the presence of adsorbed CI". Finally, a box is 

drawn about the S^p region of these spectra to emphasize that the quantity of sulfur at 

these surface types is below its estimated XPS limit of detection (LOD) of ca. 0.02-0.04 

monolayer (ML)*'®. This observation is significant, because thiol self-assembled 

monolayers (SAMs) were previously adsorbed at these surfaces. Thus, sanding of these 

surfaces with 1500 grit SiC paper followed by subsequent mechanical polishing is effective 

at removal of strongly-bound S. (Unsurprisingly, S is not detected in the XPS spectra of 
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Figure 8.3 XPS survey spectrum of MPWS Ag. The spectrum shown as inset is a lOx magnification of the 0-350 eV 
region of the spectrum. (Resolution = 2 eV and integration time/channel = 0.4 s.) 
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Figure 8.4 XPS survey spectrum of MP Ag. The spectrum shown as inset is a lOx magnification of the 0-350 eV region of 
the spectrum, (Resolution = 2 eV and integration time/channel = 0.4 s.) 
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Figure 8.5 XPS survey spectrum of CP Ag. The spectrum shown as inset is a lOx magnification of the 0-350 eV region of 
the spectrum. (Resolution = 2 eV and integration time/channel = 0.4 s.) ^ 
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Figure 8.6 XPS survey spectrum of CP/UPD Ag. The spectrum shown as inset is a lOx magnification of the 0-350 eV 
region of the spectrum. (Resolution = 2 eV and integration time/channel = 0,4 s.) ^ 
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Figure 8.7 XPS survey spectrum of ARS Ag. The spectrum shown as inset is a lOx magnification of the 0-350 eV region 
of the spectrum. (Resolution = 2 eV and integration time/channel = 0.4 s.) 
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CP Ag, CP/UPD Ag, or ARS Ag, because each of these surfaces is initially sanded and 

mechanically polished.) 

ARS Ag is designated the "cleanest" surface, since only in the survey spectrum of 

this surface (Figure 8.7) is the carbon XPS signal intensity at the noise level. As will be 

discussed below, upon detailed examination of each spectral region at higher resolution 

and sensitivity, the data show that the amount of carbon and aluminum remaining at the 

Ar*-sputtered surface is near the XPS limit of detection (LOD). The oxygen peak is still 

detectable above the baseline, but presumably can be reduced to undetectable levels with 

longer sputtering times. The estimated XPS LODs for oxygen and carbon at metal 

surfaces are between ca. O.Ol to 0.05 monolayer (ML) and ca. 0.05 to 0.10 ML, 

respectively;*the XPS LOD for aluminum may be closer to ca. 0.10 to 0.15 ML due to 

its lower photoionization cross-section." *'*As will be shown, Raman spectroscopy has 

at least a comparable LOD for carbonaceous impurities relative to XPS, and it provides 

more information about the chemical identity of the carbon contaminants. When 

considering absolute surface area sampled by these spectroscopic techniques, Raman 

spectroscopy may actually have a lower LOD for surface carbon species. 

Unlike XPS, the surface sensitivity of Raman spectroscopy for adsorbed molecular 

species on Ag varies as a function of surface roughness due to the surface enhanced 

Raman scattering (SERS) effect. Specifically, electromagnetic enhancement, the larger of 

the two accepted contributions to SERS^', is greater at a microscopically rough surface 

than at a smooth surface."'*" In the present study, this effect enhances the Raman 
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sensitivity to surface carbon to an extent depending on the surface's roughness. Surfaces 

cleaned by Ar* sputtering represent the roughest surfaces studied; therefore, the sensitivity 

of Raman spectroscopy towards surface carbon should be the greatest on these surfaces. 

Chemically polished surfaces, both with and without the UPD step, represent the 

smoothest surfaces studied and thus, yield Raman signals from surface carbon that are the 

least enhanced by the SERS effect. 

Deconvolution of this SERS effect from, surface carbon coverage is possible only 

because surface enhancement factors (SEFs) have been quantified for several of the 

surface types used in this study (see Table 5.5). In fact, SEFs of 3.9 x 10' and 5.3 x 10^ 

were estimated for thiophenol (TP) monolayers on chemically polished (CP) and 

mechanically polished (with sonication) (MP) polycrystalline Ag surfaces, respectively, 

relative to TP monolayers on MP polycrystalline Pt surfaces, which were assigned an 

enhancement factor of one. Although an enhancement factor at Ar*-sputtered surfaces 

was not determined, it is expected to be greater than that of the mechanically polished Ag 

surfaces (i.e., MP and MPWS) as a result of its greater surface roughness. (As explained 

in the experimental section of this chapter, the sputtering of these surfaces was performed 

at a relatively large acceleration voltage, and thus, the sputtered surfaces are believed to 

be severely roughened. Raman spectra of TP at these surfaces was attempted, but the 

spectra showed the TP bands to be superimposed atop Raman bands attributable to 

adsorbed carbonaceous impurities. Surprisingly, these impurities were not displaced by 

TP, perhaps because they were strongly bound at these surfaces due to their extreme 
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roughness.) Thus, on the basis of these quantitative SEFs (Table 5.5) and the 

corresponding estimates of LOD (in fractional ML) for a strong Raman scatterer (Table 

5.6), the relative Raman sensitivity for carbon species at each of the surfaces studied here 

can be approximated. 

Surface Preparation Protocols 

Detailed discussions of the Raman and XPS results for each of the aforementioned 

preparation protocols follow. 

Mechanically Polished Ag with Sonicarion (MP) 

Mechanical polishing is a very common procedure for preparing polycrystalline Ag 

surfaces. Although it has always been understood that mechanically polished surfaces are 

not impurity-free, the chemical nature and amount of contaminants at these 

surfaces have not been thoroughly characterized. The XPS analyses conducted in this 

study provide a better understanding of the identity of these contaminants and their 

relative surface coverages. Quantitative XPS data from MP surfaces are given in Table 

8 . 1 .  

For reasons discussed above, surface carbon impurities are troublesome for surface 

Raman spectroscopy experiments, since their spectral signatures span large frequency 

regions and interfere with the spectrum of interest; therefore, the carbon and oxygen 

regions of the XPS spectra were carefully investigated in an attempt to better understand 
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the amount and chemical nature of these contaminants. XPS spectra of MP surfaces in the 

carbon Is and oxygen Is regions are shown in Figure 8.8a and 8.9a, respectively. The 

carbon Is peaic (FWHM = 3.7 eV) is centered at 285.0 eV and a shoulder to it is present 

at higher binding energy. The expected binding energy for carbon 1 s in a hydrocarbon is 

284.6 eV.* '^ Thus, the carbon at the surface is largely hydrocarbon in nature with the 

added presence of oxidized carbon species, as indicated by the higher binding energy 

shoulder. 

The oxygen Is peak shown in Figure 8.9a is centered at 532.0 eV. Oxygen at 

these surfaces may be attributable to a combination of species consistent with the observed 

breadth of this peak (FWHM = 3 .2 eV). Ag readily oxidizes in air, and thus, the detection 

of oxygen from Ag,0, AgO, and AgOH is possible. The binding energy expected for 

AgO or AgjO is between 529.0 and 531.5 eV.* A second source of oxygen at these 

surfaces is alumina, which has a reported binding energy of 53 1.6 eV.* '^ Finally, oxidized 

carbon species, namely >C=0 and -C=0, are expected at binding energies of ca. 532 and 

533 eV, respectively.* 

While the results for carbon and oxygen are not surprising, the presence of 

aluminum in XPS spectra from MP Ag is interesting. In the late 1970's, Evans and 

Kuwana'" described a protocol to remove trapped alumina from glassy carbon surfaces 

using sonication in methanol. Their surfaces were checked for cleanliness with XPS, and 

no aluminum signal was detected. The author is not aware of similar studies on metal 

surfaces in which the removal of alumina from the surface was confirmed. The sonication 
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Figure 8.8 Carbon Is XPS region for (a) MP, (b) MPWS, (c) ARS, (d) CP, and (e) 
CPAJPD Ag. Scaling factors for each spectrum are indicated. (Resolution 
= 0.1 eV, integration time/channel = 3 s for a, b, and e, 4 s for c, 2 s for d.) 
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Figure 8.9 Oxygen Is XPS region for (a) MP, (b) MPWS, (c) ARS, (d) CP, and (e) 
CP/UPD Ag. Scaling factors for each spectrum are indicated. (Resolution 
= 0.1 eV, integration time/channel = 2 s for a, c, and d, 1 s for b, 3 s for e.) 
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protocol used here is in excess of the protocol employed in earlier work from our 

laboratory (i.e., 3-5 min sonication) and seems to be in excess of any sonication protocol 

found in the literature (ca. 10 min sonication);*"^" nonetheless, the XPS data indicate that a 

significant amount of alumina still exists at MP surfaces after two sonication steps totaling 

12-18 min, as shown by the Al/Ag ratio in Table 8.1. Cai'-' confirmed by SEM the 

presence of embedded alumina at MP Ag. This observation is rationalized on the basis of 

the relatively soft character of Ag metal. 

Figure 8 .10a shows a Raman spectrum of adsorbed carbonaceous impurities on a 

MP Ag surface. Of particular interest in this spectrum are the two intense bands centered 

at ca. 1340 and 1580 cm"'. The 1340 cm"' band has contributions from 5(CHJ modes 

characteristic of hydrocarbon species' ™ and from the so-called "disorder" (D) band 

assigned to graphite* ". The 1580 cm"' band is assigned to the band of graphite.*^ A 

third broad band centered at ca. 2900 cm"' is attributed to v(CH„) modes of aliphatic 

alkanes.'^" 

The fact that the bands assigned to carbonaceous impurities are apparently intense 

on MP surfaces does not necessarily indicate enormous surface coverages of these species. 

Given the relatively large surface enhancement operative on MP surfaces, intense peaks 

could be observed even for small surface carbon coverages. As noted above, the SEF for 

MP surfaces has been estimated to be on the order of 5.3 x 10\ With this level of 

enhancement, the Raman LOD for TP, a relatively strong Raman scatterer, was estimated 

to be ca. 7.5 x 10"^ ML at a S/N of 3. Coupled with the fact that the absolute Raman 
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Figure 8.10 Raman spectra acquired on the single spectrograph of (a) MP and (b) MPWS Ag and plotted on the same intensity ^ 
scale. (Power = 150 mW, slit width = 50 f^m, integration time = 60 s, and = 514.5 nm.) ^ 
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scattering cross-section of graphite has been estimated to be a factor of ca. 50 times larger 

than that of benzene and pyridine* '" and TP (see Table 2.2), these observations suggest 

that the Raman scattering from carbonaceous impurities on MP surfaces comes from sub-

monolayer amounts. This estimate of the Raman LOD for graphitic carbon at MP 

surfaces is consistent with a previous estimate of surface carbon detectability by Harris"^". 

He reported the detection of 0.03 ML of carbon at Ar'-sputtered eiectrochemicaliy-

roughened Ag (110) surfaces, based on the intensity of the graphite Raman band at ca. 

1600 cm''. Furthermore, Harris commented that the roughness features present at these 

surfaces (i.e., 30-40 nm hemispheroids and micron size conical features by SEM) were on 

the same size scale as those present at the mechanically polished (with 0.05 [am Al^Oj) Ag 

(110) surfaces. Thus, ca. 4 times smaller Raman LOD for carbon at our MP Ag surface is 

most likely the result of differences in surface roughness factors and spectrometer 

efficiencies. (The experimental Raman system employed by Harris consisted of a Spex 

1400 double monochromator coupled to a RCA PMT, whereas the system used for this 

study was a Spex 270M single spectrograph coupled to a Tektronix TK-512T CCD. The 

spectrometer efficiency at 550 nm is ca. 5% for the former system and ca. 56% for the 

latter.) 

Mechanically Polished Ag Without Sonication (MPWS) 

These surfaces were also mechanically polished and subsequently rinsed with 

copious amounts of water, but they were not sonicated. Experiments on this type of 
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surface were performed to answer two questions; (1) how much alumina is removed from 

the surface upon sonication for an extended period of time (i.e., 10-15 min)? and (2) how 

much of the carbon detected by both XPS and Raman spectroscopy is attributable to 

alumina embedded in or trapped atop the Ag surface? 

Table 8.1 shows representative XPS data for MPWS surfaces. XPS spectra for 

carbon and oxygen on these surfaces are shown in Figures 8.8b and 8.9b, respectively. 

The carbon Is peak is centered at 285.2 eV and is similar in structure to the peak observed 

for MP surfaces. It is broad (FWTtM = 3 .7 eV) and has a shoulder at higher binding 

energy. The data in Table 8.1 indicate that the C/Ag and AI/Ag ratios are larger by ca. 

80% and 95%, respectively, than those observed for the MP surfaces. These results 

suggest that most of the additional carbon contamination on the surface can be attributed 

to residual alumina. In support of this conclusion, XPS survey and carbon Is spectra 

(Figures 8.1 lb and 8.12b, respectively) ofBuehler's 1.0 [im agglomerated alumina (AA) 

powder show a carbon Is peak at 285.5 eV, which indicates the presence of adsorbed 

hydrocarbon impurities at these alumina particles. (XPS spectra ofBuehler's 1.0 |j.m de-

agglomerated alumina (DA) powder are shown in Figures 8.11a and 8.12a, respectively, 

for comparison. These spectra indicate that the carbon Is peak is observed at 285.4 eV 

and the quantity of adsorbed hydrocarbons at DA is 1.3 times larger than at AA. As a side 

note, Raman bands assignable to carbonaceous impurities were not detected in spectra of 

these alumina powders.) It is also possible that residual alumina at Ag may promote 

carbon adsorption. 
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Figure 8.11 XPS survey spectra of 1,0 [am (a) de-aggomerated and (b) agglomerated alumina powders. Both spectra are 
plotted on the same intensity scale. (Resolution = 2.0 eV, integration time/channel = 0.4 s.) 
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Figure 8.12 Carbon Is XPS region for 1.0 |am (a) de-agglomerated and (b) 
agglomerated aluminas. Scaling factors for each spectrum are indicated. 
(Resolution = 0.1 eV, integration time/channel = 2 s.) 



363 

The oxygen Is peak shown in Figure 8.9b is centered at 532.6 eV. Like that 

observed for the MP surfaces, this broad peak (FWHM = 3.5 eV) suggests the presence of 

multiple oxygen sources; however, consistent with the carbon and aluminum results, the 

0/Ag ratio at the MPWS surface is ca. 75% larger than at the MP surfaces. 

Figure 8.10b shows the Raman spectrum of a MPWS surface. Qualitatively, it is 

almost identical to the spectrum in Figure 8 .12a of the MP surface, except that the band 

intensities are noticeably larger in the MPWS spectrum. Quantitatively, the 1340/1580 

cm"' band pair and the 2900 cm"' band are larger by a factor of ca. 2 and 3, respectively, 

relative to the MP spectrum. This increase in surface carbon measured by Raman 

spectroscopy agrees with the XPS results for these two surface types. 

Ar'-Sputtered Ag (ARS) 

Surface sputtering is commonly employed to clean metal surfaces in an UHV 

environment."^"*'"" Therefore, this method of surface preparation was also investigated. 

After mechanical polishing and sonication and prior to Ar* sputtering, both XPS and 

Raman spectra were acquired on a Ag surface. Before Ar* sputtering, the XPS (Figures 

8.8a,8.9a and 8.13a,8.14a) and Raman (Figures 8.10a and 8.15a) spectra are those of the 

MP surface, as expected. The C/Ag, 0/Ag, and Al/Ag ratios (Table 8.1) are also those of 

the MP surface. 

After introduction of the MP surface to the UHV environment, it was sputtered for 

5 min at an acceleration voltage of 6 kV and ion current of 100 |iA, and subsequently, 
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Figure 8.13 Carbon Is XPS region MP Ag (a) before and (b) after Ar* sputtering. 
Scaling factors for each spectrum are indicated. (Resolution =0.1 eV, 
integration time/channel = 2 s for a and 4 s for b.) 
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Figure 8.14 Oxygen Is XPS region MP Ag (a) before and (b) after Ar* sputtering. 
Scaling factors for each spectrum are indicated. (Resolution = 0.1 eV, 
integration time/channel = 2 s.) 
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Figure 8.15 Raman spectra acquired on the single spectrograph of MP Ag (a) before and (b) after Ar* sputtering and plotted 
on the same intensity scale. (Power = 150 mW, integration time = 60 s, slit = 50 ^m, and = 514.5 nm.) 
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XPS spectra were collected. Figure 8.8c shows the XPS spectrum of the carbon Is peak 

after Ar* sputtering; this spectrum is shown more clearly in Figure 8.13b. The carbon 

peak from this surface is centered at a binding energy of 284.3 eV and is more symmetric 

and narrower than before Ax* sputtering (FWHM of 2.1 eV as opposed to 3.7 eV). This 

binding energy is slightly lower than that for a hydrocarbon species (i.e., 284,6 eV) and is 

consistent with the reported value for graphitic carbon (i.e., 284.3 eV)."' The C/Ag ratio 

was reduced by a factor of 9 from the MP surface. 

Figures 8.9c and 8.14b show XPS spectra of the oxygen Is peak after sputtering. 

The oxygen peak is centered at 532.3 eV, an increase of 0.5 eV from the value observed 

before sputtering, and its bandwidth is smaller (FWTIM of 2.7 eV as opposed to 3.2 eV.) 

The peak position and bandwidth are consistent with removal of both surface oxide 

species and embedded alumina, and they suggest a predominance of AgOH. The 0/Ag 

ratio was reduced by a factor of 4 from the MP surface. As mentioned above, the C/Ag 

and 0/Ag ratios could probably be reduced ftirther with longer sputtering times; however, 

sputtering is a destructive process which greatly affects the resulting surface roughness. 

Raman spectra of the Ag surface before and after sputtering are shown in Figures 

8.15a and b, respectively. Both spectra are plotted on the same intensity scale, and thus, 

on the basis of only the Raman spectral intensities, one might conclude that the "clean" 

sputtered surface (Figure 8.15b) is as contaminated or more contaminated than the MP 

surface. However, two significant points must be considered. First, the Raman spectrum 

of the Ar*-sputtered surface represents predominantly the surface contaminants adsorbed 
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upon exposure of the sputtered surface to the laboratory ambient, since the Raman spectra 

were acquired in air. Second, the MP surface is roughened during the sputtering 

procedure, and as a result, the ARS surface should support larger surface enhancement. 

Typically, an increase in surface roughness is accompanied by an increase in Raman 

spectral background;~^''^^° in fact, the spectral background intensity in Figure 8.15b is 2-3 

times greater than that in Figure 8.15a. 

Closer inspection of the Raman spectra before and after sputtering reveal 

significant differences in the chemical nature of the surface carbon impurities. Before 

sputtering, many discrete peaks are resolved in the v(C-C) (1000-1150 cm"'), 6(C-H) 

(1200-1450 cm"'), and v(C-H) (2800-3000 cm"') regions. After sputtering, however, the 

spectrum consists primarily of the three large bands centered at 650, 1340, and 1580 cm"', 

all previously identified with various forms of graphite.Significantly, no intensity is 

observed in the v(C-H) region which, when coupled with the XPS data, indicates that 

predominantly graphitic carbon is present on the surface after sputtering and subsequent 

carbon adsorption from the laboratory ambient. 

XPS spectra were re-acquired after collection of Raman spectra to quantify the 

amount of carbon sampled by Raman spectroscopy at the AT* sputtered surface. Data in 

the carbon 1 s region indicate that exposure of Ar*-sputtered surfaces to the laboratory 

ambient results in immediate carbon adsorption. The C/Ag ratio increases by a factor of 

almost 4 to ca. 0.224, which is only a factor of ca. 3 less than that observed at MP 

surfaces. These XPS results help to explain the observed Raman intensities, attributable to 
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adsorbed graphitic carbon. 

Thus, Ar* sputtering of the Ag surface for short periods of time removes more 

carbon contamination than simple mechanical polishing. Furthermore, even after short 

exposure of Ar* surface to the laboratory ambient, there continues to be less carbon 

adsorbed at this surface than at the MP surface. 

Chemically Polished Ag (CP) 

Preparation of CP surfaces involves initial mechanical polishing followed by 

chemical polishing. Removal of all scratches visible with a low power optical microscope 

is contingent on the quality of the surface resulting from the initial mechanical polishing 

step. In cases where large pits or deep scratches are left on the surface, their removal 

during the chemical polishing step usually coincides with the chemisorption of CN", as 

indicated by Raman spectroscopy. During the course of this work, a chemical polishing 

protocol was developed to minimize CN" adsorption; however, even with great care, small 

amounts of surface CN" are inevitable. 

Figure 8.8d shows the carbon Is peak characteristic of a CP surface. Two peaks 

are present in this spectrum; the main peak centered is at 284.3 eV and a much broader 

peak is present at ca. 287.0 eV. This spectrum suggests that the carbon remaining at the 

surface is mostly graphitic, accompanied by a small amount of oxidized carbon. The C/Ag 

ratio listed in Table 8.1 is smaller by a factor of ca. 2 relative to that of the MP surfaces. 

Figure 8.9d shows the oxygen Is peak for the CP surface. The main peak is 
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centered at 531.3 eV and a shoulder is observed at higher binding energy. The binding 

energy of the main peak indicates that the oxygen species remaining on the surface are 

probably some form of oxidized Ag.'while the high energy shoulder is suggestive of 

oxidized carbon species and residual alumina. The O/Ag and Al/Ag ratios are both smaller 

by a factor of ca. 4 relative to those of the MP surface. 

The Raman spectrum of the CP surface is shown in Figure 8.16a. Since the laser 

beam was sequentially moved across the surface for a series of Raman spectral 

acquisitions, the fact that the Raman spectrum did not change appreciably from one lateral 

position to another on this surface indicates a homogeneity to the surface cleanliness. This 

observation is important, because as mentioned above, the surface area sampled in the 

Raman experiment is very small, ca. 0.02 mm*. In contrast, XPS signals are obtained from 

an area of ca. 7 mm". Thus, the Raman spectroscopy results represent the response from 

localized areas on the surface, while the XPS results are acquired from a larger surface 

area, and thus, they represent more of an average surface composition. 

With a few notable exceptions, Raman spectra of the CP and ARS (Figure 8.15b) 

surfaces are qualitatively similar. First, the CP surface spectrum exhibits poorer S/N than 

that from the ARS surface. This is a result of the smoother CP surface, which does not 

support significant surface Raman enhancement (i.e., SEF = 3.9 x 10', as shown in Table 

5.5). Secondly, although not directly observable in spectra presented here, the 

background intensity in the CP surface spectrum is much weaker than that in the ARS 

surface spectrum. Instead, evidence for this weaker background is provided by the 
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Figure 8.16 Raman spectra acquired on the single spectrograph of (a) CP Ag and CP/UPD Ag at regions (b) 1, (c) 2, and 
(d) 3, and plotted on same intensity scale. (Power = 150 mW, slit width = 50 (im, integration time = 60 s, and 

= 514.5 nm.) 
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observation only in the CP surface spectrum of two very sharp bands at 1555 and 2330 

cm"'; these bands are assigned to Raman scattering from gaseous O, and N,, respectively, 

in front of the surface. Both Garvey^^ and Otto' '•* have also observed these bands in 

Raman spectra acquired from very smooth and highly reflective surfaces. Finally, the 

broad band at ca. 2140 cm"' indicates the presence of chemisorbed CN", most likely in the 

form of both AgCN and AgCCN),'.* It is interesting to note that the carbon Is peak 

assignable to CN" (ca. 289 eV) is not observed in the XPS spectrum, which indicates that 

the amount of adsorbed CN" is small. Thus, for these species, Raman spectroscopy has 

greater sensitivity than XPS. 

Chemically Polished VPD Ag (CP VPD) 

Surfaces cleaned by the CP/UPD protocol were prepared as indicated in the 

Chapter 2. Although the original intent in using the UPD step was to assess surface 

crystallinity and cleanliness, Raman spectra of the CP and CP/UPD surfaces indicated that 

carbon impurities and small amounts of adsorbed CN" left on the CP surface could be 

removed in this process. To the best of the author's knowledge, the use of UPD as an aid 

in surface cleaning has not been reported previously. 

Figure 8.8e shows the carbon Is XPS spectral region representative of CP/UPD 

surfaces. Qualitatively, very little difference is noted between the XPS carbon response 

from CP (Figure 8.8d) and CP/UPD surfaces. The carbon peak for CP/UPD surfaces is 

shifted very slightly by ca. 0.2 eV to lower energy relative to that for CP surfaces. This 
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behavior suggests that, as with CP surfaces, the remaining carbon is largely graphitic in 

nature with a small amount of oxidized carbon. As shown in Table 8 .1, the C/Ag ratio of 

these surfaces is ca. 25% smaller than that of the CP surfaces. 

Figure 8.9e shows the XPS spectrum for the oxygen Is peak. Again, little 

difference is noticeable between the spectra from CP (Figure 8.9d) and CP/UPD surfaces. 

The oxygen peak is detected at the same binding energy, but the high energy shoulder 

observed in both spectra is less intense in the CP/UPD spectrum; this observation explains 

the ca. 10% smaller 0/Ag ratio at the CPAJPD surfaces. Detection of a very small 

amount of oxygen at both CP and CP/UPD surfaces is probably indicative of thin oxide 

layer formation during Raman spectral acquisition (i.e., time = 10 min) and proof of 

residual alumina contamination. Interestingly, the 0/Ag and Al/Ag ratios of both the CP 

and CP/UPD surfaces are comparable to that of the ARS surfaces, but significantly lower 

than those of the MPWS and MP surfaces. This observation suggests that the majority of 

the oxygen signal on MP and MPWS surfaces is due to embedded alumina. Alumina is 

not present on ARS surfaces, because it was removed by sputtering. It is also absent from 

CP and CP/UPD surfaces, because it is released during oxidation and dissolution of Ag. 

Raman spectra from CP/UPD surfaces are shown in Figures 8.16b-d. As 

mentioned above, Raman spectra are collected from a much smaller surface area than XPS 

data. In order to better understand the effects of the UPD step on the overall cleanliness 

of the surface, Raman spectra from several different regions of the surface were acquired. 

The spectra shown in Fig;ures 8.16b-d indicate apparent varying degrees of cleanliness at 
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different lateral positions across the surface. 

The spectrum shown in Figure 8.16b is an extraordinary result in that it shows no 

evidence of surface carbon contaminants; this result is reproducible across portions of the 

CP/UPD surface sampled in Figure 8.16b and at similarly prepared CP/UPD surfaces. The 

observation of this spectrum was somewhat unexpected, especially after working 

extensively with different types of Ag surfaces which can exhibit very intense bands due to 

carbonaceous contamination. Although the relatively strong Raman intensities observed 

on SERS-active surfaces can be largely attributed to surface enhancement effects, carbon 

contamination on these surfaces is usually significant and extremely difficult to eliminate. 

In fact, one would expect that for all surfaces handled in air, such carbon contamination 

would be an insurmountable problem. 

The observation of spectra such as the one shown in Figure 8 .16b is therefore 

curious and leads one to question whether this spectrum is indicative of very low carbon 

coverages at the sampled spot or whether Raman spectroscopy possesses insufficient 

sensitivity to detect carbon at these spots. Based on the surface Raman sensitivity at these 

CP/UPD surfaces, the former explanation accounts for the spectrum in Figure 8.16b. In 

Chapter 5, the Raman LOD for thiophenol (TP) on similarly prepared CPAJPD Ag 

surfaces (termed CP Ag (poly) in Chapter 5) was estimated to be ca. 0.16 ML for a S/N 

equal to 3. As noted above, the Raman scattering cross-section of graphite is ca. 50 times 

larger than that characteristic of other strong Raman scatterers, such as benzene* '" and 

pyridine*"' and TP (see Table 2.2). Thus, a lower Raman LOD would be predicted for 
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graphitic carbon impurities at these surfaces. With this quantitative perspective in hand, 

the picture that emerges for spots that give spectra such as the one shown in Figure 8.16b 

is that they are indeed relatively carbon-free, having on the order of less than 1% ML of 

carbon. 

The Raman spectral results shown in Figures 8.16c and d appear to be 

representative of regions of the UPD surface of greater surface carbon coverage. Thus, 

the carbonaceous impurities on these surfaces appear to exist in defined islands with 

relatively carbon-free regions between the carbon islands. Given the cohesion of layers in 

graphitic carbon, the formation of islands of carbon on Ag surfaces is not surprising. 

Interestingly, the Raman spectral background levels associated with these two 

spectra are significantly larger than the background associated with the spectrum shown in 

Figure 8.16b; this observation suggests that the Ag surface morphology at these spots may 

be different. In fact, the background levels (not shown) of Figures 8.16c and d are a 

factor of ca. 10 and 18 greater, respectively, than that of Figure 8.16b. This result by 

itself is not significant, but this increase in background is accompanied by an increase in 

the O, and N, band widths. Although this effect is not easily seen on the scale of Figure 

8.16, the Ni band broadens slightly from a FWHM of ca. 7 cm"' in Figure 8.16b to ca. 11 

cm"' in Figures 8.16c and d. Similar behavior is noted for the O, band, but FWHM values 

are much harder to extract for it, because of interference from the 1580 cm"' graphite 

band. Taken together, the observations of larger background intensities and greater 

bandwidths in the Raman spectra from areas of the CPAJPD surfaces represented by 
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Figures 8.16c and 8.16d suggest sampling of regions of the surface of greater roughness, 

in addition to greater carbon coverage, than that sampled for Figure 8.16b. 

The detection of greater carbon quantities in spectra acquired from rougher areas 

of the CP/UPD surface is not a coincidence; larger carbon intensities have been 

consistently observed by the author from rougher surfaces. These observations suggest 

that even after surface enhancement effects are taken into consideration, carbon appears to 

have a greater propensity to adsorb to sites of greater surface roughness. This effect 

would explain why MP surfaces contain such large quantities of carbon impurities. 

Time-Dependent Results at MP and CP/UPD Ag 

The purpose of this part of the study was to assess the stability of these surfaces to 

the continued ambient atmosphere exposure. Only the MP and CPAJPD Ag surfaces were 

monitored for their carbon adsorption and air oxidation, since these two surfaces were 

most frequently employed for the author's research purposes. The experiment required 

the surfaces to be exposed to the laboratory environment for 24 hr, with Raman and XPS 

spectral acquisition at 0, 12 and 24 hr. XPS spectra acquired at each time interval 

included the survey scan and the carbon Is, oxygen Is, silver 3d, and aluminum 2p 

spectral windows. Quantitation of the carbon adsorption and air oxidation at these 

surfaces involved calculation of the time-dependent C/Ag and 0/Ag ratios. (The Al/Ag 

ratio was recorded at each time interval and the observed values indicate the change in the 

0/Ag ratio is due to adsorbed carbon or Ag oxidation and/or oxidized carbon adsorption. 
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not to sampling of a different AJ,Oj quantities.) 

Although air oxidation and carbon adsorption occurred at the MP Ag surface, 

qualitative changes in the XPS and Raman spectra (i.e., carbon Is and oxygen Is peak 

binding energies and FWHM values and Raman bands and their intensities) were not 

significant and thus, these spectra are not shown. Raman and XPS spectra of the surface 

sampled are identical to those previously shown for a MP Ag surface. The plots in 

Figures 8.17a and 8.18a show quantitative changes in the C/Ag and 0/Ag ratios at this 

surface over the 24 hr time period. The C/Ag ratio increases by 29% and 2% in the first 

and second 12 hrs, respectively. Surprisingly, the 0/Ag ratio is nearly constant over 24 

hrs. Thus, the time dependent results prove that the MP surface is carbon-saturated within 

12 hr after preparation and resistant to Ag or adsorbed carbon oxidation and/or oxidized 

carbon adsorption over a 24 hr period. 

Unlike the results of the MP surface, the XPS and Raman spectra of the CP/UPD 

surface show obvious qualitative changes. As shown in Figure 8.19, the Raman spectra of 

this surface indicate a slight growth in the amount of graphitic and hydrocarbon-like 

contamination after 12 hr (Figure 8.19b) and additional growth after 24 hr (Figure 8.19c.) 

XPS spectra of CP/UPD surface in the carbon Is and oxygen Is regions are displayed in 

Figure 8.20 and 8.21, respectively. The initial carbon Is spectrum (Figure 8.20a) consists 

of a main peak centered at 283.8 eV and an obvious shoulder at ca. 286.7 eV; the former 

peak is consistent with mainly graphitic contamination at the CP/UPD Ag surface, while 

the latter peak is indicative of the presence of adsorbed oxidized carbon species. Figures 
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Figure 8.17 Plot of XPS C/Ag peak area ratio as a function of ambient exposure time for MP (•) and CP/UPD Ag (A). 
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Figure 8.18 Plot of XPS 0/Ag peak area ratio as a function of ambient exposure time for MP (• ) and CP/UPD Ag (A). 
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Figure 8.19 Raman spectra acquired on the single spectrograph of CP/UPD Ag exposed to the ambient for (a) 0, (b) 12, and 
(c) 24 hours and plotted on the same intensity scale. (Power = 150 mW, integration time = 60 s, slit width = 
50 (jm, and = 514.5 nm.) g 
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Figure 8.20 Carbon Is XPS region of CPAJPD Ag exposed to the ambient for (a) 0, 
(b) 12, and (c) 24 hours. Scaling factors for each spectrumare indicated. 
(Resolution = 0.1 eV, integration time/channel = 4 s.) 
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Figure 8.21 Oxygen Is XPS region of CP/UPD Ag exposed to the ambient for (a) 0, 
(b) 12, and (c) 24 hours. Scaling factors for each spectnimare indicated. 
(Resolution = O.I eV, integration time/channel = 3 s.) 
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8.20b and c show that after 12 and 24 hr of surface exposure, respectively, there is a shift 

of the main carbon Is peak to 284.0 eV and a decrease in the relative intensity of the 

shoulder at 286.7 eV. The 0.2 eV shift of the main carbon Is peak suggests a very slight 

increase in the amount of hydrocarbon contamination at this surface, and the decrease in 

the relative intensity of the higher energy shoulder suggests a decrease in the presence of 

adsorbed oxidized carbon species. As is evidenced by the plot in Figure 8.18b, the 

CPAJPD surface is not saturated with carbon after 12 hr, as is the MP Ag surface. In fact, 

the C/Ag ratios shown for the CPAJPD surface indicate increases in this ratio of 33 % and 

12 % in the first and second 12 hrs, respectively. 

The oxygen Is spectra (Figure 8.21) of the CPAJPD Ag surface after 0, 12, and 24 

hr of exposure to the ambient laboratory environment show a shift of the main peak from 

530.7 eV to 531.0 eV and an obvious relative intensity increase in the high binding energy 

shoulder closest to the main peak. The curve-fit spectra indicate that this ca. 531.5 eV 

shoulder is assigned to AgOH species, while the main peak is assigned to Ag,© species 

and the low binding energy shoulder is assigned to AgO species. It is believed that 

moisture in the laboratory environment increases the prevalence of AgOH at CPAJPD Ag. 

The curve-fit results also reveal a time-dependent intensity decrease in the two shoulders 

at ca. 532.5 and 533.5 eV; the assignment of these shoulders to oxidized carbon species is 

consistent with the observations made about the shoulder to the main carbon Is peak. 

Finally, Figure 8.18b indicates a slight reduction in total oxygen content at the CPAJPD 

Ag surface over the 24 hr period. 
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Conclusions 

Undoubtedly, metal surfaces exposed to and handled in the ambient laboratory 

ambient will experience carbon contamination. In an attempt to reduce this carbon 

contamination at polycrystalline Ag surfaces, four surface preparation protocols were 

investigated. From XPS spectra of these surfaces, the presence of carbon, oxygen, and 

aluminum was detected, and from corresponding Raman spectra, the carbonaceous 

impurities at these surfaces were identified as graphitic carbon, hydrocarbon, and CN' 

species. 

Polycrystalline Ag surfaces prepared by mechanical polishing without subsequent 

sonication (MPWS) suffer the greatest degree of carbon contamination, largely because 

the alumina used to polish the Ag surface remains trapped at and embedded within the 

surface. XPS verifies partial removal of the alumina upon extensive sonication of such a 

surface. C/Ag and AJ/Ag ratios from XPS data are smaller by ca. 80% and 95% at MP Ag 

surfaces than at the MPWS surface. Thus, the alumina carries with it a significant amount 

of carbon contamination. Furthermore, its presence at the Ag surface may enhance carbon 

adsorption. 

As a result of the chemical polishing protocol, CP and CP/UPD surfaces contain 

much less carbon and alumina contamination than the MP surfaces. Since this protocol 

employs NaCN solutions, CP surfaces are typically also contaminated with adsorbed CN", 

which gives rise to a broad Raman band at ca. 2140 cm"'. CP surfaces "cleaned" by T1 

UPD (CP/UPD surfaces) show the presence of minimal adsorbed CN' and usually less 
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carbon contamination. Often times, little, if any, graphitic carbon or hydrocarbon intensity 

is observed in the Raman spectra of these surfaces. Since the Raman LOD for graphitic 

carbon at these surfaces is estimated at ca. I % ML, the lack of such Raman intensity 

suggest that essentially carbon-free regions may be produced at CP/UPD Ag. 

Furthermore, XPS data indicate the C/Ag ratio to be smaller at CP/UPD surfaces than at 

CP surfaces. Thus, from the XPS and Raman spectral results, it is concluded that the 

CP/UPD surfaces are the cleanest of the surfaces prepared solely in the laboratory 

ambient. 

Ar"-sputtered Ag (ARS) surfaces are determined by XPS to be the cleanest of all 

the surfaces studied here. In fact, the C/Ag and Al/Ag ratios at these surfaces are factors 

of 5 and 1.5 times smaller, respectively, than that at the CP/UPD surfaces; the main 

carbon Is peak indicates that the residual carbon at the ARS surface is predominantly 

graphitic. Nonetheless, Raman spectra from these surfaces show intense graphite bands 

due to two effects; (1) exposure of this highly-active, sputtered surface to the laboratory 

ambient for Raman spectroscopic sampling (and the result being rapid carbon 

contamination), and (2) surface enhancement effects due to extensive surface roughness. 

XPS data indicate a 4-fold increase in adsorbed carbon at the ARS surface upon its air-

exposure. Surprisingly, there is no indication of hydrocarbon species in the Raman spectra 

of this air-exposed surface, perhaps because the ARS surfaces adsorb predominantly 

graphitic carbon and/or the sputtering process preferentially removes hydrocarbon 

contamination. 
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The time dependent study of carbon adsorption and surface oxidation at the MP 

and CP/UPD Ag surfaces indicates almost identical percent increases in surface carbon 

over the first 12 hr of air exposure; however, only the CP/UPD Ag surface adsorbed 

appreciable carbon in the second 12 hr. Thus, the MP Ag surface is believed to be carbon-

saturated within 12 hr of air exposure, but obviously the same can not be said for the 

CP/UPD surface. Raman spectra of the CP/UPD surface indicate an increase in the 

quantities of both graphitic and hydrocarbon species. XPS spectra of these surfaces in the 

oxygen 1 s region reveal changes only in the chemical nature of the oxygen species at the 

CP/UPD Ag surface; AgOH increases at this surface, at the expense of oxidized 

hydrocarbons. 

In summary, carbon contamination at differently-prepared polycrystalline Ag 

surfaces has been thoroughly characterized. Raman spectroscopy has been shown to be a 

useful complementary tool to XPS for the characterization of surface carbon 

contamination at Ag surfaces. In addition to its sensitivity to the chemical nature of the 

carbon contamination, Raman spectroscopy has been shown to have a LOD for surface 

carbon that is comparable to XPS. 
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Chapter 9 

RAMAN SPECTROSCOPY OF 1-ALKANETHIOL SELF-ASSEMBLED 

MONOLAYERS AT MECHANICALLY POLISHED Ag SURFACES 

Introduction 

As discussed in Chapter I, alkanethiol SAMs at metal surfaces have many practical 

applications, most of which require the film consist of densely-packed alkane chains. In 

such applications, the structurally-ordered monolayer system acts as a resist/barrier to the 

underlying metal surface. Thus, one of the primary goals to alkanethiol SAM research is 

the optimization of experimental parameters which will generate low-defect/defect-free 

films. 

Since contamination at the unmodified surface may induce alkanethiol 

conformational defects (e.g., gauche sequences) and monolayer defects (e.g., pinholes and 

chain tilt domain boundaries), experimental conditions should be employed which will 

minimize surface contamination. Contact angle measurements'"^', wet chemical etch 

experiments'"^', electrochemical measurements", and XPS'"" and IR'" spectroscopic data 

indicate that alkanethiol SAMs formed at heavily contaminated Ag, Au, and Cu surfaces 

are less reproducible and more defective. Thus, to reproducibly form highly-ordered 
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alkanethiol SAMs, Porter' •** and Whitesides' ""* have minimized the exposure of their 

vapor-deposited Ag and Au surfaces to the laboratory ambient. Although the adsorption 

of airborne contaminants at these surfaces is difficult to prevent, small amounts of such 

contaminants are displaced by the adsorbing alkanethiol molecules, as determined by 

Whitesides' and Grunze' " on the basis of XPS data. Similarly, from surface IR 

spectra. Porter"" reported displacement of hydrocarbon contamination at Ag upon 

adsorption of deuterated nonanoic acid (CD3(CD;)7COOH). 

Of relevance to the research discussed in this chapter, Delplancke" determined 

from Auger spectra and electrochemical measurements that mechanically polished (MP) 

Au surfaces (prepared with diamond oil/nylon pad and alumina slurry/Microcloth pad 

combinations) are contaminated predominantly with organic carbon species; he speculated 

that these contaminants originated from the polishing material(s) and/or polishing pad. 

Auger analysis indicated that sonication of these MP Au surfaces in a non-oxygenated 

organic solvent (i.e., dichloromethane) reduced considerably the amount of carbon 

contamination at them. Furthermore, Delplancke concluded from cyclic voltammetric 

measurements that alkanethiol SAMs were more densely-packed at diamond polished MP 

Au than at alumina polished MP Au. 

One of main goals of the Ag surface cleanliness study (Chapter 8) was the 

reduction of carbon contamination at MP Ag, so that contaminant-free thiol SAMs could 

be reproducibly formed at these surfaces. At the time of that study, mechanical polishing 

procedures were adopted which minimized the amount of carbon contamination at MP 
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Ag, as determined from XPS and Raman spectra of this surface. Although these spectra 

indicate graphitic carbon and hydrocarbon contamination at MP Ag, the author speculated 

that these contaminants would be sufficiently displaced upon alkanethiol SAM formation. 

However, the spectral results of this chapter prove this not be the case. Specifically, 

Raman spectra of hydrogenated C„SH (where, n = 3-5,8,9,12, and 18) and CgDiySH 

SAMs at MP Ag and of unmodified MP Ag indicate the presence of a small polyaromatic 

hydrocarbon (PAH) at this unmodified surface and co-adsorbed with the alkanethiol SAM. 

The chemical properties and signature Raman bands of the PAH contaminant are identified 

from these spectra, and as a result, phenanthrene (Ci^Hjo) is proposed as the MP Ag 

surface contaminant. At the end of the chapter, chemical means for its removal are 

discussed. 

Experimental 

The materials, instrumentation, and cleaning protocols for this study are presented 

in Chapter 2. Exceptions to or important comments on the experimental details in this 

chapter are provided below. 

Mechanical Polishing 

The mechanical polishing protocol (with accompanying relevant observations and 

tips) enumerated in Chapter 2 was fully developed only after completion of the study in 

this chapter. The XPS study of MP Ag surfaces presented here is a testament to changes 
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made in the polishing procedures employed for the XPS/Raman study of Chapter 8. 

XPS 

Except for the integration time/channel, the experimental parameters (e.g., slit 

setting, pass energy, resolution) used for the Chapter 8 study were exactly reproduced 

here for accurate comparison of the results. 

1-Alkanethiol Solutions 

As mentioned in Chapter 2, the purities of the neat alkanethiols, d,7-octanethiol, 

and EtOH were confirmed by GC-MS. 

Electrochemical Cleaning of Alkanethiol SAMs at MP Ag 

The electrochemical procedures for reductive desorption of alkanethiol SAMs and 

the accompanying surface contamination were defined by Schoenfisch' Extensive 

analysis of the electrochemical and spectroscopic results of these procedures are detailed 

elsewhere.'^* 

Results 

XPS of MP Ag 

The XPS and Raman spectroscopic study of Ag surface cleanliness (Chapter 8) 

served several purposes. One of these was the identification of mechanical polishing 
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procedures required to reduce the quantity of carbon contamination at the MP Ag surface. 

As a result, the polishing protocol adopted for that study was improved upon by more 

extensive and "careful" polishing (i.e., microscope inspection of the surface for embedded 

alumina). 

In Table 9.1, XPS data averaged from si.x MP Ag surfaces polished according to 

the procedures outlined in Chapter 2 are compared with that (in Table 8.1) averaged from 

three MP Ag surfaces prepared for the study of Chapter 8. C/Ag and Al/Ag ratios 

presented in this table indicate 26% and 11% reductions in the quantity of carbon and 

alumina, respectively, at the MP Ag surface, while the O/Ag value increased by 18%. 

Explanations for these changes are discussed in the following paragraph. 

Table 9.1 Elemental Ratios at MP Ag from XPS Data 

Elemental This Chapter 8 
Ratio Study Study 

C/Ag 0.409 + 0.035 0.554 + 0.051 

Al/Ag 0.265 ± 0.023 0.296 + 0.054 

O/Ag 0.939 + 0.083 0.799 + 0.069 

XPS spectra of the carbon 1 s region representative of the MP Ag surfaces 

prepared in each study are shown in Figure 9.1. The shift in peak maxima from 285.2 eV 

in Figure 9. la (Chapter 8 results) to 284.4 eV in Figure 9. lb suggests a change in 

predominant surface carbon from hydrocarbon to graphitic. In consideration of the 
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Figure 9.1 Carbon Is XPS region of MP Ag from (a) Chapter 8 study and (b) this study. 
Scaling factors for each spectrum are indicated. (Resolution = 0.1 eV, 
integration time/channel = 3 s for a and 1 s for b.) 
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smaller C/Ag and Al/Ag values and the fact that the spectrum shown in Figure 9.1b does 

not indicate a significantly larger presence of adsorbed oxidized carbon, the 0/Ag increase 

can only be explained by an increase in detectable oxidized Ag. In other words, although 

the surface is most likely completely oxidized, the presence of less carbon and alumina 

contamination at this surface may make the Ag oxide species more visible by XPS. 

Another outcome of the more extensive mechanical polishing procedure adopted 

for this study is the preparation of smoother MP Ag surfaces. From Raman spectroscopic 

and electrochemical studies of 1-alkanethiol SAMs at MP Ag and electrochemically-

roughened (ORC) Ag surfaces, Bryant'^ concluded that the monolayers at MP Ag were 

more ordered/less defective than those at ORC Ag. Unsurprisingly, he reasoned this result 

was due to the microscopically smoother MP Ag surface. 

Since the MP Ag surfaces prepared by the author are cleaner and smoother than 

those prepared by Bryant' *' and Thompson' '", it was speculated that alkanethiol SAMs of 

superior structural order and homogeneity would be formed by the author. 

Raman Spectroscopy of Alkanethiol SAM "Blanks" 

As stated in Chapter 2, the only solvent used for alkanethiol SAM formation was 

absolute ethanol (EtOH). Therefore, Raman spectra of neat EtOH and the MP Ag surface 

before and after immersion in EtOH are presented in the following sections. These 

experiments were performed to identify the effect of EtOH on the contamination at the 

MP Ag surface and to determine the presence/absence of EtOH in the alkanethiol SAMs. 
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MP Ag 

Raman spectra of the MP Ag surface were presented in Chapter 8 (Figures 8.10 

and 8.15); however, XPS data in Table 9.1 indicate less carbon contamination at the MP 

Ag surfaces prepared since that study. Thus, Raman spectra of MP Ag are also presented 

in this chapter for discussion. 

In Figure 9.2, spectra of MP Ag acquired as a function of laser power are 

presented in the 500-1800 cm region; the power dependence is studied here by sampling 

two adjacent spots on the surface. Although the composition of the surface sample 

studied at each spot may not be identical, the band frequencies in these spectra and the 

reproducibility of each spectrum at a given laser power suggest similarities in the surface 

contaminants sampled. The significant changes in vibrational band structure and relative 

intensities indicate a sensitivity of the initially adsorbed contaminant(s) to laser power. In 

fact, the signal intensity (normalized to laser power) at ca. 1300 cm"' is smaller by a factor 

of 3 in Figure 9.2b. Furthermore, although not observable from this figure, the spectral 

background intensity decreases by a factor of 3-5 as the laser power is increased; this 

effect is attributed to quenching of contaminant fluorescence. 

The spectrum in Figure 9.2b is similar to the spectra presented in Figures 8.10 and 

8.15. The two relatively intense and broad bands centered at ca. 1300 cm"' and 1590 cm"' 

are assigned to the A,g and E^g phonon modes'^"' •*, respectively, of graphitic carbon; the 
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Figure 9.2 Raman spectra (in the 525-1800 cm ' region) of MP Ag acquired with laser 
powers of (a) 5 mW and (b) 150 mW; after normalization for power, spectra 
are plotted on the same intensity scale. (Slit width = 25 nm, integration 
time = 5 s, and = 514.5 nm.) 
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former band is commonly referred to as the "disorder" (D) band and the latter as the G 

band. Most likely, these bands are observed in Figure 9.2b as a result of 

photodecomposition of the initial surface contaminant(s) to graphitic carbon; however, as 

evidenced by the similarity in band frequencies in Figures 9.2a and b, this reaction is not 

complete in 5 s. 

Photodecomposition of adsorbates at Ag to graphitic carbon, as determined by 

Raman spectroscopy, has been reported by other researchers. In spectra acquired with 

100 mW of 514.5 nm radiation, Moskovits" evidenced photodecomposition of pyrazine 

and triazine to graphitic carbon at vapor-deposited "rough" Ag. Kirtley®^ observed the 

photodecomposition of benzoic acid to graphitic carbon at a Ag-AlO^-Al tunnel junction 

upon its irradiation with 10 W/cm^ of 514.5 nm, but he noticed it was stable at this 

surface when 0.5 W/cm* of 647.1 nm was employed. Bradley®^ reported similar excitation 

wavelength-dependent behavior for 4-pyridine carboxaldehyde adsorbed at this same 

surface type. In spectra acquired with 20 mW of 514.5 nm radiation, Li' * noted the 

photodecomposition of p-nitrophenol to graphitic carbon at Ag-coated AljO,; however, 

no such decomposition was observed with 7 mW (at 514.5 nm). Carter" commented that 

photodecomposition of imidazole at ORC Ag to graphitic carbon occurs more readily at 

higher laser powers, longer laser exposure times, and higher energy excitation 

wavelengths. Wokaun' appears to have evidence for the photodecomposition of 

phenanthrene (molecular structure in Figure 9.3) to graphitic carbon at Ag/stochastic SiOj 

posts when 10 mW of 514.5 nm radiation was employed for Raman spectral acquisition. 
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Figure 9.3 Depiction of molecules with varying electronic polarizability and their resultant relative Raman cross-section ^ 
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However, under the same experimental conditions, coronene (molecular structure in 

Figure 9.3) photodecomposition was not observed. In consideration of all these literature 

reports, two significant observations are made. First, only small aromatics are readily 

photodecomposed. As suggested by Wopenka"", the larger the polyaromatic 

hydrocarbon (PAH), the more stable it is against photodissociation, since the larger PAHs 

can more effectively distribute excess energy over their numerous vibrational modes. 

Secondly, the photodecomposition occurs at rough Ag surfaces; this phenomenon is 

discussed later in this chapter as surface-enhanced photochemistry. 

In Chapter 8, submonolayer graphitic carbon was estimated at a laser-

irradiated/Raman-sampled MP Ag surface; thus, the relatively immense S/N of the 1300 

and 1590 cm"' bands in Figure 9.2b is due to the surface enhancement factor (SEF) of 5.3 

X 10^ at MP Ag (Table 5.5) and the large Raman cross-section and possible resonance 

enhancement of graphitic carbon. Moskovits'^ claims that graphitic carbon at Ag 

demonstrates resonance enhancement; however, such behavior may be dependent on the 

carbon film thickness'which has not been measured at our MP Ag surfaces. Thus, 

there is some uncertainty as to whether or not the graphitic carbon signal intensity in 

Figure 9.2b has a resonance contribution. Nonetheless, the Raman cross-section of 

graphite has been estimated to be 50*" times greater than that of benzene and pyridine 

and thus, ca. 100-500 times greater than that of an alkanethiol. Figure 9.4 depicts these 

molecules with their range of relative Raman cross-sections. As explained in the following 

paragraph, graphitic carbon most likely has a smaller Raman cross-section than single 
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single crystal graphite because of its smaller/finite aromatic sheet length (L). 

Graphitic carbon or disordered graphite is composed of polyaromatic 

hydrocarbons joined by heteroatoms, sp^ carbons, or non-aromatic cyclic hydrocarbons. 

PAHs"""*'"'' are composed largely of fused five- and six-membered rings, which are 

most often of aromatic character, and thus, these molecules typically consist of extended 7C 

systems. In graphitic carbon, these PAHs are commonly referred to as the basic structural 

units (BSUs) of the in-plane crystal .As shown in a molecular model of a graphitic 

carbon structure (Figure 9.5), L defines the length of the BSU and L, denotes the in-plane 

crystal length."® In the Raman spectrum of single crystal graphite, only the 1580 cm"' G 

band is observed, because the electron polarizability changes in the A,g mode cancel each 

other when L, is infinite, making the D band Raman-inactive.'" However, in disordered 

graphite (of finite LJ, the peak intensity ratio IJ/IQ has been observed to increase with 

decreasing L,.'''""' 

In support of these observations, Raman spectra of freshly-cleaved natural graphite 

(i.e., recovered from the earth) and glassy carbon are shown in Figure 9.6. With the use 

of White's"* equation, [L, = 44 x (ID/IQ)'""], L, is ca. 107 A for the former and 25 A for 

the latter. Glassy carbon is known to have a tangled, ribbon-like structure and a hardness 

greater than that of graphite, due to the cross-linking of aromatic molecules by spV 

"diamond-like" carbons; therefore, it is expected to have a relatively small L,.' " In fact, 

measurements by TEM'^" and XRD'^' on glassy carbon estimate a L, of ca. 10-30 A. 

Although the D and G bands are much wider in the MP Ag spectrum (Figure 9.2b), the 
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Figure 9.5 Depiction of PAH coherence length L and in-plane crystal length L, of a possible graphitic carbon structure. 
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Figure 9.6 Raman spectra of (a) freshly-cleaved natural graphite and (b) mechanically-
polished glassy carbon. Each spectrum is plotted to full-scale intensity 
within its own spectral window. (Power = 50 mW, slit width = 25 |im, 
integration time = 60 s, and = 514.5 nm.) 
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ID/IG value of ca. 1 is characteristic of graphitic carbon with a L, of 44 A.' " (The D 

bandwidth increases with decreasing homogeneity of L, in the graphite-like 

structure.Since dimensions of a benzene ring®"^ are 2.455 A wide by 1.417 A on a 

side, large PAHs or small PAHs interconnected by many sp^ carbons may constitute the 

graphitic carbon at MP Ag. If the majority of this L, is due to PAH species, then this 

disordered graphite may indeed have a relatively large Raman cross-section. 

Assignment of 1330 and 1590 cm"' bands in Figure 9.2b to amorphous carbon (a-

C) would be inaccurate, because the Raman spectrum'^*"'^ of a-C contains a single band 

that extends from ca. 1000-1800 cm"', peaks at 1520-1600 cm"', and shows asymmetry on 

the low frequency side. By measurements, a-C contains graphite-like islands 

of L, < 20 A. In part, this is due to the relative abundance of sp^ carbons, as determined 

by EELS'^® '^ and ST\f 

Since the signal intensity in Figure 9.2a is ca. 3 times larger than that (originating 

from graphitic carbon) in Figure 9.2b, the initially adsorbed contaminant(s) must also 

possess a relatively large Raman cross-section and/or demonstrate resonance 

enhancement. The speculated existence of fluorescence background intensity in the 

spectrum of the initial contaminant supports the possibility of resonance enhancement. It 

follows that K conjugation is most likely responsible for this resonance enhancement and 

molecular fluorescence. Since no bands were observed in the 2000-2300 cm"' region to 

suspect alkyne contamination, the initial surface contamination most likely includes 

aromatics and/or alkenes. With only the low-frequency spectra of Figure 9.2, alkane 
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contamination cannot be accurately concluded. 

In an attempt to gain additional information about the initially adsorbed 

contamination at the MP Ag surface, Raman spectra were also acquired in the alkane and 

aromatic/alkene v(C-H) region (i.e., 2800-3200 cm"'). Figure 9.7 shows the laser 

exposure time dependence of the adsorbed contaminant, monitored by acquiring spectra at 

a single spot. The observation of a weak, but well-resolved 3064 cm'' band in Figure 

9.7b supports the conclusion that an aromatic?-^° or alkene^-^' contaminant is adsorbed. 

As evidenced by the broad bands centered at ca. 2910 and 2919 cm"' in Fig;ures 9.7a and 

b, respectively, some of hydrocarbon contamination at MP Ag is also of alkane®"^ origin. 

The CHj and CH, groups, to which these v(C-H) bands are assigned, may be attributed to 

alkanes directly adsorbed to the surface and/or substituents to the aromatic/alkene 

contaminant. Alkyl hydrocarbon®' 6(C-H) modes are expected to contribute intensity in 

the 1200-1500 cm"' region of the Raman spectra in Figure 9.2; however, some of the 

bands may not observed due to the much larger Raman cross-section and possible 

resonance enhancement of the aromatic/alkene low frequency modes. Interestingly, 

Raman spectra (not shown) of neat alkanethiols (C„SH) and thiophenol (TP) indicate that 

the Raman cross-section of the TP v(C-H) band at 3057 cm*' is ca. 1.5 times greater than 

that of the most intense C„SH v(C-H) band. Thus, the 7i-conjugated contaminant at MP 

Ag must contain very few C-H bonds and/or be oriented such that the aromatic/alkene 

v(C-H) vibrations are largely parallel to the surface; the latter conclusion is deduced 



405 

2910 

2919 

3064 

2500 
Wavenumbers (cm"') 

3000 
1 

Figure 9.7 Raman spectra (in the 2250-3300 cm ' region) of MP Ag after laser exposure 
(at a single spot) for (a) 1 s and (b) 30 s; spectra are plotted on the same 
intensity scale, after normalization for integration time. (Power = 150 mW, 
slit width = 25 integration time = 1 s in a and 30 s in b, and = 
514.5 nm.) 
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conclusion is deducedfrom siirface Raman selection rules (see Chapter I). Alkane 

substitution on the aromatic/alkene contaminant would reduce the number of 

aromatic/alkene C-H bonds. 

It is significant that the alkane v(C-H) signal intensity in Figure 9.7b is ca. 1.5 

times smaller than in Figure 9.7a, because this intensity decrease proves that alkane 

molecular species are not being produced in any appreciable quantities upon 

photodecomposition/fragmentation of the initially adsorbed contaminants. In contrast, 

this result is consistent with the production of graphitic carbon. Interestingly, the 

spectral background intensity (not shown in Figure 9.7) also decreases with increasing 

laser exposure time. This effect would seem to imply that any fluorescence produced by 

the initially adsorbed contaminant extends to this spectral region. 

EtOH and EtOH at MP Ag 

Figures 9.8 and 9.9 show Raman spectra in the 525-1800 cm"' and 2250-3300 cm"' 

regions, respectively, of neat EtOH and an MP Ag surface before and after its immersion 

in EtOH for 1 hr (i.e., the typical immersion time for formation of short-chain alkanethiol 

(C3-C9SH) SAMs). 

The spectrum in Figure 9.8a of the pre-immersed MP Ag surface was acquired 

with the same experimental parameters as that in Figure 9.2a. Thus, the differences in 

these spectra are attributed to slight differences in surface roughness and contaminant film 

structure and composition. In the spectrum of the post-immersed surface (Figure 9.8b), 
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Figure 9.8 Raman spectra (in the 525-1800 cm ' region) of (a) MP Ag, (b) MP Ag after 
immersion in EtOH for 1 hr, and (c) neat EtOH, Each spectrum is plotted 
to full-scale intensity within its own spectral window. Scaling factors apply 
only to a and b. (Power = 150 mW, slit width = 25 pim in c and 50 |im 
in a and b, integration time = 10 s in a,c and 20 s in b, and = 514.5 nm.) 
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Figure 9.9 Raman spectra (in the 2250-3300 cm"' region) of (a) MP Ag, (b) MP Ag after 
immersion in EtOH for 1 hr, and (c) neat EtOH. Each spectrum is plotted 
to flill-scale intensity within its own spectral window. Scaling factors apply 
only to a and b. (Power = 150 mW, slit width = 25 fim in c and 50 ^Jti in a 
and b, integration time = 10 s in b and 20 s in a and c, and = 514.5 nm.) 
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only very subtle changes are observed in the band structure and frequencies (from that of 

the pre-immersed surface). Thus, EtOH is not successful in dissolving away or displacing 

significant amounts of contamination from MP Ag. Upon comparison of the spectrum of 

the post-immersed surface with the neat EtOH spectrum (Figure 9.8c), it is evident that 

none of the bands assignable to EtOH in this spectral region are detected in the surface 

spectrum. (The band assignments of neat EtOH are provided by Goodman".) As an 

alkane, the Raman cross-section of EtOH is speculated to be ca. 100-500 smaller than that 

of graphite, and thus, this observation does not necessarily imply that EtOH is not 

adsorbed at the MP Ag surface. Spectral evidence against EtOH adsorption is discussed 

in the following paragraph. 

Figure 9.9 shows spectra of pre- and post-immersed MP Ag and neat EtOH in the 

v(C-H) region. The spectrum of the pre-immersed surface (Figure 9 .9a) was acquired 

with experimental parameters identical to those for the spectrum shown in Figure 9.7a; 

only subtle differences are noted between these spectra. However, the spectrum of the 

post-immersed surface (Figure 9.9b) shows much more structure to the v(C-H) band 

envelope than that of either spectrum of the pre-immersed MP Ag surface. This structure 

is substantially different from the characteristic v(C-H) region of neat EtOH (Figure 9.9c) 

and EtOH at ORC Ag'"^^. Thus, residual alkane contamination at MP Ag is suspected, 

rather than EtOH physisorption\ support for this conclusion is presented in the Raman 

spectra of CgDjySH at MP Ag. 
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MP Ag Surface Contamination; Preliminary Models 

Based on the above discussion, possible contaminants at the MP Ag surface 

include alkyl hydrocarbons, alkenes, and unsubstituted or alkyl-substituted small 

aromatics/PAHs. Since large PAHs are not expected to be readily decomposed under the 

experimental conditions employed in this study, large ring systems are not considered as 

possible contaminant species. Some of this contamination is strongly physisorbed or 

chemisorbed to the MP Ag surface, since it is not dissolved away by EtOH; the strongly-

bound species are perhaps adsorbed at reactive surface sites (e.g., kinks, steps, 

dislocations, vacancies). The contaminants and their presence at the MP Ag surface is 

modeled in Figure 9.10. Exactly how these contaminants are bound is unknown and thus, 

no emphasis on the orientation of these molecules with respect to the surface is intended. 

SERS of C„SH SAMs at MP Ag. Contamination Discovered 

In this section, spectra of alkanethiol SAMs at MP Ag in the 550-1650 cm"' and 

2250-3330 cm"' regions are discussed for their information concerning alkanethiol 

adsorption and surface contamination. All of these spectra, except those of the CjjSH 

SAM, were acquired under "standard" experimental conditions, which are defined here as 

a laser power of 150 mW, an integration time of < 15 s, and a room temperature surface. 

Proof of Thiol Monolayer Formation 

As depicted in Figure 1.1 and indicated by the reaction mechanism in Chapter 1, 



MP Ag 

Figure 9.10 Possible contaminants at MP Ag include alkanes, alkenes, and aromatics/small PAHs. 
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thiols are chemisorbed at Ag as thiolates (i.e., thiol deprotonation followed Ag-S bond 

formation). In Chapter 4, Raman spectra of alkanethiol SAMs at MP and CP Ag surfaces 

(Figures 4.7- 4.9) are presented that support this reaction mechanism. In particular, a 

v(Ag-S) band is observed at ca. 215-230 cm'. Furthermore, in spectra of liquid (Figure 

9.1 la) and solid (Figure 9.1 lb) C5SH, a v(S-H) band is observed at ca. 2576 and 2563 

cm"', respectively; however, this band is absent in the spectra of C5SH at MP Ag. The 

absence of a detectable v(S-H) band is also observed in spectra of C3SH and C5SH SAMs 

at CP Ag and Ag (111) (Figure 10.1-3). The lack of a v(S-H) band in all of these surface 

spectra also confirms solvent removal of any physisorbed multilayers. 

550-1650 cm ' Spectral Window 

Figure 9.12 shows Raman spectra of C„SH (where, n = 3-5, 8, 9, 12, and 18) 

SAMs at MP Ag in the 550-1650 cm"' region. The Cj^SH S.AM spectrum (Figure 9.12f) 

was acquired with a laser power of 1 mW, an integration time of 300 s, and the surface at 

room temperature; all other monolayer spectra in Figure 9.12 were acquired with the 

previously defined "standard" experimental conditions. The band fi'equencies observed in 

these spectra are presented in Table 9.2. along with their mode assignments. These 

assignments are discussed below. 

In this spectral region, Raman spectroscopic sampling of adsorbed alkanethiols is 

confirmed by the presence of the V(C-S)G and V(C-S)T bands at ca. 630 and 700 cm"'. 
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Figure 9.11 Raman spectra (in the 2250-3300 cm ' region) of CjSH as a (a) liquid, (b) 
solid and (c) SAM at MP Ag. Each spectrum is plotted to full-scale 
intensity within its own spectral window. (Power = 150 mW, slit width = 
50 nm, integration time = Is in a and b and 15 s in c, and = 514.5 nm.) 
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Figure 9.12 Raman spectra (in the 525-1800 cm ' region) of (a) CjSH, (b) C4SH, 
(c) C,SH, (d) CgSH, (e) C,SH, (f) C,,SH, and (g) C„SH SAMs at MP 
Ag; contaminant bands are marked with an *. (Power = 1 mW in f and 
150 mW in a-e and g, slit width = 25 pim in a,d,e, and g and 50 pim in b,c 
and f, integration time = 1 s in a, 2 s in e and g, 3 s in d, 15 s in b and c, 
and 300 s in f, and = 514.5 nm.) 
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Table 9.2 Raman Frequencies and Assignments for n-Alkanethiols (C„H^,SH) at MP Ag 

CjSH C,SH C5SH CgSH C,SH C,,SH C.gSH Mode 

625v\v 626\v 626tn 659v'\v 630\'\v 623v-\v- v(C-S)o 

704s 703s 698vs 702s 706s 706vs 705s v(C-sv 

74Ish 742sh r(CH,) 

775sh 774sh r(CHJ 

806w 806m 807m 807w 808m 80hv 805vw « 

821sh r(CHJ 

845w 849\'\v r(CH3)o 

867w 878sh r(CH3)o 

887sh/w 890m 894m 889sh 89 lsh/\v 893sh/\v 892sh/w 

913m 915m 915m 909m 916m 908m 914m 

932sh 929sh 922sh 931sh 930sh/\v * 

968\'\v 963 w r(CH:) 

994\'\v r(CH,) 

lOOSv-w 1008sh v(C-C), 

1023v\v 1030m 1026\v V(C-C)T 

1025m 1050\v 1055m 1065w V'.(C-C)t 

1068w * 

1077w I078w 1083w % 

1080m llOlw V(C-C)T 

1086m I094m 1106m 1118sh v(C-C>r 

I132VS 1132s 1133VS 1129s 1132s * 

1127vs 1130s v.(c-cv» 

1176sh t(CHi) 

" Contaminant band 
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Table 9.2 Raman Frequencies and Assignments for n-Alkanethiois (C„H2„.,SH) at MP Ag 

CjSH C,SH CsSH CgSH QSH C,,SH C,«SH Mode 

1199s 1199s 1199s 1199m 1199s 1196m L20ls 

I2l5sh 121Ish 1216sh t(CH^ 

1231sh t(CH,)T 

1255vs 1252s 1250vs 1253s 1252s 1252s 

1284sh 1288sh 1284VS * 

1294VS 1293vs 1294VS I296vs 1296VS i294vs 

I332sh 1335sh 

1351m 1349s 1350vs 1352m 1352m 1347s 1350m « 

1387VS 1383vs 1383VS 1391VS 1391s 1388s 1389s * 

1578sh/s * 

1600vs 1596vs 1596vs 1600vs 1600vs 1598VS I598vs « 

2728 2732 2731 2731 2729 2727 

2855 2854 2858 2851 2854 2850 2851 v.(CH,) 

2860 2859 v.(CH,) 

2872 2876 2877 v.CCHj) 

2882 2882 2875 2876 2876 2882 v.(CH,) 

2897 2898 2898 2904 2902 v.(CH^ 

2916 2915 2916 2912 2917 2913 v.(CH,,FR) 

2932 2935 2934 2928 2929 V,(CH3,FR) 

2964 2964 2964 2960 2963 2960 2961 V.(CH3) 

" Contaminant band 
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respectively. As explained by Kim'^* '"^' and Bryant' "', these v(C-S) bands are observed 

at frequencies ca. 25-30 cm"' lower than those in the liquid and solid alkanethiol spectra, 

due to thiol deprotonation and subsequent Ag-S bond formation. (Later in this chapter, a 

contaminant band is identified which contributes intensity to the V(C-S)T band.) 

Figure 9.12 indicates there are numerous bands common to these monolayer 

spectra which appear at nearly identical frequencies. In the CjSH SAM spectrum, 

attention is drawn to these bands by marking them with an * and/or drawing a box around 

them. The bands enclosed within the box that extend from ca. 1200-1400 cm"' span the 

spectral region which typically contains alkane bands assignable to CHj twisting (t(CH2)) 

and wagging (w(CH2)) vibrations. Such assignments were made for liquid and solid 

alkanethiol bands observed in this spectral region, as shown in Tables 6.1 and 6.2, 

respectively. In fact. Figure 6.2 and Table 6.2 indicate an increase in the number of t(CH2) 

solid alkanethiol bands with an increase in the alkane chain length, due to the increasing 

number of CH, groups. (This trend is not observed in the liquid alkanethiol spectra, most 

likely due a lack of resolution and/or band intensity in the longer chain spectra.) Thus, the 

observation of a relatively constant number of bands in the 1200-1400 cm"' region of the 

alkanethiol SAM spectra (Figure 9.12) was not initially understood. Furthermore, the 

presence of a 1600 cm"' band in these monolayer spectra was also disturbing, since a band 

at this frequency is never observed in liquid and solid alkanethiol spectra or in any n-

alkane spectra. For alkane molecules, CH, scissoring (s(CH2)) and CH3 bending (5(CH3)) 

vibrations set the high frequency limit at ca. 1500 cm"'. However, bands at ca. 1600 cm'' 
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are commonly observedfor aromatic^^" and alkene^^'; these are assignable to v(C=C) 

vibrations. Based on these spectral observations, an aromatic or alkene contaminant is 

believed to be co-adsorbed with the alkanethiol SAMs. As shown in Table 9.2, 

contaminant bands are not assigned to vibrational modes, rather their frequencies are 

marked with an *, as is in the surface spectra shown in Figure 9.11 and in all subsequent 

surface spectra presented in this chapter, if necessary. (As observed in Table 9.2 and 

Figure 9.12g, the contaminant band structure and frequencies in the C,gSH SAM spectrum 

differ from those observed in the other C„SH SAM spectra; this observation may be due to 

differing composite thiol/contaminant film structures.) Further support for the presence of 

a contaminant is provided later in this chapter. 

As a result of the relative intensity and abundance of these contaminant bands, very 

few C^SH SAM bands are observed in 550-1650 cm"' region; those that are observed are 

assigned on the basis of the liquid and solid alkanethiol assignments provided in Chapter 6 

(Tables 6.1 and 6.2). The r(CH3) mode at ca. 890 cm"' is characteristic of alkanes and the 

v(C-C) bands at 1020-1120 cm"' are characteristic of the respective alkanethiols. For the 

most part, it is the alkanethiol 5(C-H) bands which are not detected due to contaminant 

band interference. Later in this chapter, band assignments are provided for a 

contaminant-free CjSH SAM. Raman spectra of contaminant-fi-ee CjSH, C4SH, CgSH, 

CjiSH, and C,gSH SAMs at MP Ag are also reported by Schoenfisch.'"^' 



419 

2250-3300 cm'' Spectral Window 

Figure 9.13 shows Raman spectra centered about the alkane v(C-H) region of 

C„SH (where, n = 3-5, 8, 9, 12, and 18) SAMs at MP Ag. The C,iSH SAM spectrum 

(Figure 9. i3f) was acquired with a laser power of 1 mW, an integration time of 180 s, and 

the surface at room temperature; ail other monolayer spectra in Figure 9.13 were acquired 

with the previously defined "standard" experimental conditions. Bands observed in these 

spectra are identified and their frequencies and assignments are listed in Table 9.2. 

The v(C-H) band structure in the 2800-3000 cm"' region is characteristic of these 

monolayers' . However, the C3-C5SH SAMs spectra (Figures 9.13a-c) also show a weak 

hand at ca. 3070 cm '; this hand is attributed to an aromatic or alkene v(C-H) mode. 

(Lack of observation of this band in the longer-chain alkanethiol SAM spectra is explained 

later in this chapter.) Although the absolute intensity of the monolayer v(CHJ bands may 

be affected by surface contamination, the spectra show the expected increase in I v(CH2)/I 

v(CH3) as a function of increasing chain length. Thus, unlike the spectra in the low 

frequency region, the monolayer v(C-H) envelop is not significantly disrupted by the 

contaminant bands. Therefore, the alkanethiol SAM v(C-H) spectra are presented only in 

Figure 9.13 and not discussed further in this chapter. 

SERS of CgDiySH SAM at MP Ag: Contamination Confirmed 

Raman spectra were acquired of CgD^SH at MP Ag from 550-3250 cm"' to help 
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Figure 9.13 Raman spectra (in the 2250-3300 cm ' region) of (a) QSH, (b) C,SH, 
(c) C,SH, (d) QSH, (e) C,SH, (f) C.jSH, and (g) C„SH SAMs at MP 
Ag. Each spectrum is plotted to full-scale intensity within its own spectral 
window. (Power = 1 mW in f and 150 mW in a-e and g, slit width = 25 ^un 
i n  a , d , e ,  a n d  g  a n d  5 0  [ i m  i n  b , c , a n d  f ,  i n t e g r a t i o n  t i m e  =  5 s i n a ,  1 0 s  i n  e  
and g, 15 s in d, 90 s in b and c, and 180 s in f, and - 514.5 nm.) 
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deduce the contaminant source. Most importantly, this system provides the opportunity to 

asses whether or not the contaminants originate from the adsorbing alkanethiol. 

550-2450 cm'' Spectral Window 

Raman spectra of monolayer and solid CgD^SH are shown in Figures 9.14a and b, 

respectively. These spectra contain bands assignable to v{C-S), v(C-C), 5(C-D), and v(C-

D) bands. The bands observed in the monolayer spectrum are identified and their 

frequencies and assignments are presented in Table 9.3; liquid and solid CgDi7SH band 

assignments were provided in Tables 7.1 and 7.2. 

Based on the hydrogenated SAM spectra, the V(C-S)G V(C-S)T monolayer 

bands are expected to be observed at frequencies ca. 25-30 cm"' lower than those 

observed for liquid and solid CgDi^SH. Thus, the 665 cm"' band is assigned to the v(C-S)j 

mode. Although the V(C-S)G band is suspected to appear at ca. 585 cm"', it is most likely 

unresolved from the low-frequency shoulder of the v(C-S)Tband. 

Interestingly, the contaminant bands in the hydrogenated alkanethiol SAM spectra 

are reproduced in the CgDj^SH SAM spectrum (Figure 9.14a); once again these bands are 

enclosed in a box or marked with an * to draw attention to them. The solid CgDj^SH 

spectrum is shown in Figure 9.14b to prove that there are no alkanethiol bands beyond ca. 

1305 cm"' and those bands beyond ca. 1140 cm"' are of relatively weak intensity. Clearly, 

if the surface contaminant was a byproduct of the adsorbing thiol molecule, bands 



1597 - > 

807 

G 
l-H 

800 1200 1600 2000 2400 

Wavenumbers (cm') 

Figure 9.14 Raman spectra (in the 550-2450 cm' region) of CgD^SH as a (a) SAM at MP Ag and (b) solid; contaminant bands 
are marked with an *. Each spectrum is plotted to full-scale intensity within its own spectral window. (Power = 
(Power = 150 mW, slit width = 25 ^m, integration time = I s, and = 514.5 nm ) 
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Table 9.3 Raman Frequencies and Assignments for CgDpSH at MP Ag 

CgD,,SH Mode 

661 vs v(C-S>, 

709sh/w r(CD3V 

774w r(CD,>, 

808w m 

914sh m 

921m t(CD,>p 

973VW s(CD,) 

1054vw 5.(CD,) 

1 114m v(C-C\ 

1134VS v(C-CV 

1200W * 

1256m * 

1288sh 

1296s * 

1353W * 

1391s * 

1599s 

2052sh 7 

2068 v,(CD,JR) 

2107VS v.(CD,) 

2124sh v.(CD,JTl) 

2147sh a-v,(CDj) 

2214 v.(CD,) 

" Contaminant Band 
V = stretch; 5 = bend; r = rcx:k; t = twist; s = scissor 
FR = Fermi resonance 
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attribiiiable lo it would be expected to appear at lower frequencies (due to deuteration of 

the alkane chain). The solid spectrum also indicates that a few of the monolayer bands 

may not be observed due to the greater contaminant band intensity. 

2650-3250 cm'' Spectral Window 

Figure 9,15 shows Raman spectra (in the v(C-H) region) of a MP Ag surface, a 

CgDpSH SAM at MP Ag, and solid CgDiySH. Normalized S/N values (i.e., power = 150 

mW, slit width = 25 nm, and integration time = 15 s) for the most intense v(C-H),n,„, band 

in each spectrum are displayed in this figure to demonstrate the quantity of alkyl 

hydrocarbon contamination displaced from the MP Ag surface subsequent to alkanethiol 

SAM formation. The MP Ag spectrum shown in Figure 9.15a is representative of the 

typical level of alkane contamination at this surface type, since the average S/N value 

observed from this spectral region is ca. 35. Thus, a S/N value of 9 for the 2908 cm"' 

band in perdeuterated monolayer spectrum (Figure 9.15b) suggests that the adsorbing 

alkanethiol displaces some, but not all, of the alkane contamination initially present at 

the MP Ag surface. This result is consistent with the reports of Grunze'"^'"" and 

Whitesides' on alkanethiol adsorption at Ag and Au surfaces. As shown in Figure 9.15c, 

neat CjDiySH contains a small amount of hydrocarbon contamination (S/N2g94 = 2.7), and 

thus, some of the residual MP Ag surface contamination may originate from CgD,7SH. (In 

Chapter 7, the 3060 cm"' band was assigned to benzene^^®, since this was the distillation 

solvent.) 
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Figure 9.15 Raman spectra (in the 2650-3250 cm ' region) of (a) MP Ag and CgD^SH 
as a (b) SAM at MP Ag and (c) solid. Each spectrum is plotted to full-
scale intensity within its own spectral window. (Power = 5 mW in b, 
150 mW in a and c, slit width = 25 |im, integration time = 1 s in c, 
10 s in a, and 300 s in b, and = 514.5 nm.) 
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Alkanethiol SAM Contamination; Preliminary Comments 

From the hydrogenated alkanethiol SAM and CgD,7SH SAM spectra, preliminary 

conclusions are drawn as to the contaminant source and the contaminant molecular 

identity. In addition, a preliminary contaminated alkanethiol SAM model is proposed. 

Contaminant Source 

In the MP Ag spectrum shown in Figure 9.2a , bands appear at 811, 913, and 1589 

cm"'. Bands at similar frequencies are observed in the alkanethiol SAM spectra and thus, 

the contamination within these monolayers is speculated to be present at this surface, prior 

to its immersion into the alkanethiol/EtOH solution. 

Based on XPS data from the MP Ag surface (Tables 8.1 and 9.1) and Raman 

spectra indicating the displacement of alkane contamination from this surface by the 

adsorbing alkanethiol (Figure 9 15), sub-monolayer quantities of carbon contamination 

within these alkanethiol SAMs are suspected. Furthermore, XPS survey spectra of MP 

Ag (Figures 8.3 and 8.4) prove these surfaces are free of any sulfur contamination. 

Therefore, this contamination has its origin from the alumina, the polishing pad, the 

laboratory ambient, or a combination of these sources. This contamination may be placed 

at surface without modification to its molecular structure, or due to localized pressure and 

temperature conditions at the surface during mechanical polishing, the contamination may 

be produced at the MP Ag surface. The contaminant source is not surprising, since the 

intense contaminant Raman bands were not observed in spectra of alkanethiol SAMs at 
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MP Ag until extensive mechanical polishing of Ag was performed. 

Preliminary Contaminant Molecular Identity 

The contamination at the unmodified MP Ag surface was modeled in Figure 9.10 

as possibly including alkyi hydrocarbons, alkenes, and unsubstituted or alkyl-substituted 

aromatics/small PAHs. Residual alky! hydrocarbon contamination at this surface has been 

confirmed by the alkane v(C-H) intensity in the CgDjySH SAM spectra, and the 7C-

conjugated surface contaminant (i.e., alkene or aromatic) is identified below. 

In almost all of the alkanethiol SAM spectra presented previously in this chapter, 

constant frequency bands are observed at ca. 805, 910, 1200, 1235, 1255, 1280, 1295, 

1350, 1390, and 1600 cm"'. In addition, the relative intensities of these bands are nearly 

identical in each spectrum. Thus, it is believed that the contaminant bands in the low-

frequency spectra are attributable to a single molecular species. 

In Raman spectra of multiple ring solids and liquids, the 1200-1600 cm'' region 

contains many relatively intense bands, many of which are assignable to in-plane ring 

vibrations. Furthermore, a relatively strong ca. 1350-1390 cm"' band is present in most of 

these spectra. As indicated above, contaminant bands are also observed at 1350 and 1390 

cm"'. In Raman spectra of alkyl-substituted alkenes, bands in the 1200-1600 cm"' region 

are typically assignable to 5(C-H) modes, some of which are also accountable for 

alkanethiol Raman bands in this spectral region. Obviously, the alkanethiol SAM bands in 

this spectral region are extremely weak relative to the sub-monolayer contaminant bands. 
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Thus, in consideration of the relative intensity of the contaminant bands in the alkanethiol 

SAM spectra, there are two primary reasons why the 7t-conjugated contaminant is 

believed to be an aromatic/small PAH rather than an alkene. First, the Raman scattering 

cross-sections of the aromatic ring modes are most likely larger than that of the 

alkene/alkane 5(C-H) vibrations. Secondly, it is speculated that there is a greater 

possibility of resonance enhancement of the aromatic vibrations than the alkene 5(C-H) 

vibrations. Later in this chapter, spectral results are discussed which strengthen the 

conclusion reached here that the Ag surface contaminant is a small PAH. 

As shown in Figure 9.2, MP Ag surface contamination is photodecomposed to 

graphitic carbon after only 5 s of exposure to 150 mW of 514.5 nm laser radiation. In 

contrast, the spectra in Figures 9.12 and 9.14 indicate that the contamination within the 

alkanethiol SAMs does not undergo appreciable photodecomposition, even after 15 s of 

such laser irradiation. Thus, the aromatic contaminant at the thiol-modified surfaces is 

stabilized by the monolayer's presence. Based on the obvious differences in contaminant 

band structure in spectra of the unmodified (Figure 9.2) and thiol-modified (Figure 9.12 

and 9.14) MP Ag surfaces, this contamination must be chemically distinct at each surface. 

Moreover, the alkanethiol probably influences the orientation and packing of the 

contaminant. 

Preliminary Contaminant Models 

Preliminary models of the aromatic contaminant at the unmodified and thiol-
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modified MP Ag surface are shown in Figure 9.16; based on the conclusions made above, 

the unmodified surface contaminant model of Figure 9.10 is revised. Significantly, the 

contaminant is believed to be adsorbed at both surfaces through reactive surface sites 

(e.g., surface defects -- steps, dislocations, kinks, etc.) rather than loosely intercalated 

within the alkanethiol SAM. Interaction of the contaminant with such sites may explain its 

resistance against displacement by alkanethiol molecules. Furthermore, the aromatic is 

depicted as being adsorbed with its ring largely normal to the surface plane in Figure 9.16, 

since in such an orientation, the in-plane ring vibrations may be selectively enhanced, as 

dictated by surface Raman selection rules (see Chapter 1). 

Since these alkanethiol SAMs were never imaged by STM or AFM, the co

existence of the alkanethiol and contaminant molecules, as regards to islanding, cannot be 

accurately portrayed. However, fi-om laser spot to laser spot, quantities of both molecules 

were always sampled across a thiol-modified MP Ag surface and thus, the alkanethiol 

SAM regions were never larger than the laser elliptical spot size of ca. 200 (im by 400 jam. 

The acquisition of "real-time" spectra across a surface did show variations in the relative 

intensity of these two Raman scattering sources; therefore, differences in the quantities or 

relative orientations of the aromatic contaminant and alkanethiol molecules did exist. 

SERS of Contaminated C„SH SAMs; Contaminant Properties 

Raman spectra of contaminated alkanethiol SAMs were acquired as a fijnction of 

laser power, laser exposure time, excitation wavelength, surface morphology, and surface 
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temperature for identification of the contaminant's complete set of signature Raman bands 

and its relevant chemical properties (e.g., photo, thermal and electrochemical stability). 

This information is necessary for a more accurate determination of the contaminant 

molecular identity. 

Laser Power Laser Exposure Time Dependencies 

Except for the spectra shown in Figures 9,17, the laser power and laser exposure 

time dependencies of the monolayer contamination were studied by sampling the surface 

at a different spot per spectrum. 

C3SH SAMs at MP Ag 

Raman spectra acquired of CjSH SAMs at MP Ag as a function of laser exposure 

time are presented in Figures 9,17 and 9.18. (The spectra in Figure 9.17 were acquired on 

the Triplemate and hence, the smaller spectral window.) As shown in Figure 9.17a, only 

contaminant bands are identifiable in the 1175-1775 cm"' region of this spectrum after an 

integration time of 5 s; however, upon laser irradiation of this surface spot for a total of 6 

min, the aromatic contaminant is photodecomposed to amorphous carbon (a-C), as 

evidenced by the broad asymmetric band at ca. 1565 cm"'. In addition, CjSH SAM bands 

at 1227, 1288, and 1327 cm"' appear superimposed on these relatively intense carbon 

bands; these C3SH SAM bands are assignable to two t(CH,) modes and a w(CH2) mode, 

respectively. The fact that monolayer bands are observable atop the carbon bands but not 
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Figure 9.17 Raman spectra of a CjSH SAM at MP Ag after laser exposure (at a 
single spot) for (a) 5 s and (b) 6 min. Scaling factors are indicated for 
each spectrum. (Power = 150 mW, slit widths = 0.5/4.0/0.15 mm, 
integration time = 5 s in a and 15 s in b, and = 514.5 nm.) 
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Figure 9.18 Raman spectra acquired on the single spectrograph of monolayer propane-
thiol at MP Ag with integration times of (a) 15 s and (b) 120 s and plotted on 
the same intensity scale. (Power = 150 mW, slit width = 25 jim, and = 
514.5 nm.) 
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resolvable from the aromatic contaminant bands is proof of the greater Raman scattering 

efficiency of the PAH, relative to the a-C. The reasons for this are clarified below. 

As was observed in spectra of unmodified MP Ag (Figure 9.2), the signal 

intensities in this spectral region decrease upon photodecomposition of the aromatic 

contaminant. However, the signal intensity decrease in Figure 9.17 of 1.5 x 10^ is much 

larger than that in Figure 9.2 for two reasons. First, the surface is irradiated with 150 mW 

of 514.5 nm radiation for 6 min rather than just 30 s. Secondly, the spectrum in Figure 

9.17b is indicative of a-C rather than graphitic carbon, since the characteristic two-peaked 

Raman band structure of graphitic carbon (Figure 9.2b) is not observed. As noted above, 

a-C is expected to have a shorter L, than that of disordered graphite, and thus, the Raman 

cross-section of a-C is most likely smaller than that of graphitic carbon. Furthermore, 

unlike Raman scattering from graphitic carbon, a-C has no chance of being resonantly 

enhanced' *® '(Photodecomposition of the aromatic contaminant to a-C rather than 

graphitic carbon may be due to the reduced mobility of the photo-fragments in the 

alkanethiol SAM relative to those at the unmodified MP Ag surface.) Although not 

shown in Figure 9.17, the background intensities decrease by a factor of 2.5 after 

photodecomposition; similarly, a factor decrease of 3-5 was observed in spectra of 

unmodified MP Ag (Figure 9.2). As was explained previously, this background intensity 

decrease is most likely due to fluorescence quenching of the contaminant. 

Figure 9.18 shows the decrease in spectral background intensity as a fijnction of 

increasing laser exposure time to be reproducible; however, the magnitude of background 
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intensity decrease is less in Figure 9.18 than in Figure 9.17 for at least three reasons. First, 

spectra were recorded from two spots on the CjSH S AM/MP Ag sample, rather than one. 

This difference is significant, because the largest decrease in background intensity occurs 

upon initial exposure of the surface sample to the laser beam. Second, the spectrum in 

Figure 9.18a was acquired for 15 s rather than a mere 5 s, and third, laser exposure time 

was increased only by a factor of 6, as opposed to 60. Interestingly, the larger spectral 

window of the single spectrograph indicates a greater background intensity decrease from 

1130-1600 cm"' than from 710-930 cm"'; this observation may be explained by greater 

PAH fluorescence in the former spectral region. 

The spectra in Figure 9.18 allow a more complete identification of the contaminant 

bands, due to the significantly different laser exposure time dependencies of the 

contaminant and alkanethiol SAM signal intensities. From these spectra, it becomes 

obvious that the ca. 930 cm"' shoulder and ca. 1130 cm"' band are assignable to the 

aromatic contaminant. This observation alleviated our suspicion concerning the ca. 1130 

cm"' band in spectra of the C3, C4, and CjSH SAMs at MP Ag (Figure 9.12); the v(C-C)j 

bands of highest frequency for these neat alkanethiols are observed at 1109, 1114, and 

1116 cm"', respectively. Interestingly, a 930 cm"' band is also observed in spectra of MP 

Ag surfaces before and after immersion in EtOH, as shown in Figures 9.8a and b. Finally, 

the spectra in Figure 9.18 confinn the presence of contaminant bands at ca. 808 and 910 
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CJDJ7SH SAMS at MP Ag 

Figure 9.19 shows Raman spectra of a CgD^SH SAM at MP Ag acquired with a 

laser power of 5 mW for integration times of 5, 60, and 300 s. Of significance to the use 

of the intensity ratio I v(C-S)j/I V(C-S)G as a hydrogenated alkanethiol SAM order 

parameter, these spectra indicate the presence of a 711 cm"' contaminant band. This band 

is initially detected only in Raman spectra of the perdeuterated SAM, because deuteration 

shifts the v(C-S)x band from ca. 700 to 665 cm"'. Although there is a 712 cm"' band in the 

liquid and solid CgD,7SH Raman spectra (Figures 7.1), the 711 cm"' band in Figure 9.19a 

is definitely assignable to the PAH contaminant, based on its intensity decrease as a 

function of increasing laser exposure time. 

The important conclusion from these observations is that in any spectrum of a 

hydrogenated alkanethiol SAM in which contaminant bands are of relatively significant 

intensity, the v(C-S)r band is expected to have an appreciable intensity contribution from 

the 711 cm ' contaminant band. In the CgDj^SH SAM spectra, the 711 and 808 cm"' band 

intensities clearly track each other (Figures 9.19a and b). Therefore, it is assumed that the 

711 cm"' contaminant band intensity is substantial in Figure 9.18a and negligible in Figure 

9.18b. From these spectra, it is evident that significant contaminant band intensity at 711 

cm"' has the apparent effect of shifting the CjSH SAM V(C-S)T band at 699 cm"' to ca. 

704 cm"'. Hydrogenated alkanethiol SAM spectra presented later in this chapter prove 

this effect to be reproducible and thus, diagnostic for the presence of the contaminant. 
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Figure 9.19 Raman spectra of a CgD,,SH SAM at MP Ag acquired with integration 
times of (a) 5 s, (b) 60 s, and (c) 300 s and plotted on the same intensity 
scale. (Power = 5 mW, slit width = 25 ^m, and = 514.5 nm.) 
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Figure 9.20 shows Raman spectra of a CgD,7SH SAM at MP Ag acquired as a 

function of laser power (5 mW and 150 mW) for a constant integration time. Since 

photon flux and power density at the surface are expected to affect the amount and rate of 

aromatic photo-fragmentation, it is not surprising that the monolayer contamination is also 

very sensitive to laser power. In the spectrum acquired with a laser power of 150 mW 

(Figure 9.20b), the contaminant band intensities at frequencies below ca. 1130 cm"' are 

speculated to be negligible; thus, the bands below this frequency are assigned to the 

CgD,7SH SAM. Importantly, this spectrum confirms the presence of CgDi7SH monolayer 

bands at ca. 712 and 921 cm"', and a v,(C-C)-r band at 1134 cm"'. 

CgSH and CqSH SAMs at MP Ag 

Raman spectra of CgSH and C9SH SAMs at MP Ag acquired as a function of laser 

exposure time are displayed in Figures 9.21 and 9.22, respectively. Unlike those 

previously shown, these spectra suggest the presence of contaminant bands at ca. 1068 

and 1080 cm"'; the former band can only be clearly observed in the CgSH SAM spectrum 

in Figure 9.22a. These contaminant bands are not observed in CjSH SAM spectra (Figure 

9.18) due to their incomplete resolution from the v(C-C)-r C3SH SAM band at 1087 cm"' 

or in the CgD^SH SAM spectrum (Figure 9.20a) due to poor S/N. 

Obviously, the 1130 cm"' contaminant band interferes with the resolution of the 

1119 and 1123 cm"' v,(C-C)-r bands of CgSH and C9SH SAMs, respectively. 
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Figure 9.20 Raman spectra of a CgD^SH SAM at MP Ag acquired with laser powers 
of (a) 5 mW and (b) 150 mW and plotted on the same intensity scale. 
(Slit width = 25 [im, integration time = 30 s, and = 514.5 nm.) 
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Figure 9.21 Raman spectra of a QSH SAM at MP Ag acquired with integration times 
of (a) 3 s, (b) 5 s, (c) 15 s, and (b) 60 s and plotted on same intensity scale. 
(Power = 150 mW, slit width = 25 |im, and = 514.5 nm.) 
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Figure 9.22 Raman spectra of a C,SH SAM at MP Ag acquired with integration times 
of (a) 2 s, (b) 15 s, and (c) 90 s and plotted on the same intensity scale. 
(Power = 150 mW, slit width = 25 pim, and = 514.5 nm.) 
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CjiSH SAMs at MP Ag 

In contrast to the short-chain alkanethiol SAMs, the aromatic contamination can 

be detected in CiiSH SAM spectra only at relatively small laser powers. For example, the 

spectrum in Figure 9.23a was acquired at a laser power of I mW; the integration time of 

300 s was necessary to obtain sufficient S/N. Upon exposure of this monolayer to a laser 

power of 150 mW for 15 s, the Raman spectrum in Figure 9.23b indicates that the 

aromatic contamination has already been substantially photodecomposed, as evidenced by 

the broad band at ca. 1596 cm"' and the background to the monolayer bands in the ca. 

1150-1400 cm"'. This photodecomposition has proceeded to the extent that the bands at 

and below ca. 1124 cm"' can be assigned solely to the CjiSH SAM. Furthermore, the CHj 

scissor (s(CH,)) bands at ca. 1434 and 1454 cm"' are fully resolved from the contaminant 

bands; such resolution of the sCCH,) bands was shown previously only in the C9SH SAM 

spectrum acquired with a laser power of 150 mW and an integration time of 90 s (Figure 

9.23c). 

The lack of contaminant band intensity in Figure 9.23a is surprising, given the fact 

that the laser power was 1 mW. This observation suggests the presence of less 

contamination within the longer-chain CijSH SAM. Further support for this conclusion is 

discussed later in this chapter. 

Contaminant Band S/N 

In spectra of CgDiySH (Figure 9.19a and 9.20a) and C3SH (not shown) SAMs at 
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Figure 9.23 Raman spectra of a C,jSH SAM at MP Ag acquired with laser powers and 
and integration times of (a) 1 mW, 300 s and (b) 150 mW, 15 s and plotted 
on the same intensity scale. (Slit width = 25 urn and = 514.5 nm.) 
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MP Ag acquired with low laser powers (such that negligible PAH photodecomposition 

occurs), a normalized S/N value of ca. 5 is calculated for the 1600 cm"' contaminant band. 

In comparison, the normalized S/N value of the 1580 cm"' band of a thiophenol (TP) SAM 

at MP Ag is ca. 6.5. Although sub-monolayer aromatic contaminant quantities are 

speculated, the latter is only 1.35 times greater than the former. Thus, these S/N values 

support the possibility of PAH resonance enhancement and/or its possession of a Raman 

cross-section as large or larger than TP. 

Summary 

From the spectra acquired as a function of laser power and laser exposure time, 

contaminant bands are identified at ca. 711, 930. 1068, 1080, and 1130 cm"' and 

confirmed at ca. 808 and 910 cm"'. 

Surface Morphology Dependence: Ag (111) vs. MP Ag 

Spectra of alkanethiol SAMs at MP Ag acquired as a function of laser power and 

laser exposure time indicate that the aromatic contamination is photochemically sensitive 

to both of these experimental parameters when the excitation wavelength is 514.5 nm. In 

fact, the spectrum shown in Figures 9.17b suggests that the PAH photodecomposes to a-

C. Moskovits'"^ reported photodecomposition of pyrazine to graphitic carbon at "rough" 

Ag surfaces, and he speculated this reaction proceeds by Ag surface catalysis. 

Surface-enhanced photochemistry at our MP Ag surfaces is supported by the 
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uncommon observation of the aromatic contaminant at our relatively smooth, chemically 

polished Ag (111) surfaces (i.e., SEFs of 6.9 x 10' and 5.3 x 10^ for Ag (111) and MP Ag, 

respectively). Specifically, the contaminant band intensity in the Raman spectrum of a 

CjSH SAM at Ag (111) (Figure 9.24) indicates relatively negligible photodecomposition 

after surface irradiation for 300 s with 150 mW of 514.5 nm. The surface enhancement of 

aromatic contaminant photochemistry at our MP Ag surfaces must be quite significant, 

since the quantity of carbon contamination is significantly less at the CPAJPD Ag (111) 

surfaces (see Chapter 8). As the spectra of Chapter 10 show, the aromatic contaminant 

was typically removed or at least significantly reduced by the CP/UPD protocol. 

Interestingly, the rate of contaminant photodecomposition at a MP Ag surface was 

observed to be directly related to its roughness, which was determined qualitatively by the 

specular reflectance from the surface. In particular, Raman spectra of short-chain 

alkanethiol SAMs at surfaces of superior specular reflectance typically demonstrated the 

greatest and most stable contaminant band intensity. However, since greater time was 

spent polishing to get these types of surfaces, these spectral observations may also be 

explained by the presence of larger quantities of the aromatic contaminant at these 

surfaces. More likely, the effects of surface roughness and contaminant quantity on 

Raman intensity are convoluted. 

Surface Temperature Dependence 

Raman spectra acquired of C3-C5SH SAMs at MP Ag before and after immersion 
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Figure 9.24 Raman spectrum acquired on the single spectrograph of a CjSH SAM at 
Ag (II1). (Power =150 mW, slit width = 150 (im, integration time = 
300 s and = 514.5 nm.) 
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in a LN, bath (for ca. 1 min) are shown in Figures 9.25-9.27, respectively; before such 

immersion, the surfaces are at room temperature. Although a different spot was sampled 

for each spectrum, the spectra presented here were very reproducible across a particular 

surface. An integration time and laser power of 15 s and 150 mW, respectively, were 

employed for all of these spectra, and thus, they can be evaluated for changes that are a 

result solely of the surface temperature. 

The larger contaminant band signal intensities in the lower surface temperature 

spectra most likely indicate a reorientation of the aromatic ring plane more normal to the 

surface, as dictated by surface Raman selection rules (see Chapter 1). Due to this 

orientation change, the relative intensities of the aromatic contaminant bands and CjSH 

SAM bands V(C-C)T at 1055 and 1105 cm"' are such that these monolayer bands are at the 

background noise level in the spectrum (Figure 9.27b). Furthermore, the v(C-S)j and 

r(CH3)T- bands in this C5SH SAM spectrum appear only as resolvable shoulders at ca. 698 

and 891 cm"', respectively, on the more intense contaminant bands. 

The 1071 and 1084 cm"' bands in Figure 9.27b are assignable as contaminant 

bands, since their doublet structure and approximate frequencies are reproduced in the 

spectrum of a C3SH SAM exposed to liquid Nj (Figure 9.25b). This contaminant band 

identification confirms the previous assignment of these bands in the CgSH and CgSH 

SAMs spectra of Figures 9.21a and 9.22a, respectively. 
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Figure 9.25 Raman spectra of a C,SH SAM at MP Ag after exposure to (a) the ambient 
(at room temperature) and (b) a LN, bath; spectra are plotted on the same 
intensity scale. (Power = 150 mW, slit width = 50 |im, integration time = 
15 s, and = 514.5 nm.) 
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Figure 9.26 Raman spectra of a C4SH SAM at MP Ag after exposure to (a) the ambient 
(at room temperature) and (b) a LNj bath; spectra are plotted on the same 
intensity scale. (Power = 150 mW, slit width = 50 pim, integration time = 
15 s, and = 514.5 nm.) 
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Figure 9.27 Raman spectra of a CjSH SAM at MP Ag after exposure to (a) the ambient 
(at room temperature) and (b) a LNj bath; spectra are plotted on the same 
intensity scale. (Power = 150 mW, slit width = 50 |im, integration time = 
15 s, and = 514.5 nm.) 
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Excitation ]Vavelength Dependence 

In an attempt to identify the resonance enhancement of the aromatic contaminant, 

Raman spectra of CjSH SAMs at MP Ag were acquired with excitation wavelengths of 

488.0 and 514.5 nm (Figure 9.28). Although these spectra were acquired from the same 

monolayer/surface sample, contaminant band relative intensity and frequency differences 

are observed. These intensity differences are due to a larger background underneath all of 

the contaminant bands (except the 1600 cm"' band) and possibly larger resonance 

enhancement with 488.0 nm excitation. In Figure 9.28b, the higher frequency of the 

"apparent" v(C-S)-i- band reflects greater contaminant band intensity with 488.0 nm 

excitation. The background intensity differences may be due to the enhanced fluorescence 

at 488.0 nm. However, confirmation of the proposed resonance enhancement and 

fluorescence with 488.0 nm excitation requires spectral acquisition with a greater range of 

excitation wavelengths. 

Contaminant Molecular Identity 

The contaminant band frequencies identified from alkanethiol SAM spectra 

acquired as a function of alkanethiol chain length, alkane chain isotopic substitution, laser 

power, laser exposure time, surface morphology, surface temperature, and excitation 

wavelength are presented in Table 9.4. Since the contaminant is predicted to have large a 

Raman cross-section and to show possible resonance enhancement at 514.5 nm, it was 

identified earlier in this chapter as a small PAH. 
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Figure 9.28 Raman spectra of a CjSH SAM at MP Ag acquired with laser X^s of 
(a) 514.5 nm and (b) 488.0 nm; spectra are plotted on the same intensity 
scale. (Power = 1 mW, slit width = 25 |im, and integration time = 60 s.) 
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Nonetheless, a more specific molecular identification was desired, so that the 

original source of the contaminant (i.e., polishing pad, aqueous alumina slurries, and/or 

laboratory ambient) and chemical means for its removal could be determined. Thus, 

characteristic Raman spectra of numerous were researched for the best 

contaminant band frequency match. From these spectra, phenanthrene (molecular 

structure in Figure 9.3) was identified as the possible molecular contaminant. Matejka'^"* 

reported a FT-Raman spectrum of solid phenanthrene; the band frequencies and relative 

intensities listed by him are presented in Table 9.4. 1064 nm excitation was most likely 

employed to prevent phenanthrene fluorescence, since strong fluorescence intensity has 

been observed in other PAH Raman spectra"^"'* acquired at visible excitation 

wavelengths. Although molecular fluorescence may be quenched at a surface, residual 

phenanthrene fluorescence at 514.5 nm would explain the background intensity decrease 

(upon phenanthrene photodecomposition) discussed for Figures 9.17 and 9.18. 

As mentioned previously, Wokaun*"'^ reported a low frequency (i.e., 300-1800 cm" 

') Raman spectrum of phenanthrene at Ag deposited atop stochastic SiOi posts. The band 

frequencies observed in this spectrum are listed in Table 9.4; some of these correspond to 

those of solid phenanthrene, and thus, they support phenanthrene adsorption. However, 

this is a very poor spectrum, because the phenanthrene bands in the 1100-1800 cm"' region 

are superimposed on the characteristic Raman bands of graphitic carbon. The presence of 

these bands suggests phenanthrene photodecomposition and/or Ag surface contamination. 

Although the spectrum was acquired with only 10 mW of 514.5 nm radiation, the 



Table 9.4 Raman Frequencies of Solid and Adsorbed Phenanthrene (Phen), and MP Ag Contaminant 

Phen'" 
(solid) 

Phen at 
Ag»-

MP Ag 
Contaminant 

7 1 2  7 1 1  7 1 1  

808 

830 

877 

9 1 4  

936 

1038 1040 

1070 

1080 

1 1 4 3  1 1 3 1  

1 1 7 1  

1202 1200 

1247 1237 

1256 

1280 

1298 1297 

1327 

1 3 5 1  1352 

1391 

1420 

1442 

1525 

1 5 7 1  

1601 

1 6 1 5  
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relatively long integration times most likely necessary for spectral acquisition with a 

double spectrometer/PMT system may be sufficient for phenanthrene decomposition. 

(Unfortunately, Wokaun* did not provide an integration time for this spectrum.) As a 

result, some of phenanthrene bands in this spectral region are poorly resolved or not 

observed. Furthermore, surface contamination and any decomposition products may 

affect the ring orientation at Ag, and thus, the band frequencies and relative intensities. 

Phenanthrene photodecomposition at a "rough" Ag surface with 514.5 nm excitation is 

consistent with the laser power, laser exposure time, and surface morphology 

dependencies of the contaminant band intensity. 

To provide additional support for the presence of phenanthrene as a contaminant 

at unmodified (Figure 9.29) and thiol-modified (Figure 9.30) MP Ag surfaces, SERS 

spectra of a phenanthrene film and a phenanthrene/C„SH SAM film should be acquired. 

Perhaps, these films should be adsorbed at a chemically polished Ag surface, because the 

cleanliness and lack of roughness at these surface types is optimal for such an experiment. 

Contaminant Removal 

As mentioned previously, XPS results of Grunze'^'"" and Whitesides'" indicate 

almost complete displacement of surface contamination at Au and Ag, respectively, upon 
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Figure 9.29 Model of phenanthrene's contamination of unmodified MP Ag; alkane contamination is also depicted. as 
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Figure 9.30 Model of phenanthrene's contamination of QSH SAMs at MP Ag. Lh 
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long-chain (i.e., CjgSH and C,gSH) alkanethiol SAM formation; to the best of the author's 

knowledge, similar XPS studies have not been conducted for short-chain alkanethiol 

SAMs. 

Raman spectra of CnSH SAMs at MP Ag suggest less contamination in the long-

chain alkanethiol SAMs (Ci^SH and C,gSH) than in the short-chain alkanethiol SAMs (Cj-

CgSH); this is evident from the greater and more reproducible contaminant band intensity 

in the spectra of the shorter alkanethiol SAMs. Although alkanethiol and phenanthrene 

surface orientations may affect the relative intensities observed in these spectra, the fact 

that the Raman cross-section of the long-chain alkanethiols is ca. 3 times smaller than that 

of the short-alkanethiols supports greater contaminant displacement by the long-chain 

alkanethiols. Although submonolayer phenanthrene may be partially displaced by both 

short-chain and long-chain alkanethiols, residual surface contamination may adversely 

affect the conformational order and defect structure of the resulting SAMs, and thus, 

removal of this contaminant from the alkanethiol SAMs is desired. Attempts at such 

removal is discussed below. 

Small PAHs, such as phenanthrene, are soluble in many organic solvents. Thus, 

cleaning of MP Ag was attempted by a 15 min immersion into each of the following 

stirred solvents, benzene, hexane, octanol, acetone, MeOH, CCI4, CHjClj, and CHCI3. 

Raman spectra (not shown) of the solvent-immersed unmodified MP Ag surfaces indicate 

little, if any, dissolution of the alkyl and aromatic contamination. Surprisingly, even the 

alkyl hydrocarbon contamination at the surface was unaffected, as indicated by the 
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relatively constant S/N values (i.e., S/N^,C-H) ~ ^5). These results may suggest alky! 

substitution to the phenanthrene molecule. Consistent with these results, Delplancke' ' 

reported onJy the reduction of carbon contamination at alumina polished Au surfaces upon 

sonication in CHCU for ca. 10 min, as determined by Auger electron spectroscopy (AES). 

(Since AES data were not presented, the quantity of carbon contamination at these MP 

Au surfaces prior to and after sonication is unknown.) 

Contamination in alkanethiol SAMs at MP Ag was substantially reduced after 

exposure to a 90 °C HjO bath for ca. 1 min. Figure 9.3 la shows significant contaminant 

band intensity in a C3SH SAM spectrum; however, after exposure of this SAM to a hot 

water bath, only C3SH Raman bands are observed (Figure 9.3 lb), as deduced by 

comparison of these band frequencies with those of solid and liquid CjSH spectra (Table 

6.1 and 6.2) and of C3SH SAM/MP Ag spectra' **. The frequencies and assignments of 

these bands are presented in Table 9.5. Unlike any spectra of C3SH SAMs at MP Ag 

previously presented in this chapter (Figure 9.17 and 9.18), the 5(C-H) bands extending 

from ca. 1220-1450 cm'* are observed without being obscured by or superimposed atop 

contaminant bands; in addition the r(CHJ bands are better resolved. The very weak 1600 

cm"' band indicates the presence of only trace surface contamination within this 

monolayer. 

Unfortunately, as shown in Figures 9.32 and 9.33, contaminant removal by 

SAM/surface immersion in hot H2O is not reproducible. These spectra indicate 

contaminant reduction within C4SH and C5SH SAMs at MP Ag; however, the spectral 
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Figure 9.31 Raman spectra of a CjSH SAM at MP Ag after exposure to (a) the ambient 
(at room temperature) and (b) a 90 °C HjO bath; spectra are plotted on the 
same intensity scale. (Power = 150 mW, slit width = 50 jim, integration 
time = 15 s, and = 514.5 nm.) 



Table 9.5 Raman Frequencies and Assignments of C3SH at MP Ag 

CJSH Mode 

626w V(C-S)G 

698vs V(C-S)T 

737sh r(CH,J 

780w r(CH.) 

r(CH,) 

844w r(CH3) 

893m v{CH,)r 

93 Ish/vw r(CH,J 

r(CH,J 

r(CH,) 

I027vs V(C-C)T 

I042sh v(C-C)A 

V.(C-C)T 

1075sh 7 

V(C-C)T 

1087m V(C-C)T 

V,(C-C)T 

1I53vw 7 

1220m t(CHJ 

1283vw t(CH^ 

V = stretch; r = rock; t = twist 
s = symmetric 
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Table 9.5 Raman Frequencies and Assignments of CjSH at MP Ag 

CjSH Mode 

1325w w(CH2)T 

1337sh/vw w(CH,)g 

1375VW S.CCHj) 

1420w s(CH,) 

143 9w sCCH,) 

I454sh s(CH,) 

1600w 

* Contaminant band 
w = wag; 5 = bend; s =scissor 
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Figure 9.32 Raman spectra of a C,SH SAM at MP Ag after exposure to (a) the ambient 
(at room temperature) and (b) a 90 °C HjO bath; spectra are plotted on the 
same intensity scale. (Power = 150 mW, slit width = 50 pirn, integration 
time = 15 s, and = 514.5 nm.) 
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Figure 9.33 Raman spectra of a C5SH SAM at MP Ag after exposure to (a) the ambient 
(at room temperature) and (b) a 90 °C HjO bath; spectra are plotted on the 
same intensity scale. (Power = 150 mW, slit width = 50 ^.m, integration 
time = 15 s, and = 514.5 nm.) 
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background intensity extending beyond ca. 1150 cm"' in Figures 9.32b and 9.33b is 

evidence for appreciable monolayer contamination. The intense 1340 cm"' band in these 

spectra is attributed to surface contamination, since spectra of contaminant-free C4SH and 

C5SH SAMs at MP Ag' show only very weak bands about this frequency. Although the 

most intense contaminant band has not been previously observed at ca. 1340 cm'', it is 

speculated that the hot HjO treatment induces a composition and/or orientation change in 

the surface contaminant. To lend support for this hypothesis, spectra were acquired of a 

bare MP Ag surface before and after immersion in 85 °C H,0 for ca. 15 min and after re-

polishing of the heat-treated surface (Figure 9.34). As in Figures 9.32 and 9.33, the 

1590/1600 cm"' band intensity in Figure 9.34 decreases relative to that of the 1340 cm"' 

band. Interestingly, the hot H^O treatment of unmodified MP Ag does not substantially 

reduce or remove the surface contamination, yet it does so at the alkanethiol-modified 

surface. Nonetheless, since significant contaminant removal from alkanethiol SAMs was 

not sufficiently reproducible, this cleaning method was not pursued further. 

As an alternate to the hot-HzO treatment, electrochemical cleaning of the 

unmodified MP Ag surface was attempted, because cleaning of MP' and 

Cp2-is surfaces at (g) evolution electrochemical potentials has been reported 

previously. Potentials employed for this protocol have varied from -1.2 V '*" (versus 

SCE) to -2.25 (versus Ag/AgCl) for slow or rapid (g) evolution, respectively, and 

times for which they were applied ranged from 20 s' *° to 90 min'•^^ Most likely, the fact 

that rapid H, (g) evolution roughens the Ag surface upon bubble impact explains this 
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Figure 9.34 Raman spectra of MP Ag after (a) polishing, (b) immersion in a stirred, 
85 °C HjO bath for 15 min, and (c) re-polishing. Each spectrum is plotted 
to full-scale intensity within its own spectral window. (Power = 150 mW, 
slit width = 25 |im, integration time = 30 s, and = 514.5 nm.) 
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distribution of potentials and times. For example, Droog^'^ cleaned electropolished Ag 

surfaces with slight H, (g) evolution. In contrast. Weaver® ̂ *, Cooney®"^''"®, and Koglin® '" 

cleaned MP' and ORC' Ag surfaces by rapid H, (g) evolution, because they 

suspected the (g) bubbles "sputtered" the contaminant from the surface upon bubble 

impact. Both Cooney® " and Fleischmann"' presented Raman spectra that demonstrated 

conversion of graphitic carbon to alkyi hydrocarbons at ORC Ag surfaces potentiostated 

at -1.2 V (versus SCE). Furthermore, at -1.4 V (versus SCE), Cooney®^^ noted that 

incipient (g) evolution enhanced the alkyl hydrocarbon diffusion from the Ag surface. 

In acknowledgment of these results, spectra were acquired of an unmodified MP 

Ag surface before and after potentiostating in 0.1 M NaF at - 1.5 V (versus Ag/AgCl). As 

shown in Figure 9.35b, no evidence for appreciable reduction in graphitic carbon 

contamination was observed. 

Serendipitously, Schoenfisch' also applied this electrochemical cleaning method 

to contaminated alkanethiol SAMs at MP Ag. Surprisingly, Raman spectra acquired of 

these contaminated monolayers before and after electrochemical treatment proved the 

successful desorption of the PAH contaminant; however, as deduced from signal 

intensities within these spectra, the alkanethiol SAM was simultaneously partially 

desorbed. Therefore, the "clean", sub-monolayer alkanethiol-modified MP Ag surface 

was re-immersed in an alkanethiol solution of the same chain length. Fortunately, spectra 

of alkanethiol SAMs prepared in this manner indicate the presence of negligible 

contamination at the MP Ag surface. In addition, this result suggests that the PAH 
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Figure 9.35 Raman spectra of MP Ag (a) before and (b) after electrochemical 
treatment in O.I M NaF at -1.5 V (vs. Ag/AgCl) for 120 s; spectra are 
plotted on the same intensity scale. (Power = 150 mW, slit width = 50 |im, 
integration time = 300 s, and = 514.5 nm.) 
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contaminant is placed at the Ag surface upon its mechanical polishing. If the contaminant 

originated from the laboratory ambient or the alkanethiol solution, it would have been re-

adsorbed upon re-immersion of the electrochemically-treated surface. 

To explain negligible contaminant removal from the unmodified MP Ag surface 

after electrochemical treatment, Schoenfisch'^* concluded that the alkanethiol molecules 

act as surfactants to the alkyl hydrocarbon and PAH contaminants. In other words, the 

contaminants are desorbed in contact with the alkanethiols; this effect is modeled in Figure 

9.36. (Since it is speculated that alkanethiols may be desorbed upon immersion of the MP 

Ag surface into hot HjO, the role of the alkanethiols as surfactants to the contamination 

may explain the cleaning of monolayers so-treated.) 

Conclusions 

In acknowledgement of the XPS and Raman study of Chapter 8, mechanical 

polishing procedures were adopted (see Chapter 2) which further reduced the carbon and 

alumina contamination at the MP Ag surfaces. Nonetheless, Raman spectra of alkanethiol 

SAMs at MP Ag indicated these monolayers to be contaminated. Specifically, intense 

bands of constant frequency and relative intensity were observed in these spectra, 

regardless of alkanethiol chain length or isotopic substitution (i.e., CgDijSH). Since some 

of these contaminant bands were detected in Raman spectra of the bare MP Ag surface, it 

was concluded that the monolayer contaminant originated from the unmodified surface. In 

addition, Raman spectra acquired by Schoenfisch' "* of "contaminant-free" alkanethiol 
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Figure 9.36 Schematic depicting electrochemical cleaning of contaminated C„SH 
SAMs at MP Ag. 
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SAMs at MP Ag prove that this contaminant is not simply adsorbed from the laboratory 

ambient. Therefore, the contaminant is placed at the surface upon its mechanical 

polishing. Since the adsorbing alkanethiols are not effective at complete contaminant 

removal, the residual contamination is most likely strongly-bound at reactive surface sites 

(i.e., steps, kinks, dislocations, etc.). 

Due to the observation of a contaminant band at ca. 1600 cm"' and multiple, 

relatively intense contaminant bands in the 700-1600 cm"' region, the contaminant was 

identified as a polyaromatic hydrocarbon (PAH). In particular, phenanthrene (phen) was 

suggested as the surface contaminant, since Raman band frequencies of this solid closely 

match those of the MP Ag surface contaminant. Based on the XPS and Raman spectral 

results of Chapter 8 and those presented in this chapter, sub-monolayer contamination is 

speculated to co-exist at the MP Ag surface with the alkanethiol SAM. The large Raman 

cross-section of the PAH and its possible resonance enhancement at a of 514.5 nm 

support the intensity of these bands relative to that of the alkanethiol SAM bands. 

Furthermore, surface-enhanced photochemistry displayed by the contaminant is consistent 

with the presence of a small PAH molecule, such as phen. v(C-H) signal intensity in the 

Raman spectra of CgD,7SH SAMs indicated that residual alkyl hydrocarbon also remains 

at the MP Ag surface. 

Attempts at removal of the PAH contaminant by solvent dissolution or 

electrochemical reductive desorption were unsuccesful. Although a Raman spectrum of a 

CjSH SAM at MP Ag indicates PAH contaminant removal by immersion of this thiol-
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modified surface into a 90 "C water bath, these results were not reproducible. However, 

Schoenfisch' proved that the contaminant was consistently displaced fi-om the surface 

along with the alkanethiol by electrochemical reductive desorption. Thus, he speculated 

that the alkanethiol molecules acted as surfactants to the contaminant molecules. 

"Contaminant-fi-ee" alkanethiol SAMs were produced by re-immersion of the sub-

monolayer alkanethiol-covered MP Ag surface into the thiol solution. 
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Chapter 10 

RAMAN SPECTROSCOPY OF CjSH AND C5SH SAMs 

AT CHEMICALLY POLISHED POLYCRYSTAL 

AND SINGLE CRYSTAL Ag SURFACES 

Introduction 

One of the primary goals to alkanethiol SAM research is the optimization of 

experimental conditions which will generate low-defect/defect-free films. Thus, the effects 

of surface roughness (i.e, microscopic vs. macroscopic) and surface morphology (i.e., 

single crystal vs. polycrystai) on monolayer defect structure are necessary to investigate 

for this purpose. To understand these effects, electrochemical studies have been 

performed by Creager'" and Bryant'"". 

Specifically, Creager' *^ measured the redox behavior of water-soluble 

(hydroxymethyl) ferrocene (HMFc) at C,2SH SAM-modified mechanically-polished (MP) 

and etched (w/dilute and concentrated aqua regia solutions) polycrystalline Au surfaces. 

By STM, the MP Au surfaces were determined to be microscopically rough, while the 

etched Au surfaces were designated as macroscopically rough and microscopically 
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smooth. Interestingly, the cyclic voltammetry of HMFc indicated nearly reversible 

electron transfer at the C12SH SAM/MP Au surface and kinetically-slower electron 

transfer at the CjiSH SAM/etched Au surface; qualitatively similar results were also 

obtained for Cj^SH and C,gSH alkanethiol SAMs. Therefore, these results suggest that 

the monolayer at etched Au is more efficient at preventing close approach of the HMFc 

molecule to the surface. Thus, Creager concluded that alkanethiol SAMs formed at 

microscopically smoother surfaces contain a smaller monolayer defect density. 

In a similar study, Bryant'measured underpotential and bulk Pb deposition at 

C,,SH SAM-modified electrochemically-roughened (ORC) polycrystalline Ag and 

(chemically polished) Ag (100) surfaces. For these monolayers, cyclic voltammetry 

indicated no detectable UPD at Ag (100), but small and detectable UPD (i.e., barely 

discernible above the capacitive current) at ORC Ag. Significantly, the current sensitivity 

was 10 times greater in the cyclic voltammogram (CV) of CijSH SAM/Ag (100). In 

addition, bulk Pb deposition on the monolayers at ORC Ag and Ag (100) was observed at 

potentials 45 and 60 mV, respectively, more negative than at the unmodified Ag surfaces. 

Therefore, electron transfer to the dissolved Pb ions is kinetically slower for the CjjSH 

SAM/Ag (100). The magnitude of the UPD current characterizes the fraction of 

exposed/unmodified working electrode surface, while bulk deposition characterizes the 

monolayer permeability. Thus, these results suggest that the Cj^SH SAM at Ag (100) 

contains fewer pinholes and fewer gauche defects and domain boundaries than the C^SH 

SAM at ORC Ag. Most likely, the smaller defect density at CijSH-modified Ag (100) is 
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attributed not only to its microscopically smoother Ag surface (i.e, chemically-polished vs. 

ORC), but also its greater crystallinity, since grain boundaries in the polycrystalline Ag are 

suspected to induce monolayer defects. (Bryant prepared these Ag surfaces by chemical 

polishing and ORC protocols similar to that employed by the author and thus, the surface 

enhancement factors (SEFs) reported in Table 5.5 of 6.9 x 10' and 2.0 x lO"* for Ag (111) 

and ORC Ag, respectively, serve as good approximations to the relative microscopic 

roughnesses at the surfaces by Bryant.) 

Bryant'also reported Raman spectra in the v(C-H) region of butanethiol (C4SH) 

at Ag (111) and Ag (100) and of octadencanethiol (C,gSH) at "thick" room temperature-

deposited Ag. However, S/N values of only ca. 5-10 in these spectra made study of these 

monolayers by Raman spectroscopy difficult. Thus, no attempt was made by Bryant to 

compare the relative conformational order in alkanethiol SAMs formed at chemically 

polished, MP, and ORC Ag surfaces. 

Nonetheless, even the observation of these S/N values by Bryant'-^' was 

significant, given the attributes of the molecule/surface sample and spectrometer/detector 

technology. Specifically, these values are explained by the relatively small Raman cross-

section of alkanethiols (i.e., 4-10 times smaller than that of pyridine — see Table 2.2), the 

lack of Raman enhancement at these chemically-polished Ag surfaces (i.e., 3 .5 x 10' and 

6.9 X 10' at CP Ag (poly) and Ag (111) ~ see Table 5.5), and the sensitivity limitations of 

the triple spectrometer/CCD system (i.e, spectrometer efficiency of ca. 5% at 600 nm — 

see Figure 2.8) employed by Bryant. (At the time of Bryant's study, surface Raman 
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scattering from relatively smooth surfaces providing little or no enhancement had been 

reported^"'~^°-^^' ' ̂"''^^, but only for molecules, such as pyridine-"'"^"-'"^-'"^^'''^^''^*, which 

possess a relatively large Raman cross-section.) 

Due to recent advances in spectrometer and CCD technology (see Chapters 2 and 

3 and below), the Raman spectroscopic study of 1-alkanethiol SAMs at chemically 

polished (CP) polycrystalline (poly) and single crystal Ag surfaces was thought to be 

slightly more feasible. Thus, as reported here, this study was re-attempted to better 

understand the affects of surface roughness and surface morphology on monolayer defect 

structure. Furthermore, the significantly less carbon contamination at these CP Ag 

surfaces compared to that at the MP Ag surfaces (see Tables 8.1 and 9.1) made this study 

very inviting. 

In particular, Raman spectra were acquired of CjSH, CjSH, Cj^SH, and C,gSH 

SAMs at CP Ag (poly) and Ag (111) surfaces; however, due to the lack of signal intensity 

from the long-chain alkanethiol SAMs (discussed below), spectra of only the short-chain 

monolayers are presented in this chapter. Unlike the spectra acquired fi-om C„SH at MP 

Ag (see Chapter 9), these are interpretated for alkanethiol conformational order and 

surface orientation (i.e., chain tilt). (In the spectra of C„SH at MP Ag acquired by the 

author, PAH contaminant band intensity interfered with such interpretations.) This 

conformational order is then compared to that observed by Schoenfisch'-^* for short- and 

long-chain alkanethiol SAMs at contaminant-free MP Ag surfaces. In addition, S/N 

values in the spectra acquired fi-om CP Ag and Ag (111) spectra are quantified and 
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compared to that reported by Bryant' *'. Finally, spectral evidence for residual 

contamination at the Ag (111) surface is discussed. 

Experimental 

The materials, instrumentation, and cleaning protocols for this study are presented 

in Chapter 2. Exceptions to or important comments on the experimental details in this 

chapter are provided below. 

Alkanethiol Monolayer Formation 

Immersion times employed for alkanethiol adsorption were as follows: CjSH/CP 

Ag (poly) — 5 hr., CjSH/CP Ag (poly) -- 6 hr., and CjSH/Ag (111) — 12 hrs. These 

immersion times are longer than those typically used for short-chain alkanethiol SAM 

formation at MP Ag and ORC Ag (i.e., 1 hr.), because monolayer adsorption was not 

observed spectroscopically for the CjSH/Ag (111) sample after an immersion time of only 

3 hrs. This time-dependent adsorption phenomenon was not confirmed for the other two 

surface samples studied here; rather the use of relatively long immersion times was 

accepted. Thiol solution concentrations (in EtOH) were maintained at 5 mM. 

Results 

Figures 10.1-10.3 show Raman spectra of a CjSH SAM at CP Ag (poly) and CjSH 

SAMs at CP Ag (poly) and Ag (111), respectively, fi^om ca. 500-3300 cm"'. The 
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frequencies and mode assignments of the monolayer bands are presented in Table 10.1. 

These assignments are based on those of liquid and solid CjSH and C5SH (Tables 6.1-6.4). 

Certain bands in Figures 10.1-10.3 are frequency-labeled to draw attention to their 

presence and/or relative intensities. These bands are discussed later for their information 

regarding alkanethiol conformational order and surface orientation. Raman bands 

attributable to gaseous species in front of the Ag surface are also assigned. 

v(0=0)(g, and v(NEN)(g) Raman Bands 

In Figures 10.1-10.3, the 1555 and 2330 cm"' bands are assigned to v(0=0)(g) and 

vrN=N),g, vibrations, respectively; these bands have been observed previously in spectra of 

unmodified CP Ag (Figures 8.16 and 8.19). Their intensities relative to those of the 

alkanethiol monolayer bands suggest the lack of Raman enhancement at these surfaces. In 

fact, as determined in Chapter 5, the Ag (111) and CP Ag (poly) surfaces support surface 

enhancement factors (SEF) of 6.9 x 10' and 3.9 x 10', respectively, compared to a SEF of 

5.3 X 10^ at MP Ag. 

As a side note, a peak area (PA) ratio PA2330/PAJJ55 values of 2.7 is observed in 

spectra of the C3SH and C5SH SAMs at CP Ag (poly) (Figures 10.1 and 10.2) and in the 

spectrum of a "clean" unmodified CP/UPD Ag surface (Figure 8.16b). (Spectrometer 

efficiencies at 1555 cm"' and 2330 cm"' are 49% and 48%, respectively, and thus, the peak 

area ratios have been corrected by a factor of 1.02.) A PA value is not reported for the 

C5SH SAM/Ag (III) spectrum (Figure 10.3), because the 1555 cm"' v(0=0)(gj band is 



Table 10.1 Raman Frequencies and Assignments in the 500-3300 cm"' 
Region for CjSH and CjSH at CP Ag and CjSH at Ag (111) 

CjSH/ 
CP Ag 

C5SH/ 
CP Ag 

C5SH/ 
Ag ( L L L )  

Mode 

627w 63 Iw 627vw V(C-S)G 

699vs 697vs 698vs V(C-S)T 

745sh 739sh r(CH,J 

781 vw 783vw 783vw r(CH,J 

826vw 826vw r(CH,) 

845vw 845vw 846vw r(CH,-CH3)G 

877sh/vw 876sh r(CH3)G 

894vw 894m 893m RCCHJK 

921 vw 926sh/vw 924vw r(CH,) 

955w r(CH,) 

963 w KCH,) 

997w 997w KCH,) 

1028w 1029w V(C-C)t 

1027s 1059m 1058m V,(C-C)T 

1053sh/vw I071sh I07lsh V(C-C)G 

1089m 1106m 1106m v.(C-C>r 

1179vw t(CH,J 

1221W 1207w 1207w t(CH,Jx 

1244sh t(CHJ 

1271W 1272m t(CH,) 

V = stretch: r = rcx:k; t = twist 
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Table 10.1 Raman Frequencies and Assignments in the 500-3300 cm"' 
Region for CjSH and CjSH at CP Ag and CjSH at Ag (111) 

CJSH/ 
CP Ag 

CjSH/ 
CP Ag 

CjSH/ 
Ag( l l l )  

Mode 

1287VW 1294sh t(CH2)x 

1326W 1328w 1328w W(CH^T 

134Ish/vw I340sh 1341W W(CH,)G 

I389w 5,(CH3) 

I425vw 1433w S(CH^ 

1447vw S(CH,J 

2854 2853 V,(CH2) 

2874 2876 2875 v/CHj) 

2882 2881 VaCCH,) 

2912 v.CCH^) 

2929 V,(CH2,FR) 

2938 2933 2933 V,(CH3,FR) 

2958 2957 2965 v,(CH3) 

I = twisl; w = wag; s = scissor. 5 = bend; v = stretch 
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superimposed on significant graphitic carbon band intensity, which prevents an accurate 

estimate to the v(0=0)(gj peak area. Interestingly, the compositional ratio of these gases 

in air (i.e., 78% N, and 21 % O,) is 3.7 and the Raman cross-section'"' of pure is 1.2 

times larger than that of O,. Thus, if the Raman signal intensities are unenhanced and 

originate only from the monolayer/air interface, a Iisat/Iisss value of ca. 4.4 is predicted. 

Alkanethiol Conformational Order 

In this section, v(C-S), r(CH3), w(CH2), and v(C-C) band frequencies and relative 

intensities in alkanethiol SAM/CP Ag, Ag (111) spectra (Figures 10.1-10.3) are discussed 

and compared to those observed in the spectra acquired by Schoenfisch'^* of C„SH at MP 

Ag. This comparison is necessary to provide significance to the spectral observations and 

make conclusions about the effect of surface roughness and surface morphology on 

monolayer defect structure. 

V(C-S)T G Bands 

As indicated in Table 10.1 and labeled in Figures 10.1-10.3, V(C-S)G V(C-S)X 

bands are observed at ca. 630 and 700 cm'', respectively. These frequencies are 

characteristic of thiolate adsorption at Ag, and the relative intensities of these bands are 

indicative of the conformational order about the CI-CJ bond, adjacent to the C-S bond. 

Values of the intensity ratio [I V(C-S)G/I V(C-S)T] corresponding peak area ratio are 
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calculated from these spectra and displayed in Table 10.2. Included in this table are the 

intensity ratio values observed in the spectra reported by Schoenfisch' for C3, C4, C,,, 

and C,gSH SAMs at MP Ag. 

Table 10.2 Intensity Ratio [I V(C-S)GA v(C-S)-r] Values 
Observed in the Spectra of C„SH SAMs 
at Ag (111), CP Ag (poly), and MP Ag 

Molecule/Surface I vrC-S)G-
I v(C-S)T 

C3SH/CP Ag 
CjSH/MP Ag 

0.18/0.16^ 
0.23'-^' 

C,SH/MP Ag 0 14128 

C5SH/CP Ag 
C5SH/Ag( l l l )  

0.08/0.05' 

0.13/0.12' 

C.iSH/MP Ag 0 171.28 

C,gSH/MP Ag 0.29'-'' 

^ Peak area ratio value 

The [I V(C-S)Q/I V(C-S)J] value of the C5SH SAM at CP Ag is significantly 

smaller than this value for any C„SH at MP Ag. Thus, the conformational order and 

lateral alkyl chain packing near the S head group is expected to be greater in this 

monolayer than for any monolayer formed at MP Ag. The larger [I V(C-S)G/I V(C-S)T] 

value of the C5SH SAM at Ag (111) (relative to this value for the C5SH SAM at CP Ag) 

is attributed to residual carbon contamination at the Ag (111) surface; evidence for this 

contamination is discussed later. Nonetheless, the observation of smaller [I V(C-S)G/I 
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v(C-S)x] values for the C5SH SAMs at CP Ag and Ag (III) than for CjSH SAMs at CP 

Ag may indicate a chain-length dependence to the conformational order adjacent to the C-

S bond. In contrast, the appreciable variation in these values for the CnSH SAMs at MP 

Ag suggests no such conformational dependence on chain length. 

As depicted by the C5SH SAM model of Figure 10.4, G conformations at the C,-

C, severely disrupt the dense packing of all-trans alkane chains, and thus, a less crystalline 

and more structurally heterogenous monolayer results. 

r(CH^TQ Bands 

For alkanethiols of chain length longer than CjSH, the conformational order at the 

other end of the molecule may be characterized using the relative intensities of the rCCHj)^; 

and rCCH,)^ bands at ca. 880 and 890 cm"'. In Table 10.3, the relative intensity ratio [I 

r(CH3)Q/I r(CH3)-r] is quantified from the spectra of CjSH and C5SH SAMs at CP Ag 

(poly) and Ag (111) (Figures 10.1-10.3) and from the spectra reported by Schoenfisch''^* 

ofCj, C4, C,2, and C,gSH SAMs at MP Ag. 

For the C3SH SAM at CP Ag, the [I r(CH3)C/I r(CH3)T] value of 0.34 is ca. twice 

as large as the [I V(C-S)G/I v(C-S)-r] value (Table 10.2). Since both of these ratios are a 

measure of the Cj-Ci bond T/G conformation in the C3SH molecule, this result suggests 

that the rocking band intensity ratio is more sensitive to the presence of G conformers. 
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Table 10.3 Intensity Ratio [I rCCHj)^/! r(CHj)-R] Values 
Observed in the Spectra of C„SH SAMs 
at Ag (III), CP Ag (poly), and MP Ag 

Molecule/Surface I rfCHjIo-
I r(CH3)-r 

C3SH/CP Ag 
CjSH/MP Ag 

0.34 
0.31'^" 

C^SH/MP Ag 0.33'-^'' 

C5SH/CP Ag 
C5SH/Ag(IN) 

0.29 
0.31 

Ci^SH/MP Ag 0.38'-" 

CjgSH/MP Ag 0 391-28 

At the present time, it is difficult to quantitatively compare the relative concentration of G 

conformers adjacent to the S head group and at the CH3 terminus for the longer chain 

alkanethiols. However, the fact that the [I r(CH3)G/I r(CH3)T] value for the C5SH SAM at 

CP Ag is ca. 5 times larger than its [I V(C-S)G/I V(C-S)T] value most likely indicates a 

greater number of G conformers adjacent to the CHj group in this monolayer. 

Interestingly, the [I r(CH3)G/I r(CH3)T] values for the short-chain alkanethiol SAMs 

suggest an independence of the conformational order from differences in surface 

morphology and surface contamination (i.e., at Ag (111)). In contrast, the [I V(C-S)G/I 

V(C-S)T] values of these short-chain monolayers display a dependence on both of these 

factors. These results are consistent with surface-induced conformational disorder be 

greater near the surface. 
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Finally, the [I r(CHj)G/I r(CHj)T] values are slightly greater for the long-chain 

alkanethiol SAMs, possibly indicating a greater G conformer concentration adjacent to the 

CH3 group for these monolayers. Since end-gauche (EG) conformers most likely have a 

smaller disruptive effect on the dense packing of the longer-chain alkanethiols, this result 

is not surprising. The presence of EG conformers (-TG) in a C5SH SAM is modeled in 

Figure 10.4. As expected, monolayer order and structure is perturbed less by these G 

conformations than by those in the Ci-C, bond. 

Bands 

At the outset of the author's dissertation studies, the initial research objective was 

to extract Raman spectral data from the wCCH,) region (i.e., 1305-1390 cm"') to infer 

conformational order and lateral alkyl chain packing in alkanethiol SAMs. As Figure 10.5 

shows, vibrations in this spectral region are assignable to the wagging of methylenes in an 

all-trans conformation or various gauche conformational sequences (e.g., end gauche, 

kink, single gauche, and double gauche). Only the r(CH3) vibration also provides direct 

evidence for a specific gauche sequence (-TG); therefore, any information from the 

w(CH2) region regarding these other gauche sequences is unique and significant. 

As shown in Table 10.1 and labeled in Figures 10.1-10.3, a w(CH2) band and an 

accompanying shoulder are observed at ca. 1327 and 1341 cm"', respectively, in the 

spectra of CjSH at CP Ag and C5SH at CP Ag and Ag(l 11). Based on the vibrational 

assignments of solid and liquid CjSH and C5SH (see Chapter 3 and Tables 3.1 and 3.2), 
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the 1327 and 1341 cm"' bands are assigned to w(CH,)x and W(CH2)EG/SG niodes, 

respectively. 

Of course, G sequences are not possible in the CjSH molecule, and thus, the 1341 

cm"' band simply signifies the presence of a single G conformation in its CJ-CJ bond. In 

contrast, the 1341 cm"' band in the C5SH spectra may have an intensity contribution from 

both the SG (-GTT) and EG (-TG) sequences, since V(C-S)G and rCCHj)^ intensities are 

also observed in these spectra. However, as Figure 10.4 shows, the EG sequence is 

expected to be far less disruptive to densely-packed all-trans chains than the SG sequence. 

Thus, the mode most likely makes the larger intensity contribution to the 1341 

cm"' C5SH SAM band. 

Interestingly, Schoenfisch'reported a 1352 cm"' band in the spectrum of CigSH 

at MP Ag. According to Figure 1.4, this band may be assignable to a double gauche (-

GG-) sequence; however, this assignment is questionable because the DG sequence may 

be quite disruptive to the dense packing of the all-trans chains, depending on the location 

of this conformation in the C,gSH chain. Unfortunately, assignment of Raman bands in the 

spectra of C5SH at CP Ag and Ag (111) to double gauche (DG) and kink (-GTG-) 

sequences is not possible due to poor S/N and/or background contaminant band intensity, 

as discussed later. 

At the present time, one of the uncertainties to the w(CH2) band intensities is their 

sensitivity to the relative number of G sequences. Thus, spectral data from this frequency 

region needs to be obtained from a much larger set of alkanethiol SAM studies to 
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determine the accuracy of these wCCH,) band assignments and the significance of the 

observed band intensities. Suggested experiments are detailed in Chapter 11. 

v(C-C)t,c Bands 

v(C-C) alkanethiol Raman band intensities can also be employed to characterize 

the relative amounts of T and G conformations along the alkane chain. Table 10.1 

indicates CJSH SAM V(C-C)T bands are observed at 1027 cm"' and 1089 cm"' and a 

shoulder at ca. 1053 cm"' is assigned to the V(C-C)G mode. Likewise, C5SH SAM v(C-

C)T bands are observed at 1058 cm"' and 1106 cm"' and a shoulder at ca. 1071 cm"' is 

assigned to the v(C-C)C; mode. In the C^SH molecule, only the C-C bond adjacent to the 

C-S bond can undergo T-G isomerization, and thus, like the V(C-S)G and r(CH3)G bands, 

the 1053 cm"' V(C-C)G band derives its intensity from G conformers in this bond. In the 

case of the C5SH molecule, there are three C-C bonds which may undergo T-G 

isomerization, and thus, most likely, only a fraction of the V(C-C)G band intensity at 1071 

cm"' originates from the C-CQ bond adjacent to the C-S bond. 

Although the slit width employed for acquisition of the spectra in Figures 10.2 and 

10.3 is the same, there is slightly poorer resolution of the v(C-C)j bands in the spectrum 

of C5SH at Ag (111) (Figure 10.3), due to the slightly greater V(C-C)G band intensity in 

this spectrum. This conclusion is consistent with the larger [I V(C-S)G/I V(C-S)T] value 

for the CJSH SAM at Ag (111) and the spectral evidence for residual carbon 
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contamination within this monolayer, as explained later in this chapter. Unfortunately, 

higher resolution spectra are necessary to accurately quantify by peak intensities or peak 

areas the relative concentrations of C-CQ and C-C-r bonds in alkanethiol SAMs at CP Ag, 

Ag (111), and MP Ag. 

Alkanethiol Surface Orientation 

Based on surface Raman selection rules' '^® ' (see Chapter 1 and Figure 1.3), 

orthogonal vibrations of a surface-bound molecule may be enhanced by different amounts 

relative to their strength in the liquid-phase molecule. Since the predominant electron 

polarizability change in a stretching vibration is expected to be along the axis of vibration, 

the v(C-S) and VJCCHJ) vibrations of alkanethiols are expected to be largely orthogonal to 

the and v^CCHj) vibrations. 

Thus, peak area (PA) ratios [PA v(C-S)/PA v(C-H)] and [PA v(C-S)/PA V,(CH3)] 

in CJSH and C5SH SAM spectra of Figure 10.1-10.3 and in the corresponding solid 

(Figures 6.2a,c and 6.5a,c) spectra are quantified to deduce the orientations of the C-S 

bond, C-C backbone, and CHJ and CH, groups with respect to the surface normal. (PA 

v(C-S) and PA v(C-H) designate summed peak areas of the V(C-S)GJ- bands and the entire 

v(C-H) region.) These surface, solid, and surface-to-soiid values are presented in Table 

10.4; the surface ratio values are referenced to the solid (rather than liquid) values, 

because these alkanethiol SAMs are expected to be quasi-crystalline. 
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Table 10.4 Surface-to-Solid Peak Area (PA) Ratio Values of the v(C-S) and 
v(C-H) Bands 

Molecule/Surf PA vrc-s^ . 
PA v(C-H)^ 

PA vfC-S)„. 
PA v(C-H)^ 

•Surf 
Sol 

PA vrc-si^ 
PA V.(CH,)^ 

PA vfC-S),„, 
PA v.(CH,)^ 

Surf 
Sol 

C,SH'/CP Ag 2.6 0.18 14 19 0.80 18 

C,SH/CP Ag 1.2 0.020 60 10 0.18 56 

C,SH/Ag(l in 1.5 0020 73 12 0.18 67 

^ "Solid" CjSH is employed (see explanation in text). 

The surface-to-solid values of 14 to 73 indicate that the C-S bond and the CH3 

group (and thus, the C-C backbone) of the CjSH and C5SH molecules are oriented largely 

normal to the surface, while the CH, groups are oriented largely parallel to the surface. 

The significantly larger surface-to-solid values for the C5SH S AMs are most likely the 

result of two factors. First, C3SH and C5SH solid spectra indicate that the former is 

somewhat of a melt, as opposed to the crystalline C5SH. Although there is no v(C-S)o 

intensity in spectra of either solid, the structures, frequencies, and resolution of the 5(C-

H), v(S-H), and v(C-H) bands suggest liquid-like character only in the C3SH "solid". 

Thus, this liquid-like character is attributed to fewer lateral alkyl chain interactions (rather 

than greater conformational disorder) in the C3SH "solid". Secondly, the CsSH SAM may 

be more crystalline than the C3SH SAM, due to greater van der Waals interactions in the 

longer chain monolayer; in other words, the tilt angle (0^0 of C5SH alkane chain is may be 

smaller than that of the C3SH alkane chain. This conclusion is consistent with the smaller 
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[I V(C-S)Q/I V(C-S)J] values (see Table 10.2) observed in the C5SH SAM spectra. 

Based on these conclusions, a CsSH SAM at Ag is modeled in Figure 10.4. 

Although not quantitatively determined from the spectra in Figures 10.1-10.3, the alkane 

chain of the all-trans molecule is tilted ca. 15° away from the surface normal to 

approximate the relative fijnctional group surface orientations. This 0^, value is consistent 

with previous reports of 0^, calculated from IR spectra of long-chain alkanethiol SAMs at 

polycrystalline Ag'"*" and Ag (111)' *. 

S/N Values 

Bryan t ' a cqu i r ed  Raman  spec t r a  in  t he  v (C-H)  r eg ion  o f  C4SH SAMs at Ag 

(111) and Ag (100) and reported a S/N of only 5, even though 700 mW of 514.5 nm 

excitation was employed for integration times of 2400 s. In contrast, with only 150 mW 

of 514.5 nm excitation and an integration time of 900 s, the S/N values observed in the 

v(C-H) region of Figures 10.1-10.3 are 15, 16, and 45, respectively; most likely, the 

significantly larger S/N value for the CjSH SAM at Ag (111) results from a relatively large 

SEF at this particular chemically polished Ag surface. 

To completely understand the observed S/N values in the spectra reported here 

and in those reported by Bryant, these values need to be normalized for the experimental 

parameters (i.e., laser power, integration time, and area sampled by the spectrograph (Ap)) 

and spectrograph/detector spectrometer efficiencies. Spectra reported by Bryant and this 

author were acquired with the Triplemate/Photometrics PM512 CCD and single 
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spectrograph/Tektronix TK-512T CCD combinations, respectively. As reported in 

Figures 2.7 and 2.8, the spectrometer efficiencies at ca. 3000 cm"' are 5 % for the former 

combination and 48 % for the latter, and thus, technology advances account for a S/N 

increase by a factor of ca. 3. After correction of the observed values in Figures 10.1-10.3 

for this technology factor and their normalization to the experimental conditions used by 

Bryant' *', S/N values of 30, 32, and 90, respectively, are calculated. Interestingly, these 

values are 6 to 18 times greater than those observed by Bryant. 

Nonetheless, there are several possible explanations for these S/N differences. 

First, Bryant typically visually-focused, rather than spectrally-focused, the Raman 

scattered light at the collimating mirror. The results of Table 2.1 indicate a ca. 40 % 

reduction in the observed S/N when a visual focus is performed. Secondly, it is very 

possible that the C^SH SAMs studied by Bryant were appreciably degraded during their 

2400 s exposure to 700 mW of 514.5 nm radiation. Film degradation would result in 

reduced signal intensity, increased spectral background intensity, and smaller S/N. 

Thirdly, slightly smaller SEFs at surfaces prepared by Bryant could also explain his 

observation of smaller S/N values; however, this effect is suspected to be minimal because 

the author followed the same chemical polishing protocol employed by Bryant. 

Unfortunately, one uncertainty in this S/N comparison is the method by which Bryant 

calculated S/N values; those quoted in this study were calculated fi-om LenVrCLgn.! 

"•"''background) ']• (Noise intensity calculations are discussed in Chapters 3 and 5.) 
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Ag (111) Surface Contamination and Its Effects 

The XPS data in Tables 8.1 and 9.1 show that the CP/UPD Ag surfaces have 1.5 

times less carbon contamination than the MP Ag surfaces. Nonetheless, Raman spectra in 

Figure 8 .16b-d indicate that the quantity of residual carbon contamination varies across 

the CP/UPD surface. Some of this contamination may be displaceable by the adsorbing 

alkanethiol; however, Raman spectra of I-alkanethiol SAMs at MP Ag (Chapter 9) prove 

that submonolayer amounts of a PAH contaminant may be sufficient to interfere with the 

interpretation of alkanethiol SAM spectra. 

These intense PAH contaminant bands are not observed in Figures 10.1-10.3; 

however, in the spectrum of CjSH SAM at Ag (111) (Figure 10.3), background intensity 

under the v(0=0)(g, band at 1555 cm"' and the alkanethiol bands in the 1225-1350 cm"' 

region is evidence for residual carbon contamination at this Ag (111) surface. Since 

surface contamination is expected to adversely affect the dense packing of alkanethiol 

chains, its presence at Ag (111) most likely accounts for the greater relative intensities of 

the V(C-S)G and V(C-C)G bands in the C5SH SAM/Ag (111) spectrum than in the CSSH 

SAM/CP Ag (poly) spectrum Furthermore, the slightly different v(C-H) band structure in 

the C5SH SAM spectra (Figures 10.2 and 10.3) may be a consequence of this Ag (111) 

contamination. 

Long-Chain Alkanethiol SAM Spectra 

Raman spectra of CijSH and C, g  SH SAMs at Ag (111) and Ag (100) were 
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acquired but are not shown, because only the v(C-S)X band was observed in these spectra. 

A smaller S/N may be expected in the longer-chain alkanethiol SAM spectra, because the 

Raman cross-section of CjiSH is ca. 2.5 times smaller than that of C4SH; however, the 

spectra observed suggest the Raman scattering from these long-chain alkanethiol SAMs is 

at or below the Raman limit of detection (LOD). At the present time, these spectral 

results are not completely understood. 

Conclusions 

Raman spectra of CjSH and C5SH SAMs at CP Ag (poly) and a CjSH SAM at 

(chemically polished) Ag (111) have been presented, and the conformational order in these 

SAMs was compared to that reported by Schoenfisch' from spectra of CjSH' 

C4SH' CjiSH' and CjgSH' ' SAMs at MP Ag. This comparison is significant 

for determination of surface morphology and surface roughness effects on monolayer 

defect structure; any chain-length dependence to conformational order was also noted. In 

addition, alkanethiol surface orientation in the CjSH and CsSH SAMs at the CP Ag 

surfaces has been discussed and modeled. Raman spectra of CjjSH and C,gSH SAMs at 

Ag (111) and Ag (100) were acquired for study of any chain-length dependence to 

alkanethiol conformational order and surface orientation; however, only the V(C-S)T band 

was detectable in these spectra (not presented here). In consideration of the S/N values 

quantified from spectra of short-chain alkanethiol SAMs at chemically polished Ag, the 

lack of detectable signal intensity in these long-chain alkanethiol SAM spectra is not 



499 

completely understood. 

For comparison of the conformational order in alkanethiol SAMs at CP Ag (poly), 

Ag (111) and MP Ag, the intensity ratios [I V(C-S)G/I V(C-S)T] and [I r(CH3)G/I r(CH3)T] 

were quantified. The relatively small [I v(C-S)o/I v(C-S)-r] value for the C5SH SAM at 

CP Ag (poly) suggests greater conformational order adjacent to the C-S bond in 

monolayers formed at the microscopically smoother CP Ag surfaces. Support for this 

conclusion is not provided in the C5SH SAM/Ag (111) spectrum, since contamination at 

this Ag (111) surface is predicted to induce Ci-C, bond G conformers. Furthermore, this 

contamination prevents accurate conclusions about surface morphology (i.e., single crystal 

vs. polycrystal) effects on alkanethiol conformational order. For alkanethiol molecules of 

chain length > CjSH, the [I r(CH3)Q/I rCCH,)^] value is a measure of the relative G 

concentration at the end of the molecule opposite the S head group. Perhaps 

unsurprisingly, the [I r(CH3)c/l r(CH,)-r] values for the SAMs at CP and MP Ag surfaces 

show no dependence on microscopic surface roughness, surface morphology, or surface 

contamination. This observation is consistent with surface-induced alkanethiol 

conformational disorder being more pronounced nearer to the surface. The presence of 

end-gauche (EG) conformers in the C5SH SAMs at CP Ag (poly) and Ag (111), as 

signified by r(CH3)G intensity, is supported by the observation of a W(CH2)g band (in 

spectra of each of these SAMs) assignable to this G sequence (-TG). Due to the lack of 

V(C-C)G band resolution, quantitation of alkanethiol conformational order with a [I v(C-

C)c/I V(C-C)t] was not attempted. 
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Chapter 11 

CONCLUSIONS AND FUTURE DIRECTIONS 

Overview 

Many technical applications of alkanethiol SAMs require that the alkane chains be 

densely-packed in a predominantly all-trans conformation and the monolayer be of low-

defect structure. Initial Raman spectroscopic studies (pursued by the author) of 1-

alkanethiol SAMs adsorbed at mechanically polished (MP) polycrystalline Ag surfaces 

indicated these monolayers to be contaminated. Contaminant species co-adsorbed with 

the alkanethiols are a source and cause of monolayer defects. Thus, XPS and Raman 

spectroscopic studies were performed to remove/reduce contamination from unmodified 

Ag surfaces. The ultimate goal of these studies was the Raman spectroscopic 

investigation of alkanethiol SAMs at contaminant-free/"clean" Ag surfaces. Although this 

goal was only accomplished for propanethiol (CjSH) and pentanethiol (CjSH) SAMs at 

chemically polished (CP) polycrystalline Ag surfaces, efforts were initiated by the author 

to study alkanethiol SAMs at "clean" MP Ag surfaces. To better understand the 

qualitative and quantitative Raman spectroscopic results in spectra of these monolayers at 
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CP and MP Ag, alkanethiol vibrational assignments and surface enhancement factors 

(SEFs) were determined. In addition, S/B and S/N values observed in spectra acquired on 

the single spectrograph and Triplemate were compared. 

Conclusions 

The most significant conclusions and/or contributions resulting from the research 

discussed in this dissertation are summarized below: 

1. Mechanical polishing with aqueous alumina slurries is a poor method of Ag surface 

preparation. Embedded alumina at Ag most likely adversely affects monolayer 

structure and may be responsible for polyaromatic hydrocarbon (PAH) 

contamination of unmodified and thiol-modified MP Ag. Unlike Au and Pt 

surfaces, Ag surfaces cannot be easily and reproducibly cleaned of carbon 

contamination by electrochemical methods. Although Schoenfisch' "* developed an 

electrochemical protocol for contaminant removal from thiol-modified MP Ag 

surfaces, a procedure for cleaning of the unmodified MP Ag surface is more 

desirable. MP Ag surface cleaning methods and alternate Ag surface preparation 

protocols are suggested below as future directions. 

2. As a result of the surface enhancement factor (SEP) study of Chapter 5, relative 

Raman sensitivities at Ag, Au, and Pt surfaces typically employed in this laboratory 

are now well-understood. Furthermore, limits of detection (LODs) for thiophenol 

(TP) monolayers at these surfaces have been estimated. Relative Raman cross-
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sections of TP and various 1-alkanethiols were determined, and thus, the signal 

intensities from and LODs of alkanethiol SAMs at these surfaces can be 

approximated. 

3. For most surface and normal Raman spectroscopic applications, spectra of greater 

S/B and S/N may be achieved with use of the Triplemate rather than the single 

spectrograph, because the former is better at background scattering rejection. 

Only unstable (i.e., thermal and photo-sensitive) samples may require use of the 

single spectrograph. Otherwise, if spectral acquisition time is not a factor, the 

Triplemate should be employed. Finally, samples which produce significant 

background scattering intensities dictate the use of the Triplemate. 

4. The most complete and thorough assignment and discussion of 1-alkanethiol 

Raman bands has been presented. Furthermore, much of this discussion is 

applicable to Raman spectra of any alkane molecule. 

Future Directions 

Future experiments are suggested below as a result of completion of this 

dissertation research; they are as follows: 

1. Chemical etching of mechanically polished (MP) Ag surfaces, as initiated by 

Woelfel" ', is strongly recommended to successfully prepare reproducibly clean 

and well-defined Ag surfaces. Surface etching is most likely effective at removal 

of adsorbed contamination and embedded alumina, both of which are suspected to 
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induce monolayer defects. If necessary, chemical polishing of the etched Ag 

surface could then be performed to produce a microscopically smoother surface.. 

If MP Ag surfaces continued to be prepared without such chemical etching, then 

electrochemical cleaning of the bare (as opposed to the SAM-covered) surface 

should be further investigated. As mentioned in Chapter 9, other researchers have 

claimed to remove carbon contamination from MP Ag by potentiostating this 

surface at hydrogen evolution potentials. To the best of the author's iaiowledge, 

extensive cleaning at such potentials has never been pursued by members of our 

research group. 

As an alternative to mechanical polishing, Ag surfaces could be vapor-deposited. 

Since the surface enhancement factor (SEF) at our "thick" RT Ag may be 

insufficient to detect Raman scattering fi-om alkanethiol SAMs, the Ag may need 

to be sputter-deposited. Otherwise, the rate of deposition, Ag film thickness, and 

substrate could be modified to produce a Ag film containing more optimal 

roughness features. In particular, Ag island films could be prepared. 

2. Raman spectral acquisition of neat alkanethiols deuterated at the CHj group and at 

the CHiS adjacent to S atom and CHj group to identify and/or confirm those 

vibrational bands assignable to these functional groups. 

3. Raman spectral acquisition of alkanethiol SAMs at temperature-regulated Ag 

surfaces. Spectral studies of alkanethiol SAMs at Ag were typically acquired with 

the surface at room temperature; however, as discerned from Chapter 9, spectra 
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were also acquired of 1 -alkanethiol SAMs at MP Ag after their exposure to liquid 

nitrogen (LNj) or a ca. 90 "C water bath. Nonetheless, these temperature studies 

were conducted on contaminated SAMs, and thus, the significance of these studies 

for determination of alkanethiol bands sensitive to trans (T)/gauche (G) 

isomerization was never properly evaluated. Temperature measurement and 

regulation would allow the researcher to identify those temperatures at which the 

SAM undergoes both reversible and irreversible changes; irreversible changes 

could result from annealing, desorption, or degradation of the surface film. 

Solution and surface temperatures greater than room temperature but less than the 

monolayer desorption temperature may act to "anneal out" any monolayer defects. 

4. Raman spectral acquisition of alkanethiol SAMs at Ag formed from alkanethiol 

solutions of concentration smaller than necessary to form a complete monolayer 

and after adsorption times insufficient for monolayer orientational order. These 

experiments would allow for evaluation of alkanethiol Raman bands sensitive to 

T/G isomerization and flinctional group orientation changes. 

5. Co-adsorption of alkanethiols of different chain length to create disorder/defects 

within mixed monolayers. This study would reveal alkanethiol Raman bands 

sensitive to T/G isomerization, in particular those assignable to the CH, wagging 

vibrations characteristic of various G sequences (e.g., kink, end gauche, double 

gauche, and single gauche). These experiments constituted one of the author's 

initial research projects; however, they were terminated due to spectral complexity 
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and surface contamination problems. Since protocols have been described in 

Chapter 9 and above to remove MP Ag surface contamination, this project could 

be re-initiated. Co-adsorption of a hydrogenated alkanethiol with a fluorinated or 

deuterated alkanethiol (rather than a different chain length hydrogenated 

alkanethiol) is suggested to reduce the spectral complexity. The % monolayer 

composition of each alkanethiol could be determined by XPS. 

6. As regards to the SEF study (Chapter 5), acquisition of AFM or STM images of 

the surfaces employed for this study would allow determination of their roughness 

feature dimensions. Knowledge of such information would allow comparison of 

the experimental SEFs to those predicted theoretically. In addition, 

electrochemical measurements of thiophenol (TP) coverage (i.e., by desorption or 

electrochemical tagging of TP) at each of the surface types could provide for 

slightly more accurate experimental SEFs. 

7. Raman spectral acquisition of alkanethiol S AMs before and after S headgroup 

oxidation, as determined by XPS. These experiments would allow correlation of 

the changes in the v(Ag-S) band to oxidation effects and/or reveal low-frequency 

bands assignable to v(Ag-O) and/or v(Ag-SOJ bands. 
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