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to the validity of emersion,

Another measure of the retention of the electrochemical double layer upon
cmersion is the concentration of the anionsand cations at the electrode before and
after emersion. XPS10%106107 5314 Auger!® have been the main techniques
used to quantify adsorbed cations and anions at the electrode. Cs,SO,, CsX where
X = Cl, Br, and I, and NaClO, have been quantified at emersed Cul® and
Aul08107 yeino XPS. Figure 1.9 shows the surface concentration of Cs* and
Cl™ in the electrochemical double layer on emersed Au electrodes as a function of
electrode potential.l%8 The coverage of Cl™ increases and that of Cst decreases
as more positive potentials are¢ applied. This coverage behavior is similar to that
seen in-situ using techniques such as double layer capacitance.l%® These studies
of emersed electrodes have established that the interactions of the anions and
cations with the clectrode are relatively undisturbed upon careful emersion into
an inert environment,

Another measure of the retention of the double layer upon emersion is the
presence of solvent at the interface. It is expected that some solvent molecules
remain with the electrolyte on the electrode upon emersion into an inert
atmosphere. Upon introduction into vacuum, however, there is no doubt that
solvent evaporation will occur. The extent of solvent remaining at the electrode
has been hotly dcbatcd..Neff and K&tz found no water on Au emersed in vacuum
using UPS and XPS.10210  Gordon,!'* Hansen,!!! and Peuckert!!? have all
reported evidence of water remaining at the electrode surface. Recently the O Is
XPS of emersed Au was monitored as a function of electrode potential.lll A

correlation between the surface concentration of cation (Cs*) and amount of
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Figure 1.9. Surface Concentration of Cst and Cl- on emersed Au as a
function of electrode potential.}% (Reproduced with permission)
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water (based on O Is intensity) was observed. As the signal intensity of Cst
decreased, so did the O 1ssignal. The O lssignal was thus attributed to the water
adsorbed on the electrode associated with Cs*. These studies suggest that the
electrolyte-solvent interaction might be a strong enough driving force to permit
the solvent to remain at the emersed surface.

The thickness of the emersed double layer has been measured recently

4 and infrared

using ellipsometry,'® Auger,!'7 attenuated total reflection,!
measurements.}?® The emersed double layer thickness reported varies from 38
A on Ag emersed from 0.1 MNaF,1to0 103to 10% A on polycrystalline Ni, Cu(111),
and Pt(100) emersed from NaF solutions.!!” Studies that have quantified the
double layer thickness upon emecrsion have led to the belief that there are two

114,116,117 Dry emersion is

kinds of emersion: dry and wet cmersion.
essentially emersion of the electrode into a dry inert environment. It has been
estimated that this dry emersion occurs from peeling of the clectrolyte solution
from the double layer close to the outer Helmholtz plane (OHP). This type of
emersion suffers from substantial solvent evaporation. The wet emersed
electrode, on the other hand, is in equilibrium with solvent vapor, with the solvent
continuously evaporating and condensing on the electrode surface. The wet-
emersed interface has been shown to be ca. four times thicker than the dry-
emersed interface in aqueous systems duec to an abundance of water vapor
present 114,116,117
Bonding and interaction of solvent and adsorbate molecules have been

extensively investigated at emersed interfaces by Hubbard and coworkers using

Auger, HREELS, and LEED. The adsorption of a variety of molecules at the
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118 9

electrode was characterized, including alcohols,!'® acetone,!!® acetic acid,!?
ammonia,!1® and substituted thiophenes.!? These ex-situ results are comparable
to the corresponding in-situ results by other researchers.

There has also been a push to characterize emersed electrodes using
techniques once limited to in-situ studies. Surface enhanced Raman scattering,
for instance,demonstrates cnormous sensitivity and selectivity for surface species,
but can only be used on certain metals that have been appropriately roughened.
Studies on smooth, unenhancing metals would have to be done on emersed
electrodes to climinate bulk interferences.

Reccently, Ag electrodes emersed from n-alcohols, including methanol,
ethanol, propanol, apd pentanol, have been studied ex-situ using Raman
spectroscopy.}?1137  The energy of interaction of these solvents with Ag is
greater than that of H,0, suggesting that these electrodes would not be as prone
to evaporation. The emersed results were compared to the corresponding in-situ
results, and it was discovered that the solvent structure and orientation is

121,137 Questions still remain

relatively undisturbed upon electrode emersion.
concerning the structure and oricntation of the solvent on the electrode upon

emersion.

Characterizing the Nonaguecous Electrochemical Double Laver
Overview

Nonaqueous solvents are commonly used in electrochemical systems.
Nonaqueous solvents are used when the electrodes are coated with adsorbed

species, such as self-assembled monolayers and polymer coatings. These coatings
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areroutinely used in modeling biochemical membranes, in electrochemical sensors,
and in electrocatalysis. Water tends to readily reduce at negative potentials, so
nonaqueous solvents are commonly used to extend the potential window on the
electrode. This allows reactions to occur at extreme negative potentials that
would not be permitted in aqueous systems, such as CO, reduction in CO,
electrochemical sensors. Nonaqueous solvents are also used in fuel cells and
batteries. Li batteries utilize nonaqueous solvent because of the strong reactivity
of Li with H,0.

Most characterizations of the electrochemical double layer have been
performed on aqueous systems. H,O is cheap, plentiful, easy to purify, and
nontoxic. From the discussion above, it is evident that there is a need for
characterizations of nonaqucous electrochemical systems. There are a variety of
nonaqueoussolventsused in clectrochemical systems, such asalcohols, acetonitrile,
dimethylsulfoxide,dimethyl formamide,and propylene carbonate. These solvents
each possess their own characteristic dielectric constants, polarizability
paramecters, solubilities, solvent strengths, and so forth to make cach behave

differently in the electrochemical double layer.

Electrochemical Methods

The nonaqueous electrochemical double layer has been characterized using
electrochemical techniques such as voltammetry and capacitance. As discussed
earlier, Hubbard and Soriaga have investigated the adsorption of various organic
adsorbates on Pt electrodes using thin layer voltammetry.?? In these studies, they

have investigated not only the surface coverage and orientation of these species
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at the electrode, but also the effects of solute concentration,l??

128 124

temperature, supporting electrolyte, surface roughness!?® and
pretreatment,’?® and the organic solvent!?” on the orientation of these
adsorbates.

Cyclic voltammetry has also been used to characterize the electrochemical
double layer. Since alcohols such as methanol and ethanol have been used as fuels
in battery and fuel cell as well as fuel additives in gasoline, understanding their
electrooxidation has tremendous industrial importance. Towards this end, the
investigation of alcohol clectrooxidation has recently received considerable
attention, 128129

Double layer capacitance measurements have also been performed to
characterize the nonaqueous electrochemical double layer. As discussed earlier,
these investigations have provided information about the solvent orientation and
electrolyte coverage at the interface. The orientation of solvents such as

132 at

methanol, 139181 |.putanol,213® phenol,’*® and ethylene carbonate
Hgelectrodes has been determined. The proposed solvent orientations determined
using this technique arc controversial, since the orientations are only as good as

the model.

Spectroscopic Methods

Spectroscopic methodsareidealforsolventstructural determinations,since
they provide molecularly-specific information. Surface enhanced Raman
scattering has been used to investigate electrode-solvent interactions in

nonaqueous solvents such as dimethyl sulfoxide, acetonitrile,33:134
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185 and pyridine’®® on Ag electrodes. These studies

propylene carbonate,
have provided molecular information about the behavior and interactions of the
solvent species within the interfacial region.

Recently in this Iaboratory, the potential-dependent solvent structure and

orientation of the alcohol-Ag electrochemical interface have been characterized

134,187 121,188

in-situ and ex-situ using surface enhanced Raman scattering.
The structure of the alcohol/Ag interface, including methanol, ethanol, propanol,
and pentanol, was found to be dependent on the length of the alkane chain and
hydrogen bonding ability. These orientations are displayed in Figure 1.10138
Methanol forms a hydrogen bonded dimer at the interface while the other
alcohols do not. This was proposed to be due to the difference in the dielectric
constant of methanol (e=32.6) compared to ethanol (¢=24.3), propanol (¢=20.1) and
pentanol (e=13.9). All four alcohols are oriented with their methyl groups parallel
to the clectrode at positive potentials. At negative potentials, the molecular
orientation changes such that the alkane end of the molecule is repelled from the
electrode surface and the a-carbon interacts with the electrode surface, forming
CH,Ag agostic bonds.

The alcohol/Ag electrochemical interface was also characterized using

121,188 potential-dependent

surface Raman scattering on emersed Ag electrodes.
spectra were collected from rough Ag emersed from the alcohol electrolyte under
potential control. Raman spectra were also collected from emersed, smooth Ag
electrodes, but only at open circuit potentials since the cell suffered from

impurity leaks. The Raman spectra from smooth, emersed Ag at open circuit

potentials resembled in-situ and ex-situ rough SERS spectra at similar
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corresponding potentials, suggesting that the solvent orientations at rough and

smooth electrodes in-situ and ex-situ were the same. These results lend credibility

to the emersed investigations of the electrochemical double layer structure as a

model for the in-situ electrochemical double layer.

Research objectives

The overall goal of this research project is to investigate the double layer

structure formed in the nonaqueous butanol isomers (1-, 2- and iso-butanol) at

polycrystalline Ag and Au electrodes using electrochemical and Raman

spectroscopic methods. Specific research goals include:

1.

To determine the Raman vibrational assignments of the n-alcohols, where
n=3-6,8,9,12, 14, and 18 in the v(C-C), v(C-0), and §(C-H) regions from
780 to 1300 cm™ and the »(C-H) region from 2800 to 3000 cm™.

To determine the in-situ potential-dependent solvent orientation and
structure of the butanol isomers on rough Ag electrodes.

To determine the in-situ potential-dependent solvent orientation and
structure of the butanol isomers on rough Au electrodes.

To determine the in-situ potential dependent electrolyte structure and
behavior of LiX, where X = ClO,, Cl, Br, and I, on rough Ag electrodes in
the butanol isomers by monitoring the v(O-H) region from trace water
species and the v(M-X) region.

To quantitate the extent of Cl”and Br™ adsorption at smooth Ag electrodes
using differential capacitance methods.

To determine the potential-dependent solvent orientation and electrolyte
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structure on emersed rough and smooth Ag and Au electrodes in the

butanol isomers.

Raman vibrational assignments of the n-alcohols were investigated to
provide a basis for the Raman vibrational assignments for the butanol isomers.
The result of this investigation are presented in Chapter 3. SERS was used to
characterize the structure and orientation of the butanol isomers on rough Ag and
Auelectrodes in-situ. Solvent orientation was determined by applying the surface
Raman selection rules to the spectral data. The results of these investigations are
presented in Chapters 4 and 5. SERS was also used to characterize the structure
and interaction of the LiX eclectrolytes at a rough Ag clectrode in the butanol
isomers. The results of this investigation are presented in Chapter 6. Cl”- and Br-
coverages were quantified at smooth Ag electrodes using AC impedance. The
double layer capacitance was calculated using the Fawcett-Loutfy equation while
the surface coverage was determined froma Hurwitz-Parsons analysis of the data.
The results of this investigation are presented in Chapter 7. The double layer
solvent and electrolyte structurc in the butanol isomers was investigated ex-situ
at emersed rough and smooth Ag and Au electrodes using surface enhanced and
unenhanced Raman scattering. In this investigation, the spectroelectrochemical
emersion cell was optimized to provide a routine method of emersed Raman

studies. The results of this investigation are presented in Chapter 8.
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Chapter 2

CHAPTER 2: EXPERIMENTAL

Details of the instrumentation, materials, and experimental procedures

used in this work are described in this chapter.

Raman Spectroscopic Instrumentation
Laser excitation

Laser excitationat 514.5 nm was provided by a Coherent Radiation Innova
90-5 Art laser. Laser powers of 130 mW were typically used. The Ar* plasma
lines were removed using bandpass filters from Pomfret Research Optics, Inc.
Laser excitation at wavelengths in the red was provided by an Art laser-pumped
Coherent CR-599 tunable dye laser containing cither a Rhodamine 6G/ethylene
glycol dye solution (Rhodamine 590 Chloride, Exciton) for 600.0 nm and 620.0 nm
or a Pyridin 2/ethylene glycol dye solution (LDS 722, Exciton) for 720 nm. A
narrow bandpass birefringent filter was used in the dye laser to select the desired
excitation wavelength. Fluorescent lines from the dye were removed with

bandpass filters also from Pomfret Research Optics, Inc.

CCD-Raman System

Raman spectra were acquired using a Photometrics PM512 CCD mounted
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on a Spex 1877 Triplemate. This system is shown in Figure 2.1. Scattered
radiation was collected and focused onto the slits of the triple monochromator
using a 50 mm focal length Pentax f/2 or Minolta f/1.2 camera lens with a
depolarization scrambler. The triple monochromator is shown in Figure 2.2. The
gratings in the filter stage (G; and G,) were 600 gr/mm blazed at 750 nm while
the grating in the spectrograph stage (Gg) was an ion-etched holographic 1200
gr/mm grating. Slit widths were varied, although 0.4 mm/2.7 mm/0.25 mm werce
typically used to acquire surface Raman spectra. The maximum spectral region
accessible on this CCD-Raman system is ca. 800 nm.

Detection was accomplished using a Photometrics PM512 frontside-
illuminated charge coupled device (CCD) cooled with liquid N, to temperatures
between =105 and -120 °C. The CCD images were processed using a Photometrics
RDS200 system equipped with a custom version of SpectraCalc™, Raw CCD
video images were used to decide on the appropriate binning. The binning height
was sclected by determining the height of the video image along the intensity axis,
The binning offset was sclected determining the position of the image on the
CCD. During SERS cxperiments, the CCD was typically binned at a height of ca.
60to 100 and at an of fset of ca. 160 to 180. During sampling of solids and liquids,
the CCD was typically binned at a height of ca. 100 to 450 and at an offset from
20 to 400. The binning offset was carefully controlled during SERS experiments
to avoid the defected areas on the CCD chip. Controlling the binning offset was
not critical during the solid and liquid experiments, since the Raman signals were
typically strong enough to minimize interferences due to defects on the CCD.

A binning slit grouping of 10, i.e. the number of row groups binned along the
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intensity axis, was found to provide spectra with an optimum S/N without
perturbing the peaks, and was thus used. Integration times for acquisition of each
spectrum are noted in the figure captions.

The spectra were calibrated using two methods. With the first method,
templates in all spectral regions were made using standards of 1-butanol or using
the plasma lines from the Ar* laser. With the second method, designed by David
A. Carter, a template is made at the beginning of the day using the plasma lines
1

centered at 617.4 nm. Spectra were then collected in nm and converted to cm™

using the Deltawn program written by Carter.

Electrochemical Instrumentation

Electronics

Electrode potentials for all electrochemical experiments excluding the
double layer capacitance studies were controlled using an IBM Instruments model
EC/225 Voltammetric Analyzer. Total charge passed during oxidation-reduction
cycles was monitored using a Princeton Applied Research model 379 digital
coulometer. The cyclic voltammograms were recorded and plotted on a Hewlett-
Packard 7015B X-Y recorder.

Differential capacitance measurements were made using a phase-sensitive
detection method. The instrumental set-up is shown in Figure 2.3. A Wavetek 143
wave generator supplied an AC sine wave (6 Hz, 20 mV peak-to-peak) as a
reference signal for the EG&G Princeton Applied Research Model 5210 lock-in-
amplifier. This sine wave is also input to the external input of the EG&G

Princcton Applied Research Model 362 potentiostat. This sine wave is combined
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with the static potential from the potentiostat and applied to the electrochemical
cell. The output current from the cell is input to the signal A channel of the lock-
in-amplifier. The in-phase (i;) and quadrature (out-of-phase) (ig) current
amplitudes displayed on the lock-in-amplifier as Display 1 and Display 2,
respectively, are then recorded as a function of electrode potential. These current

measurements are related to the double layer capacitance (uF) by:

i,2+i2
_ Q (2.1)
2nfiV

where V is the amplitude of the AC voltage and f is the frequency of the sine
wave in Hz. A more detailed description of this equation is included in Chapter

7 of this dissertation.

Electrochemical Cells

The electrochemical cell used to perform cyclic voltammetry experiments
and ex-situ ORCs was a standard threec-electrode cell shown in Figure 2.4,
Ag/AgCl in saturated KCl or NaCl solution was used as a reference electrode in
the aqueous systems, while a Ag/Agt in saturated KNOg-methanol solution was
used in nonaqueous systems. A Pt wire wrapped around the Luggin capillary
served as the auxiliary electrode. The working electrode was made by cutting
sections from a Ag rod or punching disks from Ag or Au foils. These disks were
mounted on brass stubs using Ag solder. The working electrode was mounted in

a brass holder or a micrometer.
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Figure 2.4, Electrochemical cell used for cyclic voltammetry and ex-situ
roughening.
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The electrochemical cell used to perform double layer capacitance
measurements is shown in Figure 2.5. The auxiliary electrode consisted of a Pt
gauze of high surface area (ca. 88.5 cm?) to provide uniform current density at the
working electrode. The design of this cell allows for the removal and cleaning of
this counter electrode. A teflon lid was used to minimize air and impurities in the
electrochemical cell. Gascous N, entering the cell through a valve on the side of
the cell, flowed over the top of the solution and exited through a hole in the
teflon lid. The working electrode was mounted in a brass holder that was
positioned through the other hole in the teflon lid. The working clectrode was
positioned directly above the Luggin capillary, allowing for close approach of the
working clectrode to the reference electrode to minimize uncompensated solution

resistance.

Spectroelectrochemical Cells

The spectroelectrochemical cell used in the in-situ Raman studies is shown
in Figure 2.6. The cell body is made of Kel-F and holds approximately 5 mL of
solution. The Pt auxiliary electrode is housed in a scparate glass compartment
which fits into the side of the cell body. The reference electrode was attached to
the cell body through a right angle Hamilton valve. The working electrode was
mounted on a micrometer and was positioned in the cell body. Teflon O-rings
were used to seal both the quartz window and backplate to the cell body.

The spectroelectrochemical cell used in the emersed electrode Raman
studies is shown in Figure 2.7. The cell is made of glass with a teflon lid and

electrode sleeve. A glass solution port on the side of the cell delivers solution
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through a Luggin capillary to the surface of the working electrode. The total
volume of the solution port is ca. 2 mL., The working electrode slides into the
teflon sheath, which then fits into the grounded-glass joint on the side of the cell.
This electrode is routinely rotated during the course of the experiment.
Electrochemical contact is achieved in a drop of solvent separating this solvent-
filled Luggin capillary tube and the lower portion of the working electrode. The
auxiliary and reference electrodes were also immersed in this drop. The auxiliary
electrode consisted of a Pt wire (99.9%, 0.5 mm dia, Johnson Matthey) that curls
around the Luggin capillary tube. The reference electrode consisted of a Ag wire
(99.999%, 1 mm dia, Johnson Matthey) which is wrapped in parafilm and rests
directly above the counter electrode. Towards the top of the cell is an inlet valve
to allow for the flow of Ar during the experiment. In an absence of Ar flow, the
whole in the top of the teflon lid was sealed with a teflon plug to reduce impurity

contamination.

Materials

Polycrystalline foils of Ag(99.999%)and Au (99.95%) were purchased from
Johnson Matthey.

I-Butanol and iso-butanol were purchased as high purity solvents from
Burdick and Jackson with water content of 0.007% (3 mM) for both, 2-Butanol
was purchased from Fisher Scientific, containing 0.005% water (2 mM). Methanol
and propanol were also purchased as high purity solvents from Burdick and
Jackson (99+%). Ethanol (200 proof) was purchased from Quantum Chemical

Corporation (99+%). 1-Pentanol (amyl alcohol) was purchased from Fisher
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Scientific (99%). 1-Hexanol (98%), l-octanol (99%), l-dodecanol (98%), 1-

tetradecanol (97%), and 1-octadecanol (99%) were purchased from Aldrich. All
of the alcohols were used as received. Aqueous solutions were made from water
obtained from a Millipore-UV system or water that was doubly deionized, doubly
distilled (DDI), the first distillation being basic permanganate.

LiCl0 (Fluka, 99.9%) and LiCl (Mallinckrodt, 99.9%) were dried at 100 °C
under vacuum (0.17 torr) for at least 24 h prior to use. LiBr (Aldrich, anhydrous,
99%) was dried at 160 °C under vacuum (0.17 torr) for at least 24 h prior to use.
LilI (Aldrich, anhydrous, 99%) was used as received.

Ultrahigh purity (UHP) Ar was purchased from University of Arizona
Stores gas distribution center. Impurity levels of less than 2 ppm O, and 3 ppm

H,0 were reported.

Procedures
Electrode Mechanical Polishing Procedures

Polycrystalline Ag and Au were mechanically polished to a mirror finish
using successively finer grades of alumina ranging from 1.0 to 0.05 um (Buehler),
rinsed with Millipore-UV or DDI water and sonicated for 2 min in water to

remove any trapped alumina.

Electrode Roughening Procedures
Both Ag and Au polycrystalline electrodes were electrochemically
roughened ex-situ. Ag was roughened in either aqueous 0.4 M LiBr or aqueous 0.4

M LiClO,. In the LiBr roughening procedure, the potential was scanned
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anodically at 5 mV/s from -0.4 V to ca. -0.02 V, resulting in ca. 60 mC/cm? of
anodiccharge being passed. The chargerecovery in this oxidation-reduction cycle
(ORC) is ca. 99%. In the LiClO4 roughening procedure, a potential step was
applied from +0.]1 V to +0.65 V until ca. 36 mC/cm? charge was passed. The
potential was stepped back to +0.1 V for ca. 2 min. 75% of the anodic charge
passed is typically recovered in this ORC.

Au was roughened in aqueous 0.1 M KCI. The potential was scanned from
-0.4V to+1.2Vat500mV/s. The potential was held at +1.2 V for ca. one second,
then scanned back to -0.4 V and held at this potential for 30 seconds. This
procedure was repeated 25 times to obtain a creamy-tan surface on the gold.!3®
Charge recovery on each successive ORC wasrelatively constant and was typically

ca. 65%.

Raman Spectral Acquisition Procedures for Alcohol Studies

Spectra of bulk alcohols were acquired with the liquid or solid in a sealed
capillary or NMR tube. Solid alcohol spectra were acquired from the liquid
alcohols by freezing the liquid in the capillary tube with liquid N, Liquid
alcohol spectra were acquired from the solid alcohols by heating the solid in the
capillary tube using a heat gun or boiling water.

Polarization stugics were performed using a2 Tiffen 55 mm polarizer that
fits onto the Minolta camera lens. 130 mW of laser power was typically used on
the liquid and solid samples. Acquisition times ranged from 10 s to three min
depending on the quality of the Raman signal.

In-situ SERS spectra wercacquired fromroughened electrodes in the SERS
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cell. The roughened electrode was first removed from the aqueous electrolyte
solution used in the ex-situ roughening procedure and rinsed with Millipore-UV
or DDI water and then with the alcohol solvent of study. Occasionally, the
electrode was sonicated in the alcohol solvent in order to remove any trapped
water remaining at the electrode surface from the roughening procedure. The
roughened electrode was transferred into the air-tight SERS cell which was filled
with a solution of the electrolyte in neat alcohol. During SERS spectral
acquisition, the electrode was pushed against the window of the cell, leaving only
a very thin layer of solution, to minimize bulk spectral interferences. 130 mW of
laser power was routinely used and SERS spectra were typically acquired from 10
s to 4 m, depending on the spectral region of interest and the quality of the SERS
signal.

Surface Raman spectra on emersed surfaces were acquired from the
roughened or smooth clectrode in the emersion cell. Following electrode
pretreatment, the electrode was rinsed with Millipore-UV water and immediately
transferred to the emersion cell. Ar gas was flowed in the cell at ca. 100 mL/min
until the electrode surface appeared dry. The cell was then filled with deaerated
solution in the solution port. Electrochemical contact at the working electrode
was achieved in a drop of solvent separating the solvent-filled Luggin capillary
tube and the lower portion of the working electrode. The auxiliary and reference
electrodes were also immersed in this drop. The working electrode was backed
away from the auxiliary and reference electrodes to prevent physical contact of
these clectrodes, and hence, shorting of the electrochemical cell. The working

electrode was rotated at ca. 2 rotations per min between spectral acquisitions in
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order to repeatably immerse/emerse the electrode. The laser beam was directed
at the top portion of the electrode at ca. 30° with respect to the surface normal.
The scattered radiation was collected at ca. 60° with respect to the surface normal,
Collection at 60° was shown by Campion to provide optimum surface Raman
intensity.}40 Ar gas was flowed through the cell between spectral acquisitions.
In an absence of Ar flow, the cell was sealed to reduce impurity contamination.
Approximately 0.5 mL of solvent is added to the bottom of the cell to maintain
sufficient solvent vapor pressure. Optimal emersion was achieved in an Ar filled,

static environment.

Curvefitting Procedures

Some spectral regions were subjected to curve fitting using the Curvefit
program available in Spectracalc™, In particular, curve fitting was performed
to decompose the large number of overlapping bands in the v(C-H) region. Curve
fitting these bands from the alcohols in their solid and liquid states as well as the
polarization spectra from the liquids facilitated vibrational assignments in the
complex v(C-H) region. Peaks in the bulk liquid spectra were decomposed
assuming a 50% Lorenzian/50% Gaussian peak shape, which visibly fit best and
was determined to give the smallest residual for a given number of fits with a
well-resolved bulk liquid peak. Surface peaks were decomposed using a 20%
Lorenzian/80% Gaussian peak shape, which visibly fit best and was determined

to give the smallest residual for a well resolved surface peak.
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Chapter 3

CHAPTER 3: RAMAN SPECTROSCOPY OF A SERIES OF n-ALCOHOLS

Introduction

Surfaceenhanced Ramanscattering (SERS) experiments in the short-chain
alcohol solvents at Ag and Au clectrodes have been performed in order to assess
the solvent structure and orientation of the electrochemical double layer in these
media. The results are described in Chapters 4 and 5. Through these extensive
cfforts, a working knowledge of the Raman vibrational assignments of the n-
alcohols has thus been established.

Very few reports have been published on the Raman vibrational

assignments for n-alcohols.  Previous work on n-alcoholsi4l:142,143,144

in regions other than the v(O-H) region and on n-alkanethiols!45:146.147
have primarily focused on short-chain molecules. A series of n-alcohols from
methanol to dodecanol was studied by Wood and Collins, but only a few
vibrational assignments were made.

One expects the Raman spectra of alkanethiols and alcohols to be similar
to those of n-alkanes and other molecules with significant alkane segments such
as phospholipids. The v(C-H) region for alkaneg!48:149,150,173 and

alkanoic acids!*® has been characterized using Raman spectroscopy. Indeed,

Raman spectra in the v(C-H) region for alkanethiols and alcohols are similar to
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those of other alkane molecules. The v(C-H) region for these species tends to be
extremely complex, with as many as fourteen bands appearing in the spectra of
the bulk solids.!4®

Raman and IR assignments for alkanes, alcohols, and similar molecules
prior to ca. 1963 conflict with assignments made after 1963. In 1963, the first of
a series of papers was published by Snyder and Schachtschneider which
revolutionized our knowledge of the vibrational analysis and assignments of a
serics of long chain hydrocarbons. These papers included comprehensive
investigations of the infrared assignments of a series of normal alkanes (C,Hy, .o,
n = 3 through 19).16L152,164 1, several spectral regions, the number of bands
in the alkanes and alcohols were found to be linearly related to the molecular
chain length. In fact, trends established by relating the spectral band progression
as a function of the alkanc chain length were used in conjunction with normal

151,152,154,164

coordinatc analysis to help assign spectral peaks. These studies are

considered the cornerstone for present vibrational assignments for alkane
moleculges.

Since the work of Snyder and Schachtschneider, only a few papers on the
Raman assignments of alcohols have appeared. Crowder and coworkers!®s
investigated the Raman spectra of butanol, but assigned only a few bands. One

154 In

comprehensive IR study has been published for a series of n-alcohols.
this work, Tasumi and coworkers systematically investigated the IR spectral
behavior of normal alcohols (C, H,,,,,0H,n =12 through 37) and reported spectral

band assignments similar to Snyder and Schachtschneider. Spectral similarities

in long chain alcohols and alkanes are expected, since long chain alcohols
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approach the long chain alkane structure. Tasumi and coworkers did not make
IR assignments for alcohols shorter than twelve carbons, however.

The v(C-C) region has been extensively studied in phospholipid
systems.148,166,156,167,158,159 Raman spectroscopy has been used to
assess information about the conformations of the acyl segments of phospholipid
molecules in model membrane studies. However, there are striking differences in
the v(C-C) region of the Raman spectra for related molecules in the solid state.
In the region from 1050 to 1140 cm™1, two bands are observed for long-chain n-

148,166 and four

alkanes,'®° three bands are observed for phosphatidylcholines,
bands are observed for hexadecanethiol.’®  Consequently, confusion in the
literature exists in the assignment of bands in the v»(C-C) region for these type of
molecules.

The goal of this paper is to present comprehensive Raman spectral
assignments for normal alcohols (C, H,,,,OH, n = 3-6,8,12,14,18). Such an under
taking has not been accomplished, especially in the IR or Raman for the shorter.
chain molecules. The spectral regions from 2800 - 3000 cm™!, which includes the
v(C-H) bands, and from 650 to 1300 cm™!, which includes the v(C-C), §(C-H), and
v(C-0) (alcohols) bands are thoroughly analyzed. Several approaches have been
undertaken to confirm or revise previous peak assignments. Bands associated with
gauche (G) and trans (T) conformers arc made by comparing liquid and solid
spectra. Additionally, bands are identified with predominantly symmetric or

antisymmetric vibrations according to their polarization behavior. Trends in the

spectra for all regions are investigated with respect to chain length.
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Results and Discussion

Three vibrational regions were studied for the alcohols: the 650 to 950 cm™
1 region containing the »(C-C) and the CH, and CHj rocks, the 950 to 1220 cm™!
region containing the v(C-C), the »(C-0), and the CH, and CHg rocks and twists,
and the 2800 to 2980 cm! region containing the »(C-H) bands.

In general, vibrations involving the CHg group are more intense than those
involving the CH, groups.151:152.164  Thjs rule of thumb is largely independent of
chain length, since CH, vibrations do not tend to couple to form one intense
vibration. There are exceptions to this rule, however.

In the solid spectra, vibrations involving CHg groups are gencerally constant
in frequency as the alkane chain length increases.!31:1521684  This effect arises
since the addition of CH, groups to the alkanc chain does little to effect the CHg
vibrations. In the solid spectra, the CH, groups are greatly affected by the
addition of CH, groups to the alkane chain, so there is a continual and linear
progression in the CH, frequencices as the alkyl chain length increases. This is a
result of the inability of the CH, vibrations to couple.

In general, as the alkane chain length increases, the similarity in the
Raman spectra of alcohols, alkanes, alkanethiols, and halogenated alkanes
increases. By the same token, as the alkyl chain length decreases, spectral
differences begin to stand out. Previous spectral assignments for alkanes and
alcohols in the IR and in alkanecthiols and the phospholipid molecules in the
Raman will be used as the basis to assign the spectral bands for the alcohols,
especially for the longer chain species. To make assignments for the shorter chain

species, trends in the band progressions observed in the alcohol spectra are
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correlated with band progressions in other structurally-related molecules.

The polarization behavior of the »(C-H) bands has been used to confirm
symmetric/antisymmetric assignments. Polarization studies were performed using
excitation with incident radiation polarized perpendicular to the plane
determined by the incident beam, sample and spectrometer entrance slits and
collection of scattered radiation parallel and perpendicular to the incident
beam, 162,163

Trans bands, denoted as T bands in the text and tables, are vibrational
bands for molecules in a trans conformation. The presence of these bands denotes
order in the molecule. Thus, they are more intense in the solids than in liquids.
Gauche bands, denoted as the G bands in the text and tables, arise while the
molecule is in the gauche conformer. These bands denote disorder and are often

shifted in frequency compared to the T band counterpart. G bands are usually

more intense in the liquid spectra than in the solid spectra.

650 - 950 cm™! Region

Figures 3.1a through i and 3.2a through i show the liquid and solid spectra,
respectively, for the n = 3-6, 8, 12, 14, and 18 alcohols in the 700 to 1000 cm!
region. Band assignments and frequencies for each molecule in this region are
given in Tables 3.1 and 3.2 for the liquid and solid spectra, respectively.

There are distinct differences between the liquid and solid spectra in
Figures 3.1 and 3.2. These differences arise because G bands are prevalent in the
liquid spectra and virtually all disappear in the solid spectra. Snyder discovered

a difference in behavior between the G versus T bands in this region. G bands
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Figure 3.1 Raman spectra from 650 to 950 cm™! of liquid alcohols: a)
propanol, b) butanol, c¢) pentanol, d) hexanol, ¢) octanol, f)
dodecanol, g) tetradecanol, and h) octadecanol.
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Figure 3.2 Raman spectra from 650 to 950 cm! of solid alcohols: a)
propanol, b) butanol, ¢) pentanol, d) hexanol, €) octanol, )
dodecanol, g) tetradecanol, and h) octadecanol.



Table 3.1.

Assignment®
CH, rockg
CH, rockg
CH, rockg
CH, rockg
CH, rockg
CH, rockg
CHg rockg
CHg rocky
CH, rockg
CH, rockg
W C-0O)p

® G = gauche, T = trans, v = stretch
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Raman Vibrational Assignments and Peak Frequenciesin the 650

- 1000 cm™! Region of Liquid C H,,,,OH.

769

860
889

4
747

784
810

847
825
901
879

951

735
771
783

840
856
890
912

972

Frequency, cm

]
728
757
768

817

862
891
92]
961
977

]

734
769

815
849
873
890
925
961

12

722
755
778
812
845
872
891
922
963

14

722
750
775
809
843
869
887
921
976

722
747
769
807
843
869
887
921
972
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Table 3.2. Raman Vibrational Assignmentsand Peak Frequenciesin the 650
- 1000 cm™! Region of Solid C H,, ,OH.

Frequency, cm™!

Assignment® 3 4 2 (] 8 12 14 18
CH, rocky ‘ 770
CH, rocky 743 768 824
CH,; rocky 765

CH, rocky 730 808 837 873
CH, rockg 754 857 872

CH, rocky ‘ 874 929 970
CH, rocky 749 801 907 965

CH, rocky 738 778 949 982

CH, rocky 768 807 835

CHg rockg 862 825 859

CHg rocky 844

CH,; rockg 875

CH, rockg 889 898 890 892 892 887 896 893
CH, rocky 914 945 972

CH, rocky 941

v(C-C-C-0) 951 976 988 987 987

CH, rockg 965 995 997 997 1004 1004

® G = gauche, T = trans, v = stretch
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tend to be constant in frequency as the alkyl chain length increases while T bands
tend to progress linearly with frequency, unless the band involves a CHg group.!5!
Thus, the liquid spectra contain intense G bands that are relatively constant in
frequency as the alkyl chain length increases while the solid spectra contain T
bands which linearly increases in frequency with increasing chain length.

Assignments in this spectral region were made by comparing the spectra
of alcohols, alkanes, and alkanethiols. As the alkyl chain length increases, the
spectra of all molecules look similar, suggesting that the C-O and C-S character
of the molecule does not stand out in this region. Otherwise, distinctive
differences would be observed. As the chain length of the alcohols decreases, the
C-O character of the molecule increases. Thus, one might expect that C-O bands
would appear. However, no distinctively new band is observed for shorter chain
lengths, and therefore, no »(C-O) bands are assigned in this region. Additionally,
Snyder and Schachtschneider!®? and Tasumi'®* did not observe v(C-C) or v(C-0)
bands in the IR spectra of alkanes and alcohols, respectively, until ca. 960 cm™.
For this reason, v(C-C) and v(C-O) bands were not assigned in this region for the
alcohols in this work.

All of the bands in this spectral region are assigned to CH, and CHy
rocking-twisting bands and follow the trends and behavior observed by Tasumi
and coworkers!® in the IR spectra of n-alcohols and by Snyder and
Schachtschneider!®21%4 in the IR spectra of n-alkanes. The bands in this spectral
region are described as CH, rocks in Table 3.1 and 3.2 to avoid confusion with a
similar series in the 1100-1300 cm™! region, which will be described as CH, twists.

The number of CH, rocking bands in solid alcohols, alkanethiols, and alkanes in
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the 650 to 1000 cm™! region increases systematically with chain length. For
instance, two bands are observed in this spectral region for solid pentane while

152

eight bands are observed for solid dodecane. The lower frequency limit of

these bands is ca. 720 cm™1, while the upper limit is ca. 1060 cm~1.1%2 These limits
were calculated by Schachtschneider and Snyder using normal coordinate
analysis, 164

In liquid alcohols, a G CHg4 rock is observed at ca. 865 cmlandaT CHg4
rock is observed at ca. 890 cm™L. In hexanol and longer alcohols, the G CHjg band
disappears upon freezing. The G CHj band is still present in solid propanol,
butanol, and pentanol, suggesting that significant disorder is still present in these
systems. The G CH; band in solid and liquid butanol at ca. 825 cm™! is at a
significantly fower frcquency than in the other alcohols, ca. 865 cm’l, This
behavior parallels that seen in the solid and liquid n-alkanes by Schachtschneider
and Snyder.}1184 It has been proposed that this frequency shift in shorter

alcohols is a result of the coupling of the CH; rock with a carbon skelctal

backbone stretch, v(C-C-C).164

950 - 1320 cm™! Region

The spectra for liquid and solid alcohols in the frequency region from 950
to 1320 cm™! are shown in Figures 3.3 and 3.4, respectively. The corresponding
peak frequencies and assignments for the alcohols are in Tables 3.3 and 3.4,
respectively. )

There are three bands in the region from ca. 1050 to 1130 cm™ whose

frequencies are relatively independent of alkane chain length. The first two
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Figure 3.3 Raman spectra from 950 to 1320 cm™! of liquid alcohols: a)
propanol, b) butanol, ¢) pentanol, d) hexanol, e) octanol, f)
dodecanol, g) tetradecanol, and h) octadecanol.



95

Intensity
i E;ic QEE)

900 1000 1100 1200 1300

Wavenumbers (cm™)

Figure 3.4 Raman spectra from 950 to 1320 cm™! of solid alcohols: a)
propanol, b) butanol, ¢) pentanol, d) hexanol, e) octanol, f)
dodecanol, g) tetradecanol, and h) octadecanol.



Table 3.3.

Assignment®
CH,rockg
v(C-0) ¢

G
¥(C-C-0) ¢
v(C-C) ¢
vo(C-C)p
v(C-C)q

v (C-C) ¢
v(C-C)
CH, twistg
CH, twistg
CH, twistg
CH, twistg
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Raman Vibrational Assignmentsand Peak Frequenciesin the 950

- 1320 cm™ Region of Liquid C_H,,,,OH.

3

970

1022

1058
1073
1104
1133
1242
1276

1300

4

965

992

1012
1030
1050
1061
1071
1113
1134
1220
1254

1300

® G = gauche, T = trans, v = stretch

F)
982
1008
1019

1058
1076
1118
1139
1204
1236
1274
1300

Frequency, cm-!

(]

1000
1025

1061
1076
1119
1140
1191
1224
1267
1301

8
1027
1048

1063
1076
1122

1177
1211
1248
1301

12
1025

1063
1080
1125

1301

14
1030

1064
1079
1123

1302

18
1029

1061
1079
1122

1302
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Table 3.4. Raman Vibrational Assignments and Peak Frequenciesin the 950
- 1320 cm™! Region of Solid C,H,, . ,OH.

Frequency, cm™!

Assignment® 3 4 3 6 8 12 14 18
CH, rocky 1016

CH, rock 1030

v(C-C-0)¢ 972 992 1008 1025 1038

v(C-C-0)p 1022 1029

¥(C-C) 1045 1044 1039
v(C-C)q 1010 1027 1042 1065 1088 1094 1105
v(C-0) 1050

v, (C-C)p 1057 1057 1058 1062 1055 1062 1061 1061
v(C-C)g 1072 1071 1075 1073 1073

v, (C-C)p 1107 1113 1119 1120 1124 1130 1128 1129
¥(C-C) 1125 1131 1143

v(C-C) 1143 1160 1159

CH, twist 1239 1225 1205 1204 1190 1169 1168 1162
CH, twisty 1277 1257 1235 1230 1205 1180 1175 1173
CH, twistq 1194 1191 1188
CH, twisty 1273 1255 1234 1206

CH, twistq 1253 1225 1220 1207
CH, twisty 1268 1234

CH, twisty . 1252 1236

CH, twisty ‘ 1265 1271 1270
CH, twisty 1299 1297 1300 1297 1296 1294 1295 1295

B G = gauche, T = trans, v = stretch
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bands at ca. 1060 cm™! and 1130 cm™! have been assigned by Harrand®® as the
v,(C-C)t and v (C-C)r modes, respectively, in both solid and liquid alcohols. The
work of Rabe and coworkers is consistent with these peak assigr'lmcnts.166
These bands are observed, however, at slightly lower f;equencics for the lowest
chain length alcohols.

The third band, assigned as a v(C-C), is observed between 1010 and 1105
cm™lin the spectra of solid pentanol through octadecanol, increasing in frequency
with increasing chain length. This band is also observed in the Raman spectra of

solid octancthiol through octadecanethiol between 1064 and 1104 cm™1.167

This band is not observed in the Raman spectra of long-chain solid alkanes,!°
although it is observed in the Raman spectra of
phosphatidylcholines,}48:155,156,157,158,185  gpyder and Schachtschneider report
a similar sequence in the IR spectra for solid alkanes.® This v(C-C) band is
obscrved at ca. 1065 cm™ for pentane and increases to 1125 cm™ for n-CggHg,.

In the liquid alcohol Raman spectra, shown in Figure 3.3, the bands are
significantly broader and G bands have been introduced. In the v(C-C) region, the
v (C-C)y shifts slightly to higher frequencies, to ca. 1064 cm-l, in octancthiol,
octanol, and the other long-chain molecules. The v, (C-C)r band shifts ca. 8 cm™?!
lower in frequency and is weaker in intensity than the v (C-C)p band. A new
band is present at ca. 1078 cm™1in the liquid alcohol spectra and has been assigned
as the y(C-C)g.148:1%5,168,169,170 This band is observed at slightly lower
frequencies for shorter alcohols.

Complex progressions of bands are observed from ca. 975 to 1070 cm™ in

the IR spectra of short and long chain solid alkanes and alcohols. In the short
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chain alkanes, most of the bands, assigned as v»(C-C) bands, are observed at the
higher frequency limit. As the chain length of the alkane increases, however,
more v(C-C) bands are observed at the lower frequency limit as well as the higher
limit. Because infrared spectroscopy detects changes in the dipole moment of the
vibrating bond, distinct spectral behavior is observed with the addition of the C-O
bond. Band intensities in this region for the alcohol are much greater, and a
distinct »(C-0O) band is observed in the IR alcohol spectra at ca. 1125 cm™. The
shorter chain alcohols were not investigated in this study, so information on band
progression in short chain alcohols in the IR is not available.

The Raman spectral behavior of the long chain alcohols is distinctly
different than the IR in that there are not as many Raman bands observed in this
region. The IR spectra for long chain alcohols exhibit a large influence of the C-
O group, whereas the Raman spectra do not. Raman spectra of long chain alcohols
look almost identical to those of alkanes and alkanethiols in this region, due to
only a subtle difference in polarizability change of the (C-C),-O-, (C-C),-C-, and
(C-C),-S- groups.}™?

Several bands are observed in the region from ca. 950 to 1050 cm™! in the
short-chain alcohol spectra and disappear as the chain length increases. These
bands are not observed in the Raman alkanethiol spectra.’®?  Since the C-O
contribution to the alcohol increases as the chain iength decreases, more distinct
and more intense »(C-O) bands should be observed for short-chain alcohols.}%*
The v(C-0) band in methanol is observed at 1036 cm~1.172 Many of the bands

from 950 to 1050 cm™ in the short-chain alcohols are therefore assigned to v(C-C-

O) bands. No »(C-C-0O) bands are observed or assigned in the solid or liquid
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alcohol spectra for dodecanol through octadecanol.

The bands observed between 950 and 1060 cm! in the liquid alcohol
spectra, shown in Figure 3.3 are much broader than observed in the solid spectra,
Figure 3.4. The peak frequencies of these broad liquid bands are also shifted
from the frequencies of the solid bands, probably due to differences in the
intermolecular interactions in the solid with those in the liquid.

A progression of bands is observed at ca. 1175 cm™! and higher for solid
alcohols, alkanes, and alkancthiols in the IR and Raman. As was the case in the
CH, rocking-twisting region, thc¢ number of bands observed increases with
increasing chain length. Snyder and Schachtschneider!® and Tasumi and
coworkers observed two band progressions in this region in the IR.152 The first
band progression is observed from ca. 1174 to ca. 1300 cm™! with a clustering of
bands at ca. 1300 cm™l. This progression has been assigned as the CH, twisting-
rocking bands and are also observed in the alcohol and alkanethiol Raman
spectra.)”l  The intense band at ca. 1300 cm™! has been assigned to a CH,
twist.148.166  The second band progression is observed from ca. 1170 to 1415 cm™

and has been assigned to the CH, wagging modes. Snyder and

151,152 154

Schachtschneider, and Tasumi assigned every other band as a twist or
a wag. There does not seem to be a visible distinction between twisting-rocking
and wagging modes in this work or in previous work, so a distinction will not be
made in the assignments of the twists and wags. Instead, everything in the 1150
to 1320 cm™ region in this work will be assigned as CH, twisting-rocking modes

for simplicity, but there could also be CH, wags in this region.
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2800 - 3000 cm™! region
The 2800 to 3000 cm™! region is quite complex and contains at least ten
Raman vibrational bands.}%1%0178  These bands include the v, and v, modes of
CHj and CH, groups and Fermi resonances (FR) of these vibrations with §(C-H)
overtones. The spectra for liquid and solid alcohols are shown in Figures 3.5 and
3.6 and the peak frequencics and assignments are listed in Tables 3.5 and 3.6. The
Raman liquid alkanethiol and alcohol spectra are similar in this region.!™ The
assignments in this spectral region were chiefly adapted from polyethylene

78 The frequencies of the

Raman assignments made by Snyder and coworkers.!
liquid spectral bands have bcen determined with the aid of curvefit routines
described in Chapter 2. Typically, the least number of bands were used in the fit,
since an unlimited number of bands could conceivably be used to obtain a best fit.
The least number of bands necessary for a good fit was determined by visible
obscrvation and by the ability to obtain a minimized residual.

In the alcohols, two v (CH,) bands arc observed at ca. 2850 and 2860 cm™L,
The 2860 cm™! band corresponds to the v,(CH,) adjacent to the CHy group, while
the other band corresponds to the remaining CH, groups. These particular
assignments were determined by comparing the relative peak intensities of the
bands with increasing chain length. The lower frequency band is more intense in
the long chain molecules, and is therefore assigned as the v, (CH,) from the series
of CH, groups within the alkane chain.

Two bands from the Fermi resonance of the v (CH,) band with the

overtone of the §(CH,) band!?® appear in the alcohols at ca. 2914 and ca. 2927 cm”

1. The frequency of the band at 2914 cm™ is relatively independent of alkyl
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Figure 3.5 Raman spectra from 2800 to 3000 cm™? of liquid alcohols: a)
propanol, b) butanol, ¢) pentanol, d) hexanol, e) octanol, f)
dodecanol, g) tetradecanol, and h) octadecanol.
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Figure 3.6 Raman spectra from 2800 to 3000 cm™ of solid alcohols: a)
propanol, b) butanol, ¢) pentanol, d) hexanol, €) octanol, f)
dodecanol, g) tetradecanol, and h) octadecanol.



Table 3.5.

Assignment®
v,(CH,)
v,(CH,)
v,(CHy)
v,(CH,)
v,(CH,)

v (CH,,FR)
v,(CH,,FR)
v,(CH4,FR)
v,(CHy)

® G = gauche, T = trans, v = stretch
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Raman Vibrational Assignments and Peak Frequencies in the

2800 to 3000 cm™! Region of Liquid C_ H,, . ,OH.

3

2891
2880

2900
2914

2938
2964

4

2840
2860
2873
2898
2907
2914

2936
2963

2

2859
2875
2882
2893
2916

2937

12960

Frequency, cm”

[}
2848
2860
2875
2886
2896
2914

2937
2960

8
2850
2861
2872
2885
2900
2913
2928
2938
2959

1

) A
2850
2861
2872
2884
2897
2915
2927
2937
2958

14
2852
2861
2873
2884
2899
2914
2928
2936
2958

18
2851
2862
2874
2886
2899
2913
2928
2938
2958



Table 3.6.

Assipnment®
v (CH,)

v (CH,)

v, (CHy)

v (CH,)

v (CH,)

v, (CH,,FR)
v, (CH,FR)
v, (CHgFR)

Va(CHy)oop
v,(CHy)
v (CH S)ip
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Raman Vibrational Assignments and Peak Frequencies in the
2800 to 3000 cm™! Region of Solid C,H,, ,,OH.

Frequency, cm™!

3 4 s (] 8 12 14 18
2840 2841 2848 2844 2846 2845
2864 2857 2853 2855 2857 2854 2851 2853
2872 2871 2871 2874 2868 2872 2873 2873
2897 2901 2891 2880 2880 2880 2881 2882
2906 2904 2898 2895 2894
2911 2915 2914 2916 2917 2909 2900 2901
2931 2928 2932 2932
2935 2935 2936 2935
' 2943

2954 2954 2956 2956
2964 2960 2960 2966

2965 2964 2969 2966
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chain length for the liquids, but shifts to ca. 2900 cm™! in the solid spectra.
Additionally, the band at 2927 cm™! does not appear in alcohols shorter than
octanol. Snyder and coworkers'’® observed the CH, FR bands at ca. 2900 and
2925 cm™! for polyethylene and associated these bands with order in the molecule.
In particular, the ratio of the intensity of the 2925 cm™! band to that of the
v,(CH,) band at 2850 cm™ is indicative of molecular order. The ratio is larger in
solids and smaller in liquids. These trends seem to hold for these molecules, but
further work must be performed to make any further conclusions since FR bands
still seem to be a mystery.

Two v,(CH,) bands at ca. 2885 and ca. 2895 cm™ are observed in the liquid
and solid alcohols and assigned on the basis of their liquid polarization behavior.
The two bands are hard to resolve in shorter chain length alcohols, perhaps due
to band overlap. The bands arc resolved at longer chain length, especially in the
solid spectra. The v (CH,) has been described as a broad band with asymmetric
peak shape.l”

One v, (CHjy) band is observed at ca. 2873 cm™! in the solid and liquid
alcohols, verified by the polarization behavior in the liquid. Additionally, the

v ,(CH,) band in liquid alcohols is observed at ca. 2960 cm™.

This band is also
observed in solid propanol, butanol, and pentanol, but splits into two bands at ca.
2955 and 2965 cm™! in the alcohols longer than pentanol, except octadecanol. This

d1%9 in polyethylene, and assigned as the out-

splitting has been previously observe
of -plane (oop) v,(CHg) at lower frequency and the in-plane (ip) v (CHyg) at higher
frequency. A v (CHgFR) band is observed at ca. 2936 cm™}, corresponding to

previous assignmcnts.173 The v, (CHj;), v (CHy), and v (CHg3,FR) bands decrease
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in intensity relative to the CH, bands as the alkanc chain length increases,

reflecting the increasing number of CH, groups on the molecules.

Conclusions

The Raman vibrational bands in the spectral regions from ca. 650 to 1320
cm™land from ca. 2800 to 3000 cm~! have been assigned for a series of n-alcohols.
The CH, and CHg rocking-twisting bands were observed predominantly from 650
to 950 cm™1, the »(C-C) and v(C-0O) bands were observed predominantly from 950
to 1150 cm™!, and the CH, twisting-rocking and wagging bands were observed
from 1150 to 1320 cm™l. T and G assignments for each band were identified. »(C-
H) bands were observed from ca. 2800 to 3000 cm™L. The v(CHgy) bands decrease
in intensity relative to the v(CH,) bands as the alkane chain length increases,

reflecting the increasing number of CH, groups on the molecules.
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Chapter 4

CHAPTER 4: A SERSINVESTIGATION OF INTERFACIAL STRUCTURE AT
Ag ELECTRODES IN ELECTROLYTE SOLUTIONS OF THE ISOMERS OF

BUTANOL

Introduction

Little is known about the molecular structure of the metal-electrolyte
interface in electrochemical systems, especially in nonaqueous media.
Nevertheless, nonaqueous solvents such as acetonitrile, the alcohols, dimethyl
sulfoxide,and dimethyl formamide arc commonly used in electrochemical systems.

Industrially, alcohols have been of interest as oxidant fuels in organic fuel
cells, Thus, the adsorption and electrooxidation of alcohols has been a prosperous
field of study. Recently, it has been suggested that electrooxidation of 1-butanol
on Pt involves cleavage of the a-C-g-C bond, producing carbon monoxide and a
propylidyne species.!™ In addition, Takky and coworkers!’® investigated
the effects of molecular structurc of the butanol isomers on their electrochemical
reactivity at Pt electrodes. 1-Butanol and iso-butanol were found to be more
reactive towards oxidation than 2-butanol, presumably due to the greater
accessibility of the electrode to the C-O bond in the former two molecules as

compared to the latter. The secondary C in 2-butanol is more sterically hindered,
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and thus, may be less able to attain the necessary orientation on the electrode for
facile oxidization.

6 recently studied the adsorption of a series

Hubbard and coworkers!?
of saturated alcohols on an ordered Pt surface in-situ using cyclic voltammetry
and emersed into an ultrahigh vacuum environment using Auger and electron
encrgy-loss spectroscopies. The alcohols were found to attach to the Pt surface
through the O-atom with a possible contribution from the adjoining carbon atom.
Surface orientations of the alcohols on Pt emersed at negative potentials were
presented. The straight chained alcohols were proposed to lie parallel to the
electrode. The branched-chained alcohols such as 2-butanol could not lie parallel
with the surface due to steric effects with the clectrode surface.

Gellman and coworkers!?? recently studied the adsorption of a series of
alcohols on a Ag(110) surface in an ultrahigh vacuum environment using
desorption experiments, work function measurements, and x-ray photoelectron
spectroscopy. They concluded that the heat of interaction of the alkyl chains with
the metal surface is large enough to keep the chains at the metal surface in this
environment. They speculated, however, that this may not be the case in-situ,
since solvation of both the metal surface and the alkyl chains will decrease the
barriers to chain dissociation from the surface.

SERS has been used previously in this laboratory to study the interfacial
solvent structure of methanol, ethanol, I-propanoland 1-pentanol at Ag electrodes
in LiBr alcohol electrolyte solutions.!34178.246  These straight-chain alcohols
interact with the Ag electrode through the O end of the molecule. At potentials

positive of the potential of zero charge (PZC), the longer chain alcohols interact
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with the clectrode through both O lone pairs of electrons. In this environment,
the alkane chain is oriented at a large tilt angle with respect to the electrode
surface normal. At more negative potentials, the alcohols reorient such that only
one lone pair of electrons interacts with the electrode. This interaction places the
C backbone in a position more perpendicular to the electrode.

Other species that are present in the nonaqueous electrochemical interface
include clectrolyte ionsand trace water. The water-electrolyte, water-nonaqueous
solvent, and electrolyte-nonaqueous solvent interactions must be thoroughly
characterized in these environments in order to fully understand the molecular
structurc of and the interactions occurring within the interface. The water-
clectrolyte behavior in aqueous media has been well characterized.'” Chang
and coworkers!® studied the effects of electrolyte cation on the SERS of
interfacial water and observed a correlation between the cation hydration energy
and the frequency of the »(O-H) band. The lower hydration energy cations Cs¥,
Rb*, and Kt allow the O end of the water molecule to interact with the electrode

1 Higher hydration energy cations,

resulting in a »(O-H) band at ca. 3510 cm”
including Nat, Lit, and Bat?, arc oriented such that the O end of the water
molecule solvates the cation in the outer Helmholtz plane resulting in a v(O-H)
band at ca. 3550 cm™!,

The goal of the work presented here was to use SERS to obtain potential-
dependent orientational information on the butanol isomers in LiBr solutions at
Ag electrodes. The isomers studied include 1-butanol, 2-butanol, and iso-butanol.

2-Mecthyl-2-propanol (tert-butanol) could not be studied due to the fact that it is

a solid at room temperature. The potential-dependent behavior of interfacial
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water species in these alcohols was also investigated. Surface selection rules are
used to interpret potential-dependent orientational information from the SERS

spectra.

Results and Discussion

Surface Raman Section Rules

Four vibrational regions were studied to obtain information on interfacial
solvent structure of the alcohol isomers: the v(C-C) and v(C-O) region between ca.
800 and 1150 cm™l, the »(C-H) region between ca. 2800 and 2980 cm™1, and the »(O-
H) region between ca. 3300 and 3600 cm .. The v(Ag-Br) band at 156 cm™! was
also monitored, but since this region looks identical for all three isomers, only
results in 1-butanol will be shown. Most oricntational information was obtained
by analyzing the v(C-H) region and by comparing the relative intensities of the
v(C-H) and the v(C-0O) and v(C-C) regions.

In order to ascertain the orientation of thesc alcohols from the SERS

results, surface selection rules are applied. These rules have been previously

181 2

discussed by Moskovits and Creighton.!® The interpretation of these

rules for orientational information on low symmetry molccules at metal clectrodes

134,240 The vibrations of the methyl group

has been discussed further elsewhere.
are particularly useful in this regard. It is assumed that the major change in
polarizability ellipsoid is along the direction of the C-CHj bond axis for the
v, (CHg) mode and that the major change in the polarizability ellipsoid for the
corresponding v, (CHg) is orthogonal to this direction, namely in the plane

249

containing the three methyl H atoms. The ratio of intensities of these two
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vibrations of known spatial relationship provides a useful measure of orientation
of this group based on surface selection rules. When the methyl group is oriented
with the antisymmetric stretch plane perpendicular to the electrode, maximum
enhancement is achieved for the v (CHjg) band relative to the v (CHg) band. As
this planec becomes less perpendicular, less enhancement is seen for the v,(CHg)
band relative to the v (CHg) band. In the bulk liquid, the orientation of the
methyl group is random with respect to the electric field. Thus, the symmetric
and antisymmetric modes experience an equivalent electric field. The difference
in intensities of these two modes is simply the difference in scattering cross-
sections for the two vibrations. An analogous situation is rcalized for the surface-
confined methyl group when it is at an angle of 45° with respect to the surface
normal. In this orientation, the electric fields expcrienced by both modes
vectorially sum to the same value. Thus, the intensity ratio of the two modes is
dictated by the scattering cross-sections and becomes equal to the value observed
in the bulk liquid. If the surface intensity ratio is larger than the bulk ratio, the
methyl group is oricnted at a tilt angle of the C-CHg bond greater than 45° with
respect to the surface normal. If the surface ratio is smaller than the bulk ratio,
the methyl group is oriented at an angle less than 45° A detailed description of
the justification for this approach is provided elsewhere.24°

Orientational information can also be obtained from the change in the
intensity of the v (CH,) band relative to that of the v (CH,) band for the adsorbed
molecule. The polarizability of the v (CH,) lies in the planc containing the C and
two H atoms. Since this is a symmetric vibration, the change in the polarizability

ellipsoid upon vibration is a disk shape. Maximum enhancement of the symmetric
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mode is seen when this disk is oriented perpendicular to the electrode. The
enhancement decreases as the disk becomes more parallel to the electrode. The
v, (CH,) also occurs in the plane containing the C and the two H atoms. The
direction of the polarizability change, however, is towards one of the H atoms.
Thus, it can be approximated as a line connecting the average position of the two
H atoms. When the methylene is oriented such that the line containing the two H
atoms is perpendicular to the electrode, maximum enhancement of the
antisymmetric mode isachieved. Thisenhancement decreases as this line becomes

less perpendicular to the clectrode.

1-Butanol
I-Butanol was chosen for study as an extension of a previous study of
straight-chain alcohols in this laboratory.?4® Figures 4.1 through 4.5 show the
behavior in the v(Ag-Br), v(C-C) and v(C-O), v(C-H), and v(O-H) frequency
regions of the bulk liquid and SERS spectra in this system. Pcak frequencies and
assignments arc given in Table 4.1. No comprechensive set of vibrational
assignments for l-butanol have been reported in the literature,!®® although
assignments for structurally similar molecules can be found.!47:152,164,183,184
The assignments shown in Table 4.1 are based on a detailed, comprehensive
study of a series of alcohols and alkanethiols and are discussed in detail
clsewhere. 17!
Figure 4.1 shows the potential-dependent behavior of the v(Ag-Br) stretch

which is observed at 156 cm .. This stretch is lower in frequency than the

corresponding stretch in aqueous environments, but is similar to that observed
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Figure 4.1.  Raman spectra in »(Ag-Br) region of 1-butanol containing 0.4 M
LiBr in a SERS (30 s integration) experiment.
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Figure 4.2. Raman spectra in v(C-C) region of 1-butanol containing 0.4 M
LiBr in a bulk liquid (20 s integration) and SERS (120 s
integration) experiments.
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Figure 4.3. Raman spectra in v(C-H) region of 1-butanol containing 0.4 M
LiBr in a bulk liquid (5 s integration) and SERS (30 s
integration) experiments.
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Figure 4.5. Raman spectra in v(O-H) region of 1-butanol containing 0.4 M
LiBr in a bulk liquid (5 s integration) and SERS (45 s
integration) experiments.



Table 4.1.
Assig signment Liguid
CH, rockg 808
v(CCCCO)
+CHy rocky 825
CH, rockg 844
CH, rockg 876
CH, rockp 898
CH, rocky 941
¥(C-C-O)y 951
CH, rockg 965
v(C-C-0)¢ 992
1012
v(C-C-O)¢ 1028
v(C-C)r 1050
v(C-C)r 1057
v(C-C)g 1071
v(C-C)p 1113
¥,(CH,) 2840
v(CH,) 2860
v,(CHy) 2873
»(CH, FR) 2898
v,(CH;) 2907
v,(CH,,FR) 2914
v(CH4,FR) 2936
v,(CHyg) 2963
v(0O-H) 3300
v(O-H) 3633

% = stretch, FR = Fermi resonance, T = trans, G = gauche
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Peak Assignments and Raman Frequencies (cm™!) for 1-Butanol.

4V
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Frequency, cm”

210V
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previously in other straight-chain alcohol environments.!3 Such a decrease in
frequency may be the result of hydrogen bond formation between the specifically
adsorbed Br~ and the O-H of the alcohol or trace water on the surface. This
interaction would weaken the Ag-Br bond causing a shift to lower frequencies.
The intensity of this band decreases and ultimately disappears as the potential
approaches the PZC due to Br- desorption at more negative potentials.

Figure 4.2 shows the bulk and SERS spectra in the v(C-C) and v(C-0)
regions. The v(C-0) and v(C-C) bands occur predominantly from ca. 960 to 1115
cm™l, Also found in this region are CH, and CHjg rocks, generally occurring
between ca. 800 to 960 cm™l. Weak bands duc to trace impurities formed by the
catalytic oxidation of the alcohol at Ag are seen at 860 cm™1, 1028 cm™}, and 1118
cm™l. These bands were also seen for the other straight-chain alcohols previously
studied in this laboratory.?4® The bands in this region are relatively insensitive
to changes in potential and look similar to those in bulk 1-butanol. The fact that
most of the bands in this region remain relatively unchanged with potential
suggests that a drastic rearrangement of the molecule does not occur as the
potential changes.

Figure 4.3 shows the potential-dependence of the v(C-H) region. This
region is quite complex and contains a collection of symmetric and antisymmetric
CH, and CHg vibrational bands. Figure 4.4 shows the intensity ratio of the
v,(CHjg) band at 2963 cm-! to the v,(CHjg) band at 2873 cm-l. The v,(CHg) band
increases in intensity relative to the v,(CHg) band at more negative potentials.
This behavior suggests that at potentials positive of the PZC, the methyl group is

tilted largely parallel to the electrode, and at more negative potentials, the methyl
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group is oriented at a tilt angle less than 45° with respect to the surface normal.
The v,(CH,) bands at 2840 and 2860 cm™! increase in intensity relative to
the v, (CH,) band at 2907 cm™! as the potential is made negative. This result
suggests that at positive potentials, the methylene is positioned such that the line
containing the H atoms is perpendicular to the electrode. As the potential is made
negative, the methylene orientation changes so that this line is more parallel to the
clectrode. In addition, a new v, (CH,) band grows in at 2830 cm™! at negative
potentials, similar to the one observed in the SERS of ethanol, propanol, and
pentanol at Ag.?4® This new band has been attributed to a methylene undergoing
H--Ag agostic interactions. The significance of this band is discussed below.

It is also interesting to note that the widths of the bands in the v(C-H)
region arc potcntial-dependent. The bands at potentials positive of the PZC
appear to be broader and less distinct than those at potentials negative of the PZC.
This difference in band width with potential may be the result of steric
perturbation caused by the proximity of the methylene and methyl groups to the
Ag surface, resulting in a distribution of orientations at the surface or a
distribution of surface sites at these potentials or both.

Figure 4.5 shows the spectra in the spectra in the v(O-H) region. Two v(O-
H) bands are observed in bulk liquid I-butanol. A broad band is observed at 3300
cm™! from the I-butanol species that undergo extensive H-bonding. This band is
not seen in vapor phase studies.!®® The second band, not seen in this figure, is a
small, sharp band at 3633 cm~! that corresponds to monomeric 1-butanol species
that do not undergo H-bonding interactions in the bulk solvent.153

At -0.4 V, the v(0O-H) band for 1-butanol is observed at 3350 cm™!. The
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shift to higher frequencies upon interaction with the Ag surface suggests that
intermolecular H-bonding typically found in the solvent is disrupted for surface
1-butanol possibly due to interaction with specifically adsorbed Br-,134 or with
interaction of the O with the surface. This band disappears as the potential
approaches and is made negative of the PZC.

The potential-dependence of the v(O-H) band intensity suggests that at
positive potentials, this vibration has a component perpendicular to the electrode.
As the potential reaches the PZC, the molecule rearranges so that this bond lies
essentially parallel to the electrode, indicated by the disappearance of the v(O-H)
band at 3350 cm™l. This band does not grow in intensity at negative potentials,
suggesting that this bond remains parallel to the electrode at these potentials.

v(O-H) vibrations from the ca. mM quantities of water that are invariably
present in these nonaqueous solvents can also be observed. At-0.4 V, a water band
is observed at 3508 cm™l. As the potential reaches the PZC, this band disappears,
but as the potential is made negative of the PZC, another water v(O-H) band
appears at 3567 cm™!, The v(O-H) band at 3508 cm™! has been previously assigned
to interfacial water spcecies with the O end interacting with the electrode surface
at positive potentials.}®® This surface water could also be involved in H-bonding
with specifically adsorbed Br~. However, the decrease in the intensity of this
band as the potential approachces the PZC parallels the intensity behavior of the
v(Ag-Br) band, suggesting that the water leaves the surface with the desorbing Br-,
As the potential is made negative of the PZC, a water v(O-H) band at 3567 cm™!
grows in intensity. This band has been previously assigned to water with the H

end towards the surface and the O end solvating Lit species that are approaching
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the outer Helmholtz plane at negative potentials, 180

The SERS spectra of the interfacial water in this nonaqueous environment
are quite remarkable in that they are extremely well-defined relative to the SERS
spectra observed in aqueous environments.8 This effect may be the result of the
isolated nature of the water molecules on the surface. The effect of dilution on
the water SERS spectra is being investigated in this laboratory and will be
reported at a later date. In addition, it is important to note that the SERS method
reported here may be useful as an indicator of the PZC. The SERS spectra of
interfacial water demonstrates pronounced changes in the vicinity of the PZC.
Given the difficulty inherent in estimating the PZC by clectrochemical methods,
the utility of this approach is significant,

The potential-dependent oricntations of I-butanol at Ag electrodes
deduced from these data are shown in Figure 4.6, Included are the front and side
views of 1-butanol. At potentials positive of the PZC, the O-H bond in 1-butanol
has a component perpendicular to the electrode, as evidenced by the v(O-H) band
observed at 3350 cm~l. The large value of I[v,(CH3)]/1[v,(CHg)] for the surface
species suggests that the methyl group is largely parallel to the surface. Assuming
that the alkane chain is in its most favorable trans conformation, this large ratio
suggests that the chain is mostly parallel to the electrode at positive potentials.
Finally, the methylene is positioned such that the line containing the H atoms is
perpendicular to the electrode, as cvidenced by the relative intensity difference
of the v, (CH,) bands to the v (CH,) band compared to bulk 1-butanol.

At the PZC, the disappearance of the v(O-H) band at 3350 cm! suggests

that the O-H bond is parallel to the electrode surface. The value of
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Figure 4.6. Proposed potential-dependentorientation of 1-butanol, frontand
side views.
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I[v,(CHy)1/1[v(CHg)]is close to that for the bulk liquid at the PZC, suggesting that
the alkane chain is repelled from the electrode surface. Thus, the methyl group
is oriented at ca. 45° with respect to the surface normal.

At potentials negative of the PZC, no further reorientation of the O-H
bond is observed. The methyl end of the molecule is further repelled from the
negatively charged surface. Theaverage methylene orientation at these potentials
issuch that the linc containing the two H atoms is largely parallel to the electrode.
This orientation is supported by the large enhancement of the v (CH,) intensity
relative to the v, (CH,) intensity. Finally, the H atom of the a-CH, adjacent to the
O appears to undergo agostic bonding with the Ag surface. This interaction is
supported by the appearance of a new v (CH,) band at 2830 cm-!and by previous

results of other straight-chain alcohols on Ag electrodes.246

2-Butanol

The vibrational peak frequencies and assignments for 2-butanol bulk
liquid and SERS spectra at -0.2,-1.0, and -1.4 V are shown in Table 4.2. The v(O-
H) band is the only vibration that shifts in frequency upon interaction with the
surface. Assignments in this table are based on previous 2-butanol

assig,nmcnts186 as well as assignments of structurally-related molecules

187,188
1,

including 2-butanethio 2-chlorobutanc,83:189 and 2-

methylbutane.190

Three rotational conformers exist for 2-butanol which are shown in
Figure 4.7 as viewed along the central C-C axis. Bernstein and Pederson!®!

studied the rotation of 2-butanol as a function of temperature in order to



Table 4.2.

Assignment
CH, rock
w(C-C) +
CH, rock
v (CCCO)
CH, rock

»(C-C)
v(C-C)g
CHg4 rock
v(CCO)

CH, rock

1,(CCO)
U(C‘C)G
wC-C)p
v(CH)

v, (CH,)
v(CH;)
v,(CHy)
v,(CH,,FR)
v,(CH,,FR)
v (CH;)

v (CH4FR)
U.(CHS)

v,(CHy,)
v(0-H)
v(O-H)

126

Peak Assignments and Raman Frequencies (cm™?!) for 2-Butanol.

Liquid
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3315
3629

Frequency, cm™!
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210V
780

794
82}
912
937
963
979
991
1032
1056
1107
1114
1128
1140
1160
2832
2852
2866
2880
2895
2913
2927
2939
2955
2973

*v = stretch, FR = Fermi resonance, T = trans, G = gauche
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Figure 4.7. Rotational conformers for 2-butanol.
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determine the relative amounts of the various conformers in solution. They
concluded that conformers I and II have equal and lowest energy. Conformer II1
was found to exist only ca. 10% of the time. Similar rotational isomers have been
used by other authors to help interpret thermodynamic and spectroscopic
properties of 2-chlorobutanc!®192 and 2-butanethiol.’® The analogous
conformers I and II were found to dominate in these solvents as well. Thus, it is
assumed that rotational isomers I and II are present in equal proportions at room
temperature in liquid 2-butanol. Once this alcohol is confined to the electrode
surface, however, this assumption is no longer valid; the surface could influence
the stability of one conformer over another. For obvious steric reasons, conformer
III is assumed to be present only in very small amounts.

Shown in Figures 4.8, 4.9,and 4.11 are the SERS spectra of 2-butanol at Ag
electrodes under potential control. Figure 4.8 shows the potential-dependence of
the v(C-0)and v(C-C) regions. The v(C-O)and v(C-C) bands occur predominantly
from ca. 790 to 1160 cm™.. A v»(C-C-C-O) backbone vibration is observed at 821
cm™l. Also found in this region arc CH, and CHg rocking vibrations, generally
occurring from ca. 770 to 1110 cm™%. The surface spectra contain a band for the
v(C-C) + CH, rock vibration at 791 cm-], and to some extent, the CH, rock at 775
cm"l, which are of larger intensity relative to the backbone stretch at 821 cm™!
than the corresponding bands in the bulk liquid spectrum. A band due to trace

246 jsseen at ca.

impurities formed by the catalytic oxidation of the alcohol by Ag
1033 c¢cm! in the surface spectra, overlapping with the »(C-O) at that same
frequency. This band is similar to the one observed in the 1-butanol surface

spectra. The only band in this region that demonstrates significant potential-
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Figure 4.8. Raman spectra in v(C-C) region of 2-butanol containing 0.4 M
LiBr in a bulk liquid (20 s integration) and SERS (180 s
integration) experiments.
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Figure 4.9. Raman spectra in v(C-H) region of 2-butanol containing 0.4 M
LiBr in a bulk liquid (5 s integration) and SERS (50 s
integration) experiments.
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dependence is the impurity band at 1033 cm’l, Thus, no drastic potential-

dependent changes occurs in the orientation of the C-C or C-O bonds.

Figure 4.9 shows the potential-dependence of the v(C-H) region. As was
noted for 1-butanol, the bands in this region are broader at positive potentials
than at negative potentials. The assignments for bulk 2-butanol in Table 4.2 show
only one v (CHg) band at 2973 cm™ and one v, (CHg) band at 2880 cm™!. However,
upon curvefitting the SERS spectra, a second antisymmetric methyl stretch can
be identified at 2955 cm™ which is not found in the bulk liquid spectrum. This
band will be designated as the ua(CHa)‘ band. The presence of two v (CHjg) bands
suggests that the two mecthyl groups reside in different environments for the
surface-confined molecule. However, a second v (CHj3) band is not observed in the
bulk liquid spectrum.

Figurc 4.10a is a plot of the intensity ratio of the v (CHg) band at 2973 cm™
1 to the v,(CHj3) band at 2880 cm! for the bulk liquid and SERS results as a
function of potential. The methyl intensity ratio for the surface species remains
relatively constant with potential and is slightly greater than that for the bulk
liquid. The values of the ratios suggest that the plane of the H atoms is oriented
at a tilt angle slightly larger than 45° with respect to the surface normal at all
potentials. The intensity ratios of the ua(CHs)' band at 2955 cm-! to the v, (CHg)
band at 2973 cm™? for the SERS results is plotted in Figurc 4.10 as a function of
potential. The intensity of the ua(CHa)‘ band at 2955 cm™! decreases relative to
the v (CHg) band at 2973 cm! as the potential becomes more negative. The
behavior of this ratio suggests that the second methyl group displays potential-

dependent behavior. In particular, the second methyl group is oriented at a larger
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Figure 4.10. Plot of a) I[v,(CH,)l/I[v,(CHg)] and I[un(CHS)']/I[un(CHS)] versus
potential and b) I[v (CH,)}/I[v,(CH,)] versus potential for 2-
butanol.
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angle with respect to the surface normal at positive potentials than at negative
potentials. This methyl group must be the one adjacent to the methylene group,
since this group is more flexible than the other one, allowing it to respond to
changes in potential. This assignment is also consistent with the observed
behavior of the methylene group presented below.

Two v, (CH,) bands are observed at 2852 and 2866 cm™ for 2-butanol in
both the bulk liquid and SERS spectra. Both bands exhibit identical potential-
dependent behavior. Figure 4.10b is a plot of the peak intensity ratio of the
v,(CH,) band at 2927 cm™! to the v (CH,) band at 2866 cm™ as a function of
potential. This ratio decreases slightly at more negative potentials indicating that
the line containing the methylene H atoms becomes less perpendicular to the
clectrode as the potential is made negative.

Figure 4.11 shows the v(O-H) region for 2-butanol. These spectra are
similar to the ones for 1-butanol, and thus, similar conclusions can be drawn. As
with 1-butanol, two v(O-H) bands are observed in bulk liquid spectrum. The first
isa broad band observed at 3315cm™! from the 2-butanol that undergoes extensive
H-bonding. The second band, not shown in this figure, is a weak, sharp band at
3629 cm~! corresponding to monomeric 2-butanol units not involved in H-bonding.
At-0.2 V, the v(O-H) band for surface-confined 2-butanol is observed at ca. 3360
cml, higher in frequency than in the bulk liquid due to disruption of H-bonding
caused by the presence of specifically adsorbed Br=.13% At this same potential, a
trace water »(O-H) band is observed at 3500 cm™l. As the PZC is reached, the
intensities of the 2-butanol and trace water v(O-H) bands decrease and disappear.

At potentials negative of the PZC, neither of these bands reappear, but a new
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Figure 4.11. Raman spectra in v(O-H) region of 2-butanol containing 0.4 M
LiBr in a bulk liquid (5 s integration) and SERS (20 s
integration) experiments.
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trace water band grows in at 3560 cm™L

As with I-butanol, there is a perpendicular component to the 2-butanol O-
H bond at positive potentials. At potentials near and negative of the PZC, this
v(O-H) band is not present, suggesting that this bond is largely parallel to the
electrode. The trace water v(O-H) bands in 2-butanol at ca. 3500 and 3560 cm™!
exhibit the same behavior as those in 1-butanol. The importance of these v(O-H)
bands was discussed above.

Figurc 4.12 shows the proposed potential-dependent orientation of 2-
butanol. At positive potentials, the O-H bond has a perpendicular component,
illustrated by the presence of the »(O-H) band at 3360 cm™!. The methyl group
attached to the o-C is oriented at an angle slightly larger than 45° with respect to
the surface normal. This postulate is supported by the slightly larger value of
I[v (CHy)]/1[v(CH,)] for the surface spectra compared to that of the bulk liquid.
The exact orientation of the second methyl group is unknown. Based on the
potential dependence of I[v (CH3))/1[v,(CHg)], this methyl group is shown to be
oricnted at an angle greater than 45° with respect to the surface normal. Finally,
the methylene group is oriented such that the line of its H atoms is perpendicular
to the electrode, indicated by its larger value of I[v (CH,)]1/I[v,(CH,)] as compared
to that of the bulk liquid.

As the PZC is approached, the O-H bond becomes more paraliel to the
electrode. The orientation of the methyl group attached to the o-C stays the same
as indicated by the independence of I[v (CHg)])/I[v,(CHg)]. The methyl group of
the ethyl unit is oriented at a smaller angle at the electrode than at positive

potentials, consistent with the decrease of the I[ua(CHs)']/I[un(CHs)] with
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Figure 4.12. Proposed potential-dependentorientation of 2-butanol, frontand
side views.
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increasing negative potential. Finally, the methylene group reorientssuch that the
line containing its H atoms is less perpendicular to the electrode than at positive
potentials.

At potentials negative of the PZC, the O-H bond remains parallel to the
electrode. The orientation of the methyl group attached to the o-C remains
unchanged. The second methyl group is oriented at an angle even less than that
noted at the PZC, consistent with the decreasing value of I[un(CHs)']/I[ua(CHS)]
for the two methyl groups. This reorientation places the line containing the
methylene H atoms even less perpendicular to the electrode than at the PZC,

supported by the decrease in I[v (CH,))/I[v,(CH,)] at negative potentials.

Iso-butanol

The vibrational assignments for iso-butanol are shown in Table 4.3. As for
1-butanol, no comprehensive vibrational assignments for iso-butanol exist in the
literature. The assignments in Table 4.3 were compiled using vibrational
assignments from structurally similar molecules including 1-chloro-2-

193,196

methylpropane,193:194,195 1-bromo-2-methylpropane, and 2-methyl-

1-propancthiol 195,197,198

Two conformers of iso-butanol are possible and are shown in Figure 4.13.
Brown and Sheppard!®® proposed the analogous conformers of 2-methyl-1-
chloropropane and proposed that conformer I dominates in solution. Scott and
coworkers!® also proposed the analogous conformers for 2-methyl-1-propanethiol

and presented evidence for only conformer I in solution spectroscopic studies.

Based on these results, conformer I is assumed to be the dominant conformer in



Table 4.3.

Assignment
CH, rock
v (C-C)r

v(C-C)
CH, rock
CHg rock

v(C-0)
v(C-0)
CHj, rock
+ »(C-C)
CH, rock
v (CH,)
v,(CH,)
v,(CH,)
v (CH,,FR)
v (CH,)
v(CH4FR)
v,(CH,)
v (CH,)
v({O-H)
v(O-H)
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Peak Assignmentsand Raman Frequencies (cm™?) for Iso-butanol.

Liquid

785
820

903
923
942
961

1004
1032
1051

1126
1175
2840
2857
2873
2889
2910
2934
2961
2977
3287
3643

04V

787
820
859
903
923
942
961
1005
1032
1050

1124
1177
2840
2857
2873
2889
2910
2934
2961
2977
3330

Frequency, cm™!

0V

787
820

904
923
943
961
1006
1032
1048

1126
1177
2840
2857
2873
2889
2910
2934
2961
2977

*v = stretch, FR = Fermi resonance, T = trans, G = gauche

787
820

903
923
942
961
1004
1032
1048

1125
1175
2840
2857
2873
2889
2910
2934
2961
2977

References

183,189
199

183,194,197
183,194,197
183,193,194

171

171
183,193,194

171
183,194,197

171

171

193

171

171

171

193

193

189

189
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Figure 4.13. Rotational conformers for Iso-butanol.
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iso-butanol.

Figures 4.14, 4.15, and 4.17 show the SERS spectra of iso-butanol at Ag
electrodes as a function of potential. Figure 4.14 shows the bulk liquid and SERS
spectra for iso-butanol in the v(C-C) and v(C-O) region. These spectra show
relatively few changes as a function of potential. In fact, the bulk liquid
spectrum 1is essentially identical to those for the interfacial species at all
potentials suggesting that there is no drastic potential-dependent change in the
orientation of the C-C or C-O bonds.

Figure 4.15 shows the potential-dependence of the v(C-H) region. Two
v,(CH,) bands at 2961 and 2977 cm™! are observed for both bulk liquid and
interfacial iso-butanol. However, only one v ,(CHg) band is observed. Figure 4.16a
is a plot of the intensity ratios of both v,(CHj) bands to the v (CHjg) band as a
function of potential. These ratios remain reasonably constant with potential and
are slightly larger than the corresponding values for the bulk liquid. These data
suggest that both methyl groups are at angles close to 45° with respect to the
surface normal and do not undergo significant reorientation as the potential
changes.

Figure 4.16b shows a plot of the intensity ratios of the v (CH,) band at
2889 cm™! to the v,(CH,) band at 2857 cm™! as a function of potential. Although
this intensity ratio is fairly constant with potential, its magnitude is considerably
lower than observed in the bulk liquid spectrum. This indicates a greater
enhancement of the v(CH,) band relative to the v, (CH,) band.

The most significant intensity changes in the v(C-H) region occur in the

v(CH,) and v(CHg) Fermi resonance bands at 2910 and 2934 cm1, respectively.
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Figure 4.14. Raman spectra in v(C-C) region of iso-butanol containing 0.4 M
LiBr in a bulk liquid (20 s integration) and SERS (120 s

integration) experiments.
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Figure 4.15. Raman spectra in v(C-H) region of iso-butanol containing 0.4 M
LiBr in a bulk liquid (5 s intcgration) and SERS (20 s
integration) experiments,
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Figure 4.16. Plot of a) I{v,(CH,)]/I[v(CHg)] versus potential and b)
I[v,(CH,)¥/1[v (CH,)] versus potential for iso-butanol.
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These bands are combinations of §(C-H) and cither v (CH,) or v (CH;) vibrations.
The potential-dependence of these bands does not correspond to changes in the
§(C-H) region, since no change in this bending region is detected.

Figure 4.17 shows the behavior in the v(O-H) region. As with 1- and 2-
butanol, two v(O-H) bands are observed in bulk liquid iso-butanol. The first band
is a broad band at 3287 cm™! corresponding to the »(O-H) band for iso-butanol
involved in extensive H-bonding. The second band, not seen in this figure, is a
small, sharp band at 3643 cm™ corresponding to monomeric iso-butanol species not
involved in H-bonding.

At-0.4V, the v(O-H) band for surface confined iso-butanol is observed at
3330 cm™L. This value is higher in frequency than that of the bulk liquid due to
disruption of H-bonding caused by the presence of specifically adsorbed Br-.134
At this same potential, a trace water »(O-H) band is observed at 3490 cm™.. As the
PZC isreached, the intensities of both v(O-H) bands decrease, and ultimately, the
bands disappcar. At potentials negative of the PZC, neither of these bands
reappear, but a trace water v(O-H) band grows in at 3570 cm™!,

As for both 1- and 2-butanol, the O-H bond for iso-butanol has a
component perpendicular to the surface at positive potentials. As more negative
potentials are applied, this band disappears, suggesting a rearrangement of the O-
H bond to a more parallel orientation. The trace water v(O-H) bands in iso-
butanol at 3490 and 3570 cm™! exhibit the same behavior as seen in the other
alcohols. The importance of these v(0O-H) bands was discussed above.

Figure 4.18 shows the proposed potential-dependent orientation of iso-

butanol. At positive potentials, both methyl groups are oriented at an angle
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Figure 4.17. Raman spectra in v(O-H) region of iso-butanol containing 0.4 M
LiBr in a bulk liquid (5 s integration) and SERS 45 s
integration) experiments.
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Figure 4.18. Proposed potential-dependent orientation of iso-butanol, front
and side views.
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slightly larger than 45° with respect to the surface normal. The methylene is
oriented such that the line containing the H atoms is parallel to the electrode, but
the C-H bonds themselves contain a small component perpendicular to the
clectrode. This orientation is verified by the large enhancement of the v (CH,)
band relative to the v (CH,) band.

The iso-butanol orientations at potentials in the vicinity of and negative
of the PZC are identical to the orientation proposed for more positive potentials
except for the orientation of the O-H bond with respect to the electrode surface.
This picture is based on the relatively potential-independent behavior of the v(C-
0), v(C-C), and v(C-H) regions. The v»(O-H) band is the only band for this
molecule that showssignificant potential-dependent behavior. This band isabsent
at and more necgative of the PZC, suggesting that this O-H bond is parallel to the

electrode.

Conclusions

Two driving forces appear responsible for the potential-dependent
oricntations of these alcohols, namely the interactions of both O lone pairs of
clectrons and the alkane chain with the surface. At positive potentials, both O
lone pairs interact with the electrode. As the potential reaches the PZC and
beyond, only one O lone pair interacts with the electrode. The consistency of this
interaction is evident in all frequency regions for all three isomers.

Both I-butano! and 2-butanol undergo significant changes in orientation
with potential. In both cases, the molecules reorient in response to the change in

interaction of the O atom and the alkane chain with the surface. Iso-butanol
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shows little potential-dependent behavior of the alkane chain as a result of the
fewer number of rotational isomers that exist for this molecule.

Water species at the electrode also demonstrate potential-dependent
behavior. At positive potentials, a v(O-H) band due to trace water is observed at
ca. 3500 cm™}, corresponding to water with the O end interacting with the
electrode surface. This surface water could also be involved in H-bonding with
specifically adsorbed Br~. As the PZC isreached, both the water v(O-H) and v(Ag-
Br) bands disappear suggesting desorption of both species from the electrode
surface as the potential approaches the potential of zero charge. Alternately, the
water could be reorienting such that the O-H bonds become relatively parallel to
the surface, and thus, relatively invisible to the SERS probe. As potentials more
negative of the PZC are applied, a new water v(O-H) band at ca. 3560 cm™
appears. This band corresponds to water with the O end solvating Li™ species that
approach the outer Helmholtz plane. The drastic change in the v(O-H) band with
potential suggests that the SERS method reported here may be useful for

estimation of the PZC. Given the difficulty inherent in estimating the PZC by

electrochemical methods, the utility of this approach is significant.
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Chapter 5

CHAPTER 5: DETERMINATION OF INTERFACIAL SOLVENT STRUCTURE

USING SERS ON THE ISOMERS OF BUTANOL ON Au.

Introduction

Solvent interactions with the clectrode are of great interest to
electrochemists. The solvent plays an important role in electrochemical systems,
including solvating the clectrode, clectrolyte and clectroactive species. The
solvent therefore defines the interfacial environment, and thus, heavily
influences the rate and efficiency of electrochemical reactions at the interface.
The solvent can also interact with the electrode, promoting side reactions, such as
solvent oxidation and reduction. Understanding the solvent structure and
interactions within the electrochemical double layer should lead to a better
understanding of electrochemical processes.

Surface enhanced Raman scattering (SERS) has been used extensively to
characterize in-situ the identity, structure, and orientation of adsorbates at the
electrochemical double layer.?°®  SERS has also been used to investigate

electrode-solvent interactions in nonaqueous solvents such as dimethyl sulfoxide,

acetonitrile!’®20!  propylene carbonate,?®2  and pryridine?®® on Ag

electrodes. These studies have provided molecular information about the behavior
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and interactions of the solvent species within the interfacial region.

Recently in this laboratory, the potential-dependent solvent orientation of
a series of alcohols, including normal alcohols (C,H,, . ;OH, n =1 - 3, 5)1341%7 a4
butanol isomers (1-butanol, iso-butanol, and 2-butanol, as described in Chapter 4)
has been determined in-situ on Ag using SERS. These solvents possess relatively
weak Raman cross sections, and therefore, discriminating the bulk solvent signal
from the interfacial solvent signal is critical. Ag isan especially attractive metal
for SERS studies such as this one, in which the enhancement for surface species
over bulk species on Ag is particularly large, from ca. 104 to 10% at 514.5 nm
excitation.

SERS investigations on Au are also attractive in that Au provides a larger
potential window at both negative and positive potentials. Ag, on the other hand,
oxidizes readily at a relatively negative potential, especially in the presence of
complexing ligands. SERS active sites on Au are also more stable than those on
Ag. The major drawback of SERS on Au is that the enhancement of surface
species over bulk on Au is much lower than on Ag, ca. 103 lower at 514.5 nm.
Thus, to increase surface discrimination, the analysis is performed at longer
wavelengths where Au is more enhancing. Multiple ORC’s must be applied to the
electrode during electrode pretreatment to further increase surface
enhancement.2%%  Additionally, the electrode can be pressed close to the cell
window to limit the number of bulk solvent molecules contributing to the
observed spectra.

The SERS investigations of the alcohol/Ag electrochemical double layer

134,137

presented in Chapter 4 and by Sobocinski identified two driving forces
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responsible for the potential-dependent orientations of the molecules. These
forces include the interaction of both O lone pair electrons and the alkane chain
with the Ag surface. Both I-butanol and 2-butanol undergo significant changes
in orientation with potential. In both cascs, the molecules reorient in response to
the change in interaction of the O atom and the alkane chain with the surface.
Iso-butanol shows little potential-dependent behavior of the alkane chain as a
result of the fewer number of rotational isomers that exist for this molecule.

The bonding and orientation of a scries of n-alkanethiols on Ag and Au
were recently compared in this laboratory using SERS.2%° The orientation of
these species on Ag was shown to be different than that on Au in air.2%¢ These
differences in orientation were corrclated with differences in the surface
electroncgativity, demonstrating the importance of the metal-S bonding in
determining the alkancthiol orientations. In the electrochemical environment,
however, these species were found to exhibit similar potential-dependent
orientations on Ag and Au.?°® The C-S bond lics more perpendicular at potentials
positive of the PZC on Ag and Au and less perpendicular at ncgative potentials.
The orientational differences in air compared to the electrochemical environment
were attributed to differences in the open circuit potential in air of the two
metals.20%

This goal of this work is to compare the interaction and orientation of the
butanol isomers on Au with that on Ag in the electrochemical environment.
Towards this end, SERS is performed in the butanol isomers l-butanol, iso-
butanol, and 2-butanol in LiBr on electrochemically roughened Au electrodes.

These results are compared with the results on rough Ag presented in Chapter 4.
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Results and Discussion

The orientations of the butanol isomers on Ag, presented in Chapter 4 of
this dissertation, were determined by applying the surface Raman selection rules
to the SERS spectra. Three spectral regions were monitored in the SERS studies,
including the v(C-C) and v(C-O) region between ca. 800 and 1150 cm™, the »(C-H)
region between ca. 2800 and 2980 cm!, and the v(0O-H) region between ca. 3300
and 3600 cm™L. Interpreting these rules for orientational information on low
symmetry molecules at metal electrodes was also discussed in Chapter 4.

The potential-dependent orientations of 1-, 2-, and iso-butanol on Ag are shown
in Chapter 4, Figure 4.6, Figure 4.12, and Figure 4.18, respectively.

LiBr was the clectrolyte used in the butanol isomers in these SERS studies
on Ag and Au. LiBr was also used to roughen the Ag clectrode. The Au electrode,
however,wasclectrochemically roughened in KClsince thisroughening procedure
has been previously shown to provide maximum SERS enhancement.?%? Trace CI-
remaining on the Au surface could conceivably affect the solvent orientation at
the electrode. Double layer capacitance measurements presented in Chapter 7
demonstrate that Br-and Cl” quantitatively display different potential-dependent
coverages on the metal electrodes. Specifically, Br™is adsorbed to a larger extent

7 investigated

at morc negative potentials than Cl°. Weaver and coworkers?®
rough Au surfaces using Auger electron spectroscopy and discovered no traces of
CI” provided that the electrodes were thoroughly rinsed with distilled water.
Therefore, even though the electrochemical roughening procedure for the Ag and

Au electrodes were different, it is assumed that Br~ is the only anion at the

electrode surface.
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In this study, the v(Au-X) region was monitored for the presence of Br
and CI- at the surface. v(Au-Br) occurs at ca. 176 cm™! while v(Au-Cl) occurs ca.
260 cm™. Figure 5.1 shows the potential-dependent SERS spectra in the v(Au-X)
region for 2-Butanol in LiBr. The only band detected in this region is the band
at 176 cm™ corresponding to specifically adsorbed Br™ at the Au surface. Cl” was
not detected at the surface.

The butanol isomers in LiBr were found to have a potential window on Ag
ranging from ca. -0.2 V to -1.8 V and on Au ranging from ca. +1.0 V to -1.8 V.
Both Ag and Au oxidize in the alcohols at potentials more positive than the
positive potential limit indicated. Trace water reduces at potentials more negative
than the negative limit indicated. The potential-dependent behavior of all three
isomers is reversible, as long as cxposure to extreme potentials for significant
periods of time is avoided. The PZC on Agisca.-1 V, while on Au, itisca.0 V.

Shown in Figures 5.2 and 5.3 arc the SERS spectra in the v(C-H) and v(C-C)
regions, respectively, for 1-butanol on Ag and Au. Pecak frequencies and
assignments for 1-butanol arc given in Table 4.1. The spectra at these potentials
for Agand Au look similar. The I[v(CH;)/v (CHj)] of the surface spectraare also
comparable. At more negative and positive potentials, the spectra continue to be
similar, indicating that the orientations are similar. The I[v,(CHg)/v,(CHg)] are
also comparable,

Figures 5.4 and 5.5 show the SERS spectra in the v(C-H) and v(C-C)
regions, respectively, for 2-butanol on Ag and Au. Figure 5.6 and Figure 5.7 show
the SERS spectra in the v(C-H) and v(C-C) regions, respectively, for iso-butanol

on Ag and Au. Tables 4.2 and 4.3 list the peak assignments and frequencies for
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Figure 5.1. Raman spectra in v(Au-Br) region of 2-butanol containing 0.4 M
LiBron a Au electrode ata) +0.3 V, b) 0.0 V,¢)-0.3V,d)-06 V,
ande)-09 V.
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Figure 5.2. Raman spectra in the v(C-H) region of 1-butanol containing 0.4
M LiBr in bulk liquid (5 s integration), and on a) Au (120 s) and
b) Ag (30 s) electrodes.
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Figure 5.3.
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Raman spectra on Au and Ag in v(C-C) region of 1-butanol

containing 0.4 M LiBr in bulk liquid (20 s integration), and on a)
Au (240 s) and b) Ag (120 s) electrodes.
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Figure 5.4. Raman spectra on Au and Ag in the v(C-H) region of 2-butanol
containing 0.4 M LiBr in bulk liquid (5 s integration), and on a)
Au (60 s) and b) Ag electrodes (50 s).
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Raman spectra on Au and Ag in the »(C-C) region of 2-butanol

containing 0.4 M LiBr in bulk liquid (20 s integration), and on a)
Au (60 s) and b) Ag (180 s) electrodes.
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Figure 5.6. Raman spectraon Auand Ag in the v(C-H) region of iso-butanol
containing 0.4 M LiBr in bulk liquid (5 s integration), and on a)
Au (60 s) and b) Ag (20 s) electrodes.
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Figure 5.7. Raman spectra on Au and Ag in the v(C-C) region of iso-butanol
containing 0.4 M LiBr in bulk liquid (20 s integration), and on a)
Au (90 s) and b) Ag (120 s) electrodes.
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2-butanol and iso-butanol, respectively. Both isomers show similar behavior on
Au compared with Ag in both spectral regions. The Ifv,(CHg)/v(CHjg)] for both
of these isomers on Au is also similar to that on Ag. These data indicate that the
orientations, and thus interactions, of the butanol isomers on Ag and Au are
essentially the same in comparable potential regions.

This observation suggests that the driving force behind the reorientation
of the alcohols at Ag and Au are the same, namely the interactions of the O lone
pair and the alkane chain. These results are analogous to the potential-dependent
orientational behavior discussed above for the n-alkanethiols on Agand Auin the

electrochemical environment. 20

Conclusions

The similar SERS spectral behavior of the butanol isomers on Ag and Au
indicate that the interactions and orientation of these solvents are similar on the
two metals. This spectral similarity suggests that the mectal-solvent interactions
in the butanol isomers are not strong enough on either metal to have a substantial
effecton solvent orientation. Differencesin solvent orientation in various metals
would probably be seen in systems with stronger solvent-metal interactions. The
driving forces responsible for the potential-dependent orientations of these
alcohols on both metals appear to be the interactions of both O lone pairs of
electrons and the alkane chain with the surface. At positive potentials, both O
lone pairs interact with the electrode. As the potential reaches the PZC and
beyond, only one O lone pair interacts with the electrode. The consistency of this

interaction is evident in all frequency regions for all three isomers.
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Both 1-butanol and 2-butanol undergo significant changes in orientation

with potential. In both cases, the molecules reorient in response to the change in
interaction of the O atom and the alkane chain with the surface. Iso-butanol
shows little potential-dependent behavior of the alkane chain as a result of the

fewer number of rotational isomers that exist for this molecule.
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Chapter 6

CHAPTER 6: INVESTIGATIONS OF ELECTROLYTE STRUCTURE AT Ag IN
NONAQUEOUS BUTANOL SOLVENTS USING SURFACE ENHANCED

RAMAN SCATTERING

Introduction
Raman spectroscopy has been used recently to understand H,O structure

208 Four characteristic bands in the

in a series of aqueous electrolyte solutions.
v(O-H) region were identified. The frequency of the v(O-H) band decreases as the
extent of intermolecular interactions between H,0 and other species increases.
Therefore, a v(O-H) band at high frequencies corresponds to unassociated H,0
species, whereas a band at low frequencies corresponds to a quasi-crystalline
phase consisting of rigidly hydrogen-bonded dimers and tetramers.

SERS has been widely used to provide information about the interfacial
electrolyte structure at Ag electrodes in aqucous solutions using the v(0O-H)
region,.180,209,210,211,212,218,214,215,216,217,218,219,220
H,O tends to strongly solvate cations. H,0 also solvatesanions through hydrogen-
bonding. These solvation interactions result in destruction of the extensive H,O

structure at the interface leading to distinct »(O-H) bands that are characteristic

of the electrolyte species at the electrode. v(O-H) bands were detected in solutions
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containing all types of cations, and anions such as CI°, Br-, and I, but not in F~,
ClO,, or SO,~.210.218.219 The line widths and number of »(O-H) bands observed
were generally found to depend on the nature of the cation present.

The v(O-H) bands originate from the H,O interacting with electrolyte
species. Two bands can be observed in the interface depending on the nature of
the cation 213216217 A parrow, symmetric band at ca. 3510 crn”! is observed for
cations with small hydration energies such as Cs*, Rbt, and K*. Due to their low
hydration energies, these cations are not well solvated, and thus, can adsorb to the
clectrode surface. In this case, H,O molecules are preferentially aligned so that
the O atom interacts with the electrode surface. A broader, more asymmetric
band at ca. 3550 cm™! is observed for cations with large hydration energies such
as Nat, Lit, B2*, Sr2t, Ca%t, and Mg?*. These cations are strongly solvated; thus,
they can not specifically adsorb to the electrode surface. The resulting »(O-H)
bandsare those due to H,O molecules in the solvation shell of these cations. These
H,0 molccules are preferentially aligned in the interface with their H toward the
clectrode and the O interacting with the cation. Variations in these v(O-H) bands
result from interaction of the H,O with anions adsorbed to the
clectrode 211/213,216,217

OH~ species formed by H,O reduction at negative potentials or by a change
in pH of the solution have also becen monitored at Ag electrodes.!® OH- can
either solvate high hydration energy cationsor interact directly with the electrode
surface. These interactions result in distinct v(O-H) bands occurring at ca. 3680
cm! for OH" in the cation solvation shell and 3600 cm™! for OH" adsorbed to the

electrode surface.180
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Recently, SERS in the v(O-H) region was studied in H,O/ethanol
mixtures.?%® Greater SERS signals were detected as the concentration of the
ethanol in the mixture increased. This effect was proposed to be a result of the
destruction of the H-bonded H,O complex by ethanol, resulting in an increase in
distinct H,O-electrolyte interactions.

The goal of the work presented here is to extend the studies of the v(0O-H)
region to nonaquecous environments. In the investigation of double layer solvent
structure of butanol isomers on Ag described in Chapter 4, distinctive v(O-H)
band behavior was observed, indicative of cation and anion interactions. v(O-H)
bands originating from the trace H,O present in these solvents provide
information about the interfacial clectrolyte structure. The nonaqueous
environment should help to break the H,O structure present at the interface to
resolve the H,0O bands. The v(O-H) region in the butanol isomers has been
characterized in a scries of lithium salts, including LiCl, LiBr, Lil, and LiClO,.

Information about the electrolyte movement through the double layer is obtained.

Results and Discussion

Figurc 6.1 shows the SERS spectra at Ag in the v(O-H) region for 1-butanol
containing 0.4 M concentration of LiClO,, LiCl, LiBr, and Lil. Figure 6.2 shows
the spectra at Ag in the v»(O-H) region for iso-butanol containing 0.4 M
concentrations of LiClO,, LiCl, LiBr, and Lil, and Figure 6.3 shows the spectra at
Ag in the v(O-H) region for 2-butanol containing 0.4 M LiBr and Lil. Solubility
limitations of LiClO, and LiCl in 2-butanol prevented the study of these anions

in this solvent. Consideration of these spectra reveals five distinct »(O-H) bands
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which define the behavior of the electrolyte in the interfacial region. Table 6.1

contains the assignments and corresponding frequencies of three of these bands.

The A Band

The first »(O-H) band at ca. 3520 cm™! has been assigned to H,O that
solvates the anion at the electrode surface. This band will be referred to as the
anion band and is denoted as band A in the figures. This band is strongest in
intensity at positive potentials and disappears as the PZC is reached. This
behavior tracks the anion desorption behavior at the electrode as more negative
potentials are applied. Differential capacitance measurements of LiCl and LiBr
in these isomers have been performed in order to quantify the coverage of Cl™and
Br~ at the electrode surface. The results are be presented in Chapter 7.

Figure 6.4a and b show the spectra in l-butanol and iso-butanol,
respectively, containing LiClIO,, LiCl, LiBr, and Lil at -0.4 V, where the anion
bands, if present,are at their maximum intensities. The anion band in the figures
is best resolved and is greatest in intensity in ClO,” compared to the halides. In
fact, the A band intensity decreases in the order C1O,” > C1”> Br™ and is not even
detected in I°. The greater intensity of the A band might be a result of a larger
amount of solvation around the particular anion. This suggests that C1O," is more
solvated than Cl-, which is more solvated than Br~ and I". This difference in
solvation order is in good agreement with the theory of anion solvation: the anions
are solvated in the order Cl1O,” > CI" > Br- > I.%21 In fact, the smaller the ion
and the greater its charge, the more highly solvated it is, Thus, it is not surprising

that an anion band is not seen in I-, since it is not expected to have a large
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Table 6.1. v(0O-H) band assignments and frequencies (cm™Y).

Assignment  Electrolyte ]-Butanol iso-Butanol 2-Butanol Potential (V)

A Band LiCl 3506 3499 -0.4
LiBr 3520 3505 3505 -04
LiClO, 3537 3517 -0.4
F Band LiCl 3598 3597 -0.2
LiBr 3627 3646 3624 -0.4
Lil 3654 3648 3647 -0.6
LiClO, 3628 3603 -0.4
C Band LiCl 3566 3557 -14
LiBr 3567 3573 3571 -1.6
Lil 3562 3572 3566 -1.6

LiCIO, 3558 3557 -14
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solvation shell.
The frequency of the A band is also anion-dependent. The A band
decreases in frequency in the order ClO,” > Br™ > CI~. This decrease in frequency
corresponds to an increased strength of the H-bonding interaction between H,0

222

and the anion. This has been observed previously in investigations of anion

222 where a decrease in

solvation in aqueous solutions using IR and Raman,
v(0-H) frequency was observed in the order C1IO,” ~ BF,” > 1" > Br" > Cl" > F~.
This shift in frequency is caused by the larger extent of H,O interaction with Cl-
compared to Br~and ClO,". An increased interaction of the anion with the H-O
dipole would weaken the O-H bond, resulting in a shift of the A band to lower
frequencies.

The frequency and bechavior of the A band is not solvent-dependent in
these isomers, suggesting that the solvation properties of the butanol isomers do

not influence the H,O-anion behavior in the interface considerably. This would

be expected if H,0 is, in fact, the solvation species that is being observed.

The F Band

A second v(O-H) band is observed in the spectra between ca. 3600 and 3655
cm™l, This band is assigned to the H,O in the second solvation shell of Li*. This
band is referred to as the free H,O band, or the F band in the spectra.

Figures 6.1, 6.2, and 6.3 show that the intensity of the F band is generally
greatest at positive potentials, and decreases and disappears as the potential is
made negative of the PZC. This decrease in intensity at more negative potentials

is attributed to the peeling of this secondary solvation shell of Li* as the Li*
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approaches the electrode surface in response to the increasing negative surface
charge. Thiseffectactually represents compaction of the Helmholtz layer at more
negative potentials.

Lit is known to have a large solvation shell due to its large ionic potential.
The solvation number for the ion, however, will vary with the solvent. The
solvation number of Li™ varies between solvents ranging from 1.4 in sulfolane, 7
in methanol, 9 in acctonitrile, and 21 in H,0.22' The relative intensity of the F
band in all three isomers is approximately the same, suggesting that the properties
of the isomers do not heavily influence this band. This observation could suggest
that the solvation number of Li™ is the same in all three solvents. It could also
indicate that the F band originates exclusively from the H,O in the solvation shell
of the Lit, which would not be solvent dependent.

The frequency of the F band exhibits a dependence on the nature of the
anion. The frequency increases in the order Cl10,” < C1” < Br™ < I in all solvents.
In 1-butanol, the frequencies vary from 3628 cm™! in ClO ", 3598 cm™lin CI-, 3627
cm~! in LiBr, to 3654 cm™ in Lil. This frequency behavior parallels the anion
adsorption strength on the electrode, increasing in the order ClO,” < Cl” < Br™ <
I This anion-dependence suggests that the H,O species in the secondary
solvation shell of Li¥ interact with the anions at the electrode surface. As the
strength of this interaction increases, the strength of the F O-H bond decreases,
leading to a decrease in the frequency of the resulting v(O-H) F band. Based on
the lower frequencies observed for the F band in Cl- and Br- relative to 17, one
can conclude that the interactions of the secondary solvation shell H,O species

with Cl- and Br~ are greater than with I". This order is consistent with the
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relative hydrogen bonding strengths of the halides as discussed above. This
reasoning, however, does not explain the relatively low frequency of the F band
in Cl10,7, since the hydrogen bonding interactions of ClO,” with H,0 are weak
compared with those of the halides. The lower frequency of the F band in CI1O~
might be related to the extensive solvation around both ClO,” and Li*. This
extensive anion and cation solvation prevents adsorption of both these species to
the electrode. Since ClO,™ does not adsorb much to the electrode, there might not
be a big difference in energy between the O-H bond strength from the solvation
shell species of CIO,” with the secondary solvation shell of the Lit interacting
with ClO,". This mutual interaction of the solvation shells with the charged
species is a result of ion pairing. Thus, the A and F band frequency could be
similar.

The width of the F band is also anion-dependent, decreasing in the order
Cl0, ~CI" > Br™ > I". Thiseffect is related to the larger propensity of the anion
to interact with the solvation shell of the Lit, since this order also tracks the
order of the H,O solvation of the anions. Increased interaction of the free water

with the anion may result in a greater distribution of interaction energies, leading

to band broadening.

The C Band

A v(O-H) band grows in at negative potentials in this region and occurs at
ca. 3550 - 3580 cm™l. This band is assigned to the v(O-H) of the H,0 in the
primary solvation shell of Lit and will be referred to as the cation band, or the

C band. As Lit approaches the electrode at more negative potentials, its
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secondary solvation shell is removed. The cation, and therefore, the primary
solvation shell, is allowed closer to the electrode. Thus, the C band is produced.

The frequency of the C band decreases as the potential is made more
ncgative. This decrease in frequency is related to the proximity of the Li*t to the
electrode. The Li*, and therefore, its primary solvation shell, move closer to the
electrode as the potential is made more negative. The interaction and adsorption
of the primary H,0 to the electrode will both weaken the O-H bond and increase
its reduced mass. These two effects shift the band to lower frequencies. The
frequency of this band does not show any clear solvent-dependence. This is
expected if the species being monitored is H,O in the solvation shell, which would
not be isomer-dependent, or if the cation solvation strength and number are
comparable in all three isomers.

Figures 6.5a and b show the spectra for l-butanol and iso-butanol,
respectively, in LiClO,, LiCl, LiBr, and Lil at -1.4 V. In both solvents, the spectra
in LiCl and LiClOy4 clearly show a narrow cation band. The presence of this
narrow cation band suggests that Li* species are found extremely close to the
electrode, and therefore, only H,O from the primary solvation shell are detected.
The spectra in LiBr contain a broader band containing both the cation band and
traces of the free H,O band. This suggests that, while most of the Li* are
extremely close to the electrode at this potential, some Lit are still further from
the electrode. Thus, traces of the secondary solvation shell are seen. Spectra in
Lil, however, show large C and F bands. Evidence of both bands indicates that,
although some LiT are close to the electrode, there are still large amounts of Lit

relatively far from the clectrode at -1.4 V. This results in »(O-H) bands from H,0
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in both the primary and secondary solvation shells.

Differences in the relative intensitics of the C and F bands in Figures 6.5a
and b for the various electrolytes indicate a shift in the PZC as a function of the
anion, known as the Esin-Markov effect.22>  Specifically, the Esin-Markov
effect predicts that, as the adsorption strength of the anion increases, the PZC
shifts to more negative potentials. Therefore, since anion adsorption strength on
Ag increases in the order ClO,” < CI” < Br™ < I', the PZC will shift accordingly.
This explains the intensity of the F band observed in I" compared to the other
anions at -1.4 V. Figure 6.1c shows only traces of the secondary solvation shell

remaining on Lit at -2.0 V in l-butanol.

The H, and H, Bands

Two v(0O-H) bands occurring at ca. 3600 cm™! and 3660 cm™! have been
assigned to OH" species formed at the clectrode by the reduction of H,0O at
ncgative potentials. The band at 3660 cmL, referred to as the H, band, has been
previously shown to be due to OH™ in the inner Helmholtz plane with the O atom
attached to the electrode.’8%224  The band at 3600 cm™?, referred to as the H,
band, corresponds to OH™ oriented with the O atom pointed away from the
electrode and toward the Lit, possibly in the primary solvation shell of Lit. The
H on this OH"™ does not coordinate well to the Ag surface, since OH™ is a poor
proton donor.!8 This H, band is never as well resolved from the cation and F
band as is the H, band, and is usually seen as a weak shoulder on the cation band.
This band is best resolved in Figure 6.2c at -1.6 V and in Figure 6.3a and

Figure 6.3b at -1.4 V. Both OH" bands appear to be relatively narrow having
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FWHM of ca. 12 em™.,

The frequencies of the H; and H, bands appear to be both anion and
solvent-independent. Since both bands are first observed at extremely negative
potentials, ca. -1.4 V, both are anion-independent since anions are not present at
the electrode to any great extent at these potentials. The fact that the frequency
of the H; band is solvent-independent implies that the OH™ adsorption strength
is solvent independent. This is a reasonable conclusion since OH" easily displaces
the solvent at the electrode surface. The solvent-independent behavior of the H,

band is not surprising, since the C band also demonstrated solvent-independence.

Conclusions

Interactions of the interfacial H,O species with the electrolyte in these
nonaqucous media result in five distinct v(O-H) bands that ultimately define the
behavior of the electrolyte ions at the clectrode under potential control. Trace
H,0 solvating anions and cations in 1° and 2° solvation shells provides three
distinct »(O-H) bands. Two bands from OH™ are detected at the electrode and
correspond to OH" species formed from H,O reduction at negative potentials. OH"
is found in two different environments, one in which the O end interacts with the
surface and a second in which the OH" is incorporated in the primary solvation
shell of the cation. .

The behavior of the v(O-H) bands in these spectra, and thus, the behavior
of the electrolytes, correlates well with the Gouy-Chapman-Stern model of the

clectrochemical double layer. Spectral evidence suggests a shift of the PZC to

more negative potentials as the anion adsorption strength increases, confirming
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the Esin-Markov effect. These spectral results also provide information about the
extent of anion solvation by H,O in these media. CIO, and CI™ are more

extensively solvated by H,O than either Br™ or I” in these butanol isomers.
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Chapter 7

CHAPTER 7: DETERMINING CHLORIDE AND BROMIDE SURFACE

COVERAGE IN BUTANOL ISOMERS AT SMOOTH Ag ELECTRODES

Introduction

Most differential capacitance measurcments have been done on interfaces
formed at liquid Hg electrodes. This arrangement routinely provides clean
surfaces and a large potential range to perform the experiment. The surface
tension of the Hg liquid is easily measured, and thus readily provides the double
layer capacitance and the position of the potential of zero charge (PZC).
Mecasurements of double layer capacitance can then be used to quantify absolute
surface coverage on the clectrode.

Extending the measurements of capacitance on other metalssuchas Agand
Au arc undoubtably important, The overpotential range on these metals extends
further positive from the PZC than on Hg, allowing, in some cases, measurement
of full monolayer coverages of the anion.® It has been suggested that molecular
adsorption on solid clectrodes follows the same pattern as on Hg electrodes. The
specific capacitance featuresare reportably smeared on polycrystalline electrodes
due to surface heterogeneities and slower adsorption/desorption processes.!3

Anion adsorption and coverage on Ag and Au have recently been studied

in aqueous solutions. F~ has been shown to be more strongly adsorbed than larger
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jons such as PFg,, BF, , and ClO,.?2%%26  Shlecpakov and Sevast’yanov,??”

8 233,234

Fleischmann and coworkers,?? and Hupp and coworkers have
determined the capacitance behavior of CI°/F- mixed systems on Ag
polycrystalline electrodes. The results of these independent investigations of CI-
adsorption conflict. These experiments are not trivial, as evidenced by the
discrepancies in the data.

Hupp and coworkers?3%:234 measured the real-time dif ferential capacitance
and quantified anion coverage in a series of aqueous solutions containing F-, Cl-,
Br-, I, Ng7, and NCS" in a C10,” supporting clectrolyte on smooth and rough Ag
electrodes. It has been established®??° that the capacitance maximum in thesc
aqueous electrolyte solutions results from ca. half coverage of the anion at the
electrode. At potentials positive of this maximum, anion-anion repulsive
intcractions slow down anion adsorption at the electrode, resulting in a maximum
in the slope of the coverage versus potential.? This maximum in the surface
coverage slope results in a corresponding decrease in the measured capacitance.?
The capacitance decreases negative of this maximum due to anion desorption.
The measurements were proven to be reliable and reproducible, provided that no
other electrochemical reaction occurs on the electrode which perturbs the
electrode surface.

Recently,an algorithm was written to provide a method of determining the
double layer capacitance in a static potential mode using the Fawcett-Loutfy
equation and a phasec-sensitive detection method.!3  In particular, this ac

impedance method has been shown previously in this laboratory to provide very

rcasonable data in a simple configuration. The capacitance-potential data are
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then used in another algorithm based on the Hurwitz-Parsons analysis to calculate
the absolute anion surface coverages of Br™ in methanol and ethanol nonaqueous
systems, 138,253

This chapter describes experiments that were designed to investigate the
double layer structure at Ag in the butanol isomers. The double layer capacitance
and Br~ and Cl- surface coverages on smooth Ag electrodes in 1-butanol and iso-
butanol are determined. The phase-sensitive detection method was used along
with the Fawcett-Loutfy equation to determine the double layer capacitance in
these systems. The Hurwitz-Parsons (HP) analysis is then used to quantitate Cl-
and Br~ coverages at various potentials at the electrode. Differences in Br- and

Cl- adsorption in 1-butanol and iso-butanol are compared to reveal the effect of

solvent interactions in the interface with anion adsorption.

Results and Discussion

The Method

Absolute clectrolyte surface coverages can be calculated using the Gibbs

adsorption isotherm, in which

-dy = 2‘11‘,1111, (7.1)

where v is the surface tension of the metal, I is the surface excess concentration
of species i, and p is the electrochemical potential of species i. The Gibbs
adsorption isotherm can be applied to any interface. In the case of the

metal\solution interface, the change in the interfacial tension, dv, is given by



183

-dy = q“dE + I'dp. (7.3)

where qy is the excess charge density on the metal, E is the potential with respect
tosome reference electrode, and I' is the surface excess concentration on the metal.

At constant potential, this equation can be rewritten as

dy
T = -(2L 7.4
( d (7.4)
and
g = (Y 7.5
Ay dE [’y ( )

This last ecquation is known as the Lippmann cquation, which allows the charge
density as a function of potential to be calculated from measurements of the
surface tension variation with potential.

The Lippmann equation can be differentiated with respect to potential,
leading to

_ (Bau, _ _d% 7.6
C = (D = “C Dy (7.6)

The differential capacity obtained in this manner is rather inaccurate, since it is
the double differentiation of the experimental y versus E data. Instead,

rearranging this equation gives
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ay = [, CdE (7.7)
and
y = f f CdEJE (7.8)

where the limits of both integrations are the potential at which the capacitance
is independent of bulk adsorbate concentration to a potential, E. Thus, the charge
density and surfacec tension at different potentials can be calculated from
measurements of the differential capacity as a function of electrode potential.
The absolute electrolyte coverage can be calculated from equation 3, using

~ calculated from equation 7. Equation 3 can be simplified, since

b = u® + RTlna, (7.9)

where a; is the activity of the species i in the system, resulting in the expression,

--Ledr, (7.10)

This result suggests that the absolute surface coverage, T, can be determined by
measuring the surface tension in a scries of electrolyte concentrations at a given
potential. This approach requires that the ionic strength of the solution remain

constant in these experiments. This isessentially the Hurwitz-Parsons analysis for
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determining electrolyte coverage at electrodes.230:231
Capacitance measurements in this work are obtained using a phase-
sensitive electrochemical detection technique.!®® A sinusoidal electric field is
applied to the working electrode, causing changes in the interfacial polarization.
The oscillating polarization is at the same frequency as the applied electric field,
but at a phase shift 8. The phase shift can be measured by comparing the applied

voltage to the current admitted across the interface. The phase shift is related to

the double layer capacitance by

tane = 1 = _l (7'11)

where f is the ac frequency in Hz, R is the cell resistance, and V is the peak-to-
peak voltage of the ac waveform in volts. This technique of calculating
capacitance, C, requires knowledge of the cell resistance, R, which is of ten tedious
to measure.

Another method of determining capacitance is embodied by the Fawcett-
Loutfy equation. First, the in-phase (i;) and out-of-phase (or quadrature) (iQ)
components of the ac current admitted across the metal/solution interface is
measured using a lock-in-amplifier. Details of the data collection and
instrumentation are located in the Chapter 2. Next, capacitance, C, is calculated

using the Fawcett-Loutfy equation,?32

c - g (7.12)
2nfigV
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where V is the peak-to-peak voltages and f is the frequency in Hz.

This phase-sensitive detection method has been used successfully by Hupp
et al.2% for the determination of double layer capacitance at solid Ag electrodes
in the presence of various electrolyte soiutions in real-time. This approach is
implemented by measuring the in-phase and quadrature components asa function
of potential. In systems of slow adsorption/desorption, real-time ac measurements
of the capacity can lead to non-equilibrium values. The advantage of acquiring
the data in digital form is that it can be directly input to Hurwitz-Parsons (HP)
algorithms. In the case of real-time analysis, the analog data must be converted
to digital information, required for the HP algorithm. This can be tedious and a
source of considerable error. The method reported here measures the currents at
static potentials, and is offered as an attractive alternative.

Capacitance results were obtained on a single smooth Ag surface for all
anion concentrations for one butanol isomer to improve experimental
reproducibility. The capacitance values are reported in units of uF/cm?, so ca. 10
- 15 % error in the capacitance values arc expected due to the error in electrode
arca determination during cach particular experiment, temperature fluctuations

during the hours of data collection, and instrument drif't.

CI” Coverages

The differential capacitance of XM LiCl in (0.4-X)M LiClO,, where X =
ca. 0.003, 0.010, 0.075, and 0.4, was measured as a function of potential at smooth
Ag clectrodes in nonaqueous solutions. ClO,” is used to maintain constant jonic

strength, a requirement in the Hurwitz-Parsons analysis, The capacitance results
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Figure 7.1. Double layer capacitance vs electrode potentialon Ag in LiCIO-
LiCl mixtures of ionic strength 0.5 in I-butanol (s) 0 mM, (+) 2
mM, («) 12 mM, (0) 70 mM, and (x) 400 mM.
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in 1-butanol are shown in Figure 7.1 while the results in iso-butanol are shown in
Figure 7.2.

The capacitance maxima in the capacitance-E plots indicate the point of
half anion coverage at the electrode. Anion-anion repulsive interactions occur
positive of this potential, resulting in a decrease in the measured capacitance. The
capacitance values alsodecrease negative of this potential due to anion desorption
from the electrode surface. The potentials of the capacitance maxima in the
various Cl- concentrations are similar in both solvents, ca.-0.8 V in 0.4 M LiCl/0.1
M LiClO,. The peak maxima shift to more positive potentials as the electrolyte
concentration decreases. This shifting occurs since the less concentrated the
solution, the more positive potentials have to be applied before half anion
coverage is achicved. This shifting in peak maximum is a demonstration of the
Esin-Markov effect in which the PZC shifts with respect to adsorbate
concentration. In this case, there is a shifting of the PZC to more positive
potentials as the Cl- concentration decreases. This shifting is also observed in
both isomers.

The capacitance values at the peak maxima are similar for both isomers at
each concentration. The capacitance of 1-butanol is slightly higher than in iso-
butanol, but well within experimental error.

The absolute CI” surface coverage was calculated for several bulk CI-
concentrations using the Hurwitz-Parsonsalgorithm written by Scott.2%3 Theseare
shown in Figures 7.3 and 7.4 for 1-butanol and iso-butanol, respectively. The CI-
surface coverage in 0.075 M LiCl is ca. 5.0 x 10719 mol/cm? in 1-butanol and 5.5 x

10-1% mol/cm? in iso-butanol. The trends in surface coverage with potential
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compare favorably with those in the work of Hupp and coworkers.28% In their
work, a coverage of 10.5 x 1071° mol/cm? was measured for aqueous 0.1 M NaCl
on smooth Ag.23% Na* could not be used in the butanol isomers due to solubility
problems, so a direct comparison of the capacitance data can not be made. The
maximum surface concentration of Cl- is estimated to be 16 x 10°1° mol/cm?,
assuming the ionic radius be 0.18 nm.23% This suggests that the coverage of CI-
by Hupp is near surface saturation in the aqueous electrochemical double layer.
Maximum CI™ coverage in the nonaqueous double layer might be different than
in aqueous systems due to the larger interactions of the butanol isomers at the

electrode compared with H,0, leading to lower Cl™ adsorption.

Br~ Coverages

The differential capacitance of XM LiBr in (0.4-X)M LiCIO,, where X =
ca. 0.003, 0.010, 0.075, and 0.4, was measured as a function of potential at smooth
Ag clectrodes and is presented in Figure 7.5 in 1-butanol and in Figure 7.6 in iso-
butanol. Again, ClO " is used to maintain constant ionic strength.

The potentials of the capacitance maxima are similar in each isomer, ca. -
0.9 V in cach isomer in 0.75 M LiBr. This potential is shifted ca. 200 mV more
negative than the corresponding peak maximum of ca. -0.7 V in 0.75 M LiCl. This
is expected, since the PZC shifts to more negative potentials as a function of
increasing anion adsorption strength. Br- adsorbs more strongly than Cl-, so a
shift of the PZC to more negative potentials is seen in Br-.

The capacitance maxima values in Br~are not as similar in the two isomers

as they were in CI-, perhaps due to greater experimental error. The capacitance
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in 1-butanol is again larger than that in iso-butanol, perhaps due to trace solvent
impurities.

Absolute Br- surface coverages were calculated and are presented in
Figures 7.7 and 7.8 for 1-butanol and iso-butanol, respectively. The Br~ surface

coverage in 0.075 M LiBr is ca. 9.0 x 1071 mol/cm? in 1-butanol and ca. 11 x 10710

mol/cm? in iso-butanol. 10.5 x 1071° mol/cm? coverage was observed by Hupp?33
in aqueous 0.] M NaBr on smooth Ag, which compares extremely well with the
value determined in this work. The maximum surface concentration of Br~ has
been estimated by Hupp et al. to be ca. 13.5 x 1071° mol/cm?, suggesting that the
Br~ coverage on the clectrode surface in this work and by Hupp is near surface
saturation.

The Cl-surface coverage on smooth Ag was found in this work to be lower
than the Br™surface coverage at all potentials. This finding is complementary to
the results of Hupp and coworkers?®®® in aquecous systems. The variances in the
exact value differences might be due not only to differences in surface
preparation and roughness features, but also in diffecrences in the solvent
behavior in these systems.

Br- and CI" surface coverage is greatest in iso-butanol compared to 1-
butanol. This suggests that the l-butanol-metal interactions are stronger and
effect anion adsorption to a greater extent compared to that in iso-butanol.
Previouselectrochemicalstudies!?® 175 have demonstrated that the electrochemical
reactivity of l-butanol is slightly greater than iso-butanol. This difference in
electrochemical reactivity might be a result the difference in the extent of solvent

adsorption at the electrode. Thus, it is conceivable that 1-butanol is adsorbed to
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the electrode at a greater extent compared to iso-butanol. This larger extent of
solvent adsorption of 1-butanol could decrease the Cl- and Br~ coverage at the

electrode.

Conclusions

The Fawcett-Loutfy equation is used to obtain capacitance-E data in the
static potential mode using ac impedance. The advantage of static potential
measurements is the acquisition of digital information which can be directly
input to the Hurwitz-Parsons algorithm. This Hurwitz-Parsons algorithm is used
to calculate Br-and Cl™ coverages on smooth Ag electrodes in the butanol isomers
form capacitance-potential plots. A shiftin the capacitance maximum with anion
concentration is observed for Br- and Cl°, demonstrating the Esin-Markov effect.
The coverage of Br™at a given potential was higher than that of CI°, consistent
with previous work in this area.?33 Br-and CI- coverage in iso-butanol is greater
than in I-butanol, suggesting that the l-butanol-metal interactions are stronger

than the iso-butanol-metal interactions.
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Chapter 8

CHAPTER 8: SURFACE RAMAN SCATTERING OF THE BUTANOL ISOMERS

ON EMERSED Ag AND Au ELECTRODES

Introduction

Many in-situ techniques are used to characterize the electrochemical
double layer, including clectrochemical methods (voltammetry and double layer
capacitance mcasurements), spectroscopic methods (in order of decreasing source
probe energy - extended X-ray absorption fine structure, X-ray diffraction,
Mossbauer spectroscopy, ultraviolet-visible absorption spectroscopy, ellipsometry,
Raman spectroscopy, second harmonic generation, and infrared spectroscopy), as
well asother analytical methods (electrochemical quartz crystal microbalance and
scanning tunneling microscopy). These techniques provide a wealth of
information about the electrochemical double layer structure, including solvent,
clectrolyte, and clectrode structure at the interface.

There has been a large push to extend the characterization of the double
layer structure to ecx-situ techniques such as photoelectron spectroscopy
(XPS),110.235  yjtraviolet photoelectron spectroscopy (UPS), high resolution
electron energy loss spectroscopy (HEELS),23% low energy electron diffraction

(LEED),1®* work function studies,}® and Auger electron spectroscopy.104:236
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Because of the absence of bulk solvent in these ex-situ studies, bulk interferences
are virtually eliminated. In order to use these methods, the electrode has to be
emersed from solution and introduced into UHYV while leaving the double layer
intact. Numerous studies have been performed to check the validity of electrode
emersion.
One measure of valid electrode emersion is the retention of electrode
potential. There has been much work correlating the work function with the
electrode potential of the emersed electrode to assess whether or not the potential
of the emersed clectrode is retained. The work function can be measured by the
Kelvin probe method!® or by ultraviolet photoelectron spectroscopy (UPS).102:110
Both of these techniques have revealed a 1:1 correlation of the measured work
function with the clectrode potential applied prior to emersion of Au, Ag, and Pt.
This suggests that the potential is retained on the emersed clectrode. The emersed
double layer, however, was found o be stable only in the range in which there are
no electrochemical reactions taking place. Additionally, the absolute electrode
potential of the standard hydrogen electrode was mecasured to be 4.85 V, 110
compared with the IUPAC recommended value of 4.44 v.237
Another measure of the retention of the electrochemical double layer upon
emersion is the concentration of the anionsand cations at the electrode before and
after emersion. XPS§10%:106,107 354 Auger!® have been the main techniques used
to quantify adsorbed cations and anions at the electrode. Cs,SO,, CsX where X
=Cl, Br,and I, and NaClO, have been quantified at emersed Cul® and Ay106.107.7
using XPS. Upon monitoring the surface electrolyte concentration as a function

of electrode potential, the anions increased in coverage while the cations
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decreased in coverage as more positive potentials were applied. The coverage
behavior of these electrolytes is similar to that seen in-situ using techniques such

288 These studies of emersed electrodes have

as double layer capacitance.
established that the interactions of the anions and cations with the electrode are
left relatively undisturbed upon careful emersion into an inert environment.

Another measure of the retention of the double layer upon emersion is the
presence of solvent at the interface. It is expected that some solvent molecules
remain with the electrolyte. Upon introduction into vacuum, however, there is no
doubt that solvent evaporation will occur. The extent of solvent remaining at the
electrode has been hotly debated. Neff and K&tz found no water on Au emersed
in vacuum using UPS and XPS.19%11% Gordon,!* Hansen,!'! and Peuckert?%?
have all reported evidence of water remaining at the electrode surface. Recently,
the O Is XPS signal of emersed Au was monitored as a function of clectrode
potential.}}1 A correlation between the surface concentration of cation (Cs*) and
amount of water (based on O Is intensities) was observed. As the signal intensity
of Cs* decreased, so did the O 1s signals. The O 1s signal was thus attributed to
the water adsorbed on the electrode associated with Cst. These studies suggest
that the electrolyte-solvent interaction could be a strong enough driving force to
permit the solvent to remain at the emersed surface.

The thickness of the emersed double layer has been measured recently

7 14

using ellipsometry,?® Auger,!” attenuated total reflection,}* and infrared
mecasurements.!?® The emersed double layer thickness reported varies from 38 A
on Ag emersed from 0.1 M NaF,114 to 103 to 10* A on polycrystalline Ni, Cu(111),

and Pt(100) emersed from NaF solutions.!’” Studies that have quantified the
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double layer thickness upon emersion have led to the belief that there are two
kinds of emersion: dry and wet emersion.}%116117  Dry emersion is essentially
emersion of the electrode into a dry inert environment. It has been estimated that
this dry emersion results from peeling of the electrolyte solution from the double
layer close to the outer Helmholtz plane (OHP). This type of emersion suffers
from substantial solvent evaporation. The wet emersed clectrode, on the other
hand, is in equilibrium with solvent vapor, with the solvent continuously
evaporating and condensing on the electrode surface. The wet-emersed interface
has been shown to be ca. four times thicker than the dry-emersed interface due
to the abundance of solvent present.114:116,117
The bonding and interaction of adsorbate molecules has been extensively

investigated at the emersed interface by Hubbard and coworkers using Auger,

HREELS, and LEED. The adsorption of a variety of molecules at the electrode

241 9 d 119
b}

were characterized, including alcohols, acetone,!! acetic aci

119 42

ammonia, and substituted thiophenes.? These ex-situ results are
comparable to the corresponding in-situ results by other researchers.

There has also been a push recently to characterize emersed electrodes
using techniques once limited to in-situ studies, such as infrared!15:243
spectroscopy and surface enhanced Raman scattering (SERS)121:244,245
SERS, for instance, demonstrates enormous sensitivity and selectivity for surface
species, but can only be used on certain metals that have been appropriately
roughened. Extending Raman studies to other nonenhancing electrodes such as

Pt and single crystal clectrodes is of tremendous interest to electrochemists.

Raman studies at smooth, unenhancing metals would have to be performed on
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emersed electrodes to climinate bulk interferences.

Recently, Ag electrodes emersed from n-alcohols, including methanol,
ethanol, propanol, and pentanol, have been studied ex-situ using Raman
spectroscopy.l?1:246  These solvents are probably more interactive with the Ag
surface than H,0, and thus, less prone to evaporation. The results on emersed
surfaces were compared to the corresponding in-situ results, and it was concluded
that the solvent structure and oricntation are left relatively undisturbed upon
electrode emersion.!?1:246  The gencrality of this conclusion remains to be
established.

The goal of this work is to further extend the Raman spectroscopy of the
emersed clectrode to smooth Ag and Au electrodes. Towards this end, rough and
smooth Ag and Au clectrodes have been emersed from the butanol isomers,
including l-butanol, iso-butanol, and 2-butanol, and analyzed using Raman
spectroscopy in an emersion cell of a new design. The ex-situ results are compared
to the corresponding in-situ results presented in Chapters 4 and 5 of this

dissertation.

Results and Discussion

Solvent Behavior on Emersed Electrodes

246

The interaction and orientation of a series of saturated alcohols and

247,248 on Ag and Au surfaces have been investigated previously

alkanecthiols
in this laboratory using Raman spectroscopy. The Raman scattering in the v(C-H)
region was found to be extremecly intense and sensitive to molecular

orientation.®® In fact, the relative intensity behavior of the v, (CHg) and
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(CHj) bands and the Vsym(CHz) and v (CH,) bands can be used to deduce

VMYm asym

the orientation of these molecules at the electrode surface. Therefore, the v(C-H)
region was used in this work as an indicator of solvent orientation on the
electrode surface.

In-situ SERS studies on the potential-dependent interfacial solvent
orientation of the isomers of butanol have been reported on rough Ag in Chapter
4 and rough Au in Chapter 5. It was concluded from these studies that the solvent
orientation on both metals is similar in the same potential region relative to the
potential of zero charge (PZC). The PZC on Ag is estimated to be ca.-1.0 V versus
Ag/Ag/Cl and on Au ca. 0.0 V versus Ag/AgCl. Thus, this work demonstrated
that the orientation of I-butanol, for example, had the orientation shown at the
top of Figure 4.6 at potentials positive of the PZC on both Ag and Au, the
orientation in the middle of Figure 4.6 in the vicinity of the PZC on both metals,
and the orientation at the bottom of Figure 4.6 at potentials negative of the PZC
on Ag and Au. Figures 4.18 and Figure 4.12 show the potential-dependent
orientations deduced for iso-butanol and 2-butanol, respectively, as a function of
potential at rough Ag and rough Au,

Figures 8.1, 8.2, and 8.3 show the surface Raman spectra of 1-butanol, iso-
butanol, and 2-butanol, respectively, on in-situ rough, emersed rough, and emersed
smooth Ag electrodes at -04 V, -1.0 V, and -1.4 V. Figures 8.4, 8.5, and 8.6 show
the surface Raman spectra of l-butanol, iso-butanol, and 2-butanol, respectively,
on in-situ rough, emersed rough, and emersed smooth Au electrodesat + 0.4 V, 0
V,and -1.2 V. A direct comparison of the Ag and Au surface spectra cannot be

made, since the Ag and Au data were collected at different excitation
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Figure 8.1. Raman spectra of bulk I-butanol, in-situ rough, ex-situ rough,
and ex-situ smooth Ag in 1-butanol ata)-0.4 V (5s,30s,60s, 60
s)b)-1.0V (55,305,605s,60s)andc)-1.4V (55s,30s, 60s,60s).
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Figure 8.2. Raman spectra of bulk iso-butanol, in-situ rough, ex-situ rough,
and ex-situ smooth Ag ata)-0.4 V (5s,20s,60s, 300s),b) -1.0
V(5s,20s,30s,60s),andc)-1.4V (55,205, 1205, 120 s).
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Figure 8.4 Raman spectra of bulk l-butanol, in-situ rough, ex-situ rough,
and cx-situ smooth Au in I-butanolata)+0.4 V (55,1205, 1205,
120s), b) 0.0V (55,120, 120s,240s),andc)-1.2V (55, 120,
60 s, 300 s).
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Figure 8.5, Raman spectra of bulk iso-butanol, in-situ rough, ex-situ rough,

and ex-situ smooth Ag in iso-butanol at a) +0.4 V (55, 60 s, 120
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Figure 8.6. Raman spectra of bulk 2-butanol, in-situ rough, ex-situ rough,
and ex-situ smooth Ag in 2-butanol ata) +04 V (5s, 60 s, 120 s,
1205),b) 0.0V (55,605, 1205, 1205s),andc)-1.2V (5s,60s, 120
s, 120 s).
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wavelengths, Ag at 514.5 nm and Au at 600 nm. This wavelength difference
imparts large differences in the spectra because of surface selection rules,250
especially in the Fermi resonance bands in iso-butanol which are not completely
understood.

In all cases, the spectra acquired on the emersed rough and emersed smooth
surfaces appear strikingly similar to thc spectra obtained in-situ on rough
surfaces. As described above, evaluation of the relative intensity ratio of the

(CH,) band to the v, (CHg) band is one indication of solvent orientation,

Vasym sym

because it can be used to deduce the orientation of the methyl group. These ratios
remain essentially unchanged after emersion of either the rough or smooth metals
from all solvents studied. This observation suggest that the solvents retain their
in-situ orientations upon emersion.

Differences arec observed, however, in the resolution of bands in this
spectral region between the in-situ and emersed surfaces. The bands measured in-
situ arc not as well resolved as those measured on the emersed surfaces, especially
in I- and 2-butanol at positive potentials. The band broadening observed in-situ
is probably due to greater solvent-solvent interaction which leads to an increase
in the heterogeneity of chemical environments of these molecules as reflected in
the peak widths. These intcractions are not as likely on the emersed surfaces
given the smaller amount of solvent present. The band broadening observed in-
situ may also indicate that a greater thickness of solvent is being sampled. The
well-resolved v, (CHg) band in the ex-situ I- and 2-butanol spectra are
particularly noteworthy.

A significant difference in the time-dependence of the spectra on in-situ
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and emersed surfaces is observed that is not evident in these figures. The in-situ
spectral behavior is relatively time-independent, and therefore, extremely stable.
The emersed spectral behavior, on the other hand, tends to be extremely time-
dependent. The retention of excess surface charge, and hence, solvent orientation
were found to be relatively unstable over time. The time dependence can
substantially affect spectra from smooth surfaces, since considerably longer
integration times are required. The time-dependence is partially the result of
solvent evaporation from the electrode. This evaporation is dependent on a
number of factors, including the solvent-metal interaction strength, the rate of Ar
gas flow through the cell, the solvent vapor pressure in the cell, and the
competition between solvent and any gas-borne impurity for the metal surface.

To combat the problem of solvent evaporation, several steps were taken.
First, Ar flow through the cell was shut off during spectral acquisition. Excess
solvent (ca. 0.5 mL) was added to the cell in order to maintain the maximum
solvent vapor pressure. Additionally, the air-tight cell was designed so as to
minimize impurity contamination in the cell. Finally, continuous rotation of the
electrode while acquiring spectra also decreased the effects of evaporation on the
resulting spectra. This approach was previously used by Hansen and Hansen.!1®
This technique essentially allows for frequent cycles of electrode
immersion/emersion. If the electrode is not turned slowly enough, however, the
bulk liquid tends to interfere in the resulting spectra.

The issue of solvent evaporation from emersed electrodes has been
problematic in previous work as well. It has been previously reported that

emersion of Au from aqueous solution into an ultrahigh vacuum environment
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results in complete or nearly complete evaporation of surface H,0.110:114,116,251
This H,0 evaporation results from a relatively low adsorption strength of H,O
with Au. The interaction of the butanol isomers on both Ag and Au is stronger
than that for H,0. Thus, those alcohols are not expected to evaporate as readily
upon electrode emersion.

The solvent-saturated, inert Ar environment used in these butanol studies
leads to "wet" emersion as opposed to "dry" emersion based on previous
descriptions in the literature. 114116117 The thickness of the emersed films in this
work is presently unknown, but efforts to quantify it by ellipsometry are
presently underway in this laboratory. However, based on the signal intensity of
the spectra relative to other systems known to be single monolayers, such as
alkancthiols on Ag and Au, these emersed layers are not very thick.

Collectingspectraat wet-emersed, smooth Au was particularly challenging,
since the enhancement of the surface molecules over the bulk is rather small. This
small enhancement results in emersed spectra containing varying degrees of
interferences from solvent molecules in a bulk-like environment. Better spectra
could be collected using longer excitation wavelengths, such as 720 nm, where
surface enhancement at Au is even greater. Unfortunately, instrumental
limitations presently preclude spectral acquisition at these wavelengths.

Another factor influencing the spectral time-dependence is the extent to
which the interface at the emersed electrode stays charged. Any electrochemical
process occurring on the emersed electrode will consume the excesssurface charge,
and therefore, affect the stability of the electrode potential. Solvent, vapor, and

electrode surface purity, in particular, play a large role in the occurrence of
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electrochemical side reactions. The stability of the electrode potential at negative
potentials is especially sensitive to both impurity O, and H,O in the solvent and

Ar gas, since both species can be reduced at these potentials.

Electrolyte Behavior on Emersed Electrodes

Information about the electrolyte species can also be obtained at the
emersed clectrode. In particular, the v(M-X) region (X = halide ion) and the v(O-
H) region from trace impurity H,O can be probed. Figure 8.7 shows the potential-
dependent behavior of the v(Au-Br) band at ca. 175 cm! on rough Au emersed
from 2-butanol. The v(Au-Br) band is most intense at positive potentials, is barely
present at the PZC, and is completely absent at negative potentials. This behavior
is indicative of the Br™ desorbing from the electrode as more negative potentials
are applied.

Figure 8.8 illustrates the growth of the v(Au-Br) band with time after
emersion at -1.2 V. The v(Au-Br) band is not detected initially at -1.2 V as
expected, since this potential is negative of the PZC. This band grows in
intensity, however, after 20 minutes. The presence of this band at negative
potentials indicates instability of the surface excess charge at these negative
potentials. The growth of the v(Au-Br) band suggests that more than one layer of
solvent species is emersed since Br™ diffuses to the interface while being emersed.
Solvent evaporation of the multilayer solvent species could be increasing Br~
concentration at the electrode, therefore shifting the effective electrode potential
to more positive values. The v(Au-Br) band at +0.4 V and 0.0 V was also

monitored over time, but no changes were detected in the peak intensity with



215

Intensity

C

200 300 400

Wavenumbers (cm™)

Figure 8.7. Potential-dependent Raman spectra of 2-butanol on emersed
rough Au in the v(Au-Br) region (60 s, 60 s, 120 5).
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Figure 8.8. Time-dependent Raman spectra of 2-butanol on emersed rough
Au at -1.2 V in the v(Au-Br) region at t = a) 0 min, b) 5 min, c¢)
10 min, d) 20 min. (60 s integration time)
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Figure 8.9. Raman spectra in the v(O-H) region of 1-butanol containing LiBr
at rough Ag a) in-situ (60 s) and b) ex-situ (60 s).
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time. These bands are not expected to disappear, since Br~ literally has no where
to go. |

The spectral behavior in the v(O-H) region was monitored to provide
information about the solvated electrolytes at the electrode surface. SERS in the
v(0O-H) region has been recently studied on rough Ag in the butanol isomers and
is discussed more thoroughly in Chapter 6 of this dissertation. It was shown that
the spectral behavior in this region is correlated with the electrolyte behavior.
More specifically,at positive potentials,anionsadsorbed to the clectrode hydrogen
bond with the trace H,O, resulting in a specific »(O-H) band at ca. 3510 cmL,
This band disappears as the anion desorbs from the electrode at negative
potentials. A free v(O-H) band is detected at ca. 3600 cm-l, corresponding to the
water species that are not associated with ions in the nonaqueous environment.
This band disappears at more ncgative potentials, perhaps interacting with the
cation that is drawn in the interface at negative potentials. A third band is
detected at ca. 3575 cm™! at negative potentials that corresponds to v(O-H) from
water solvating the cation. A fourth band corresponding to the v(O-H) at ca. 3660
cm™ results from adsorbed HO™ produced by water reduction at the interface. A
fifth band observed at ca. 3600 cm™! also corresponds to HO™ produced as a result
of water reduction. This HO", however, has been proposed to be in solvation shell
of the cation. The spectral behavior in the v(O-H) region has been shown to be
relatively independent of the isomer of butanol used as the solvent,

The v(O-H) spectra for l-butanol at rough Ag in-situ and emersed are
shown in Figure 8.9 a and b, respectively. The in-situ and emersed spectra at

positive potentials exhibit two v(O-H) bands, corresponding to the anion solvation
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band (A) and the free water band (F). The free water band is clearly detected at -
1.0 V in-situ whereas only traces of this band are detected on emersed electrodes.
The relative intensity of the F band on emersed electrodes suggests that there is
not a great excess of the diffuse layer being emersed. Three v(O-H) bands are
detected in-situ at -1.4 V, corresponding to H,O in the Lit solvation sphere (C)
and the two HO" species (the 3600 cm™ band is obstructed by the C band at 3575
cm™l). Only the band at ca. 3660 cm™! is detected on the emersed surface,
corresponding to the adsorbed HO™ species.

The behavior, frequencies, and assignments of the bands at potentials
positive of the PZC suggests that both anion and free water species are detected
at the emersed electrode. The behavior of the in-situ and emersed bands at this
potential arc both reversible and stable. These bands are only detected when
positive potentials are applied.

The only band that is not observed distinctly on the emersed electrode is
the C band. The absence of this band is not understood at this time. The absence

of these bands can not be explained at this time.

Conclusions

Rough and smooth Ag and Au electrodes emersed from the butanol isomers
have been investigated using surface Raman spectroscopy using a new
spectroelectrochemical cell design. The spectral results indicate that the solvent
retains its potential-dependent orientation at the electrode upon emersion. The

detection of adsorbed Br- at the positive electrode surface and the absence of Br

at negative potentials suggests that the clectrode also retains its excess surface
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charge upon emersion. The retention of solvent orientation and excess surface
charge were found to be relatively unstable over time, perhaps due to
electrochemical side reactions caused by impurities such as O, and H,0. The
reduction of water resulting in the formation of adsorbed HO™ at the electrode at
negative potentials was also detected.

There arestill questions remaining concerning the thickness of the emersed
double layer. The growth of the v(Au-Br) band at positive potentials while the
electrode is emersed suggests that some of the diffuse solvent layer is being
emersed. The relative intensity of the F band in the v(O-H) region, however,
suggests that there is not a great excess of the diffuse layer being emersed. The
thickness of the emersed double layer is now under study in this laboratory and
will be reported at a later date.

The similarity of the smooth Ag and Au emersion spectra with the rough
Ag and Au in-situ spectra lends validity to the assertion that SERS proves the
average surface molecules at the electrode. This work has demonstrated that the
emersion approach provides a method of characterizing the electrochemical

double layer at completely unenhancing surfaces using Raman scattering.
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Chapter 9

CHAPTER 9: CONCLUSIONS AND FUTURE DIRECTIONS

Overview of Problem

Determining the structure and behavior of the electrochemical double
layer is essential to understand the kinetics and mechanisms of electrochemical
reactions. The double layer structure has previously been characterized using
various electrochemical and spectroscopic methods. Most of the double layer
characterizations have been made at the aqueous electrochemical interface, even
though nonaqucous clectrochemical systems are also common. There is still much
to be learned about nonaqueous double layer structure, including the solvent and

electrolyte structure at the interface.

Objectives of Research

The objectives of this research were to characterize the double layer
structure at the electrochemical interface containing LiX (X = ClO,, Cl, Br, and
I) in the butanol isomers, 1-, 2-, and iso-butanol, on Ag and Au electrodes. This
resecarch has provided information on the solvent orientation and electrolyte
structure in these nonaqueous electrochemical systems. This research has also
established a method for determining the electrolyte structure at the nonaqueous

interface by probing the electrolyte solvation species using SERS. Finally, this
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research has established Raman spectroscopy as a routine method in determining
solvent and electrolyte structure at emersed rough and smooth Ag and Au

electrodes.

Summary

The results and conclusions of these studies are summarized below.

Chapter 3: Raman Spectroscopy of a Series of n-Alcohols

The Raman vibrational bands in the spectral regions from ca. 650 to 1320
cm~! and from ca. 2800 to 3000 cm~! have been assigned for a series of n-alcohol
to resolve conflicting assignment issues in the literaturc. The CH, and CHg
rocking-twisting bands were observed predominately from 650 to 950 cm™1, the
v(C-C) and v(C-0O) bands were observed predominately from 950 to 1150 cm™!, and
the CH, twisting-rocking and wagging bands were observed from 1150 to 1320 cm”™
1 T and G assignments for each band were identified. »(C-H) bands were
observed from ca. 2800 to 3000 cm™!, The v(CH,) bands decrease in intensity

relative to the v(CH,) bands as the alkane chain length increases, reflecting the

increasing number of CH, groups on the molecules.

Chapter 4: A SERS Investigation of Interfacial Structure at Ag Electrodes in
Electrolyte Solutions of the Isomers of Butanol

Two driving forces appear responsible for the potential-dependent
orientations of these alcohols, namely the interactions of the O lone pairs of

electrons and the alkane chain with the surface. At positive potentials, both O
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lone pairs interact with the electrode. As the potential reaches the PZC and
beyond, only one O lone pair interacts with the electrode. The consistency of this
interaction is evident in all frequency regions for all three butanol isomers.

Both 1-butanol and 2-butanol undergo significant changes in orientation
with potential. In both cases, the molecules reorient in response to the change in
interaction of the O atom and the alkane chain with the surface. Iso-butanol
shows little potential-dependent behavior of the alkane chain as a result of the
fewer number of rotational isomers that exist for this molecule.

Water species in the interface also demonstratec potential-dependent
behavior. At positive potentials, a »(O-H) band due to trace water is observed at
ca. 3500 cm™l, corresponding to water with the O end interacting with the
clectrode surface. This water could also bec involved in H-bonding with
specifically adsorbed Br™. Asthe PZC isreached, both the water v(O-H) and v(Ag-
Br) bands disappear suggesting desorption of both species from the clectrode
surface as the potential approaches the potential of zero charge. Alternately, the
water could be reorienting such that the O-H bonds become parallel to the surface,
and thus, largely invisible to the SERS probe. As potentials negative of the PZC

1 appears. This band

are applied, a new water v(O-H) band at ca. 3560 cm~
corresponds to water with the O end solvating Li™ species that approach the outer
Helmholtz plane. The drastic change in the »(O-H) band with potential suggests
that the SERS method reported here may be useful for estimation of the PZC,

Given the difficulty inherent in estimating the PZC by electrochemical methods,

the utility of this approach is significant.
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Chapter 5: Determination of Interfacial Solvent Structure Using SERS on the
Isomers of Butanol on Au

The similar SERS spectral behavior of the butanol isomers on Ag
and Au indicates that the interactions and orientation of these solvents are similar
on the two metals. The driving forces responsible for the potential-dependent
orientations of these alcohols on both metals appear to be the interactions of both

O lone pairs of electrons and the alkane chain with the surface.

Chapter 6: Investigations of Electrolyte Structure at Ag in Nonaqueous Bﬁtanol
Solvents using Surface Enhanced Raman Scattering

Interactions of interfacial H,O species with the electrolyte in these
nonaqueous media result in five distinct »(O-H) bands that ultimately define the
behavior of the electrolyte at the electrode under potential control. Trace H,O
species solvating anions and cations (1° and 2° solvation shell) provide three
distinct »(O-H) bands. Two other OH" bands are detected at the electrode and
correspond to OH" species formed from H,0 reduction at negative potentials. OH"
is found in two different environments, one in which the O end interacts with the
surface and a second in which the OH" is incorporated in the primary solvation
shell of the cation.

The behavior of the v»(O-H) bands in these spectra, and thus, the behavior
of the electrolytes, correlates well with the Gouy-Chapman-Stern model of the
electrochemical double-layer. Spectral evidence suggests a shifting of the PZC to
more negative potentials as the anion adsorption strength increases, confirming

the Esin-Markov effect. These spectral resultsalso provide information about the
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extent of anion solvation by H,O in these media. ClOg and CI° are more

extensively solvated by H,O than either Br™ or I” in these butanol isomers.

Chapter 7: Determination of Anion Surface Coverage on Ag using Differential
Capacitance Measurements

The Fawcett-Loutfy equation is used to obtain capacitance-E data in the
static potential mode using ac impedance. The advantage of static potential
measurements is the acquisition of digital information which can be directly
input to the Hurwitz-Parsons algorithm. This Hurwitz-Parsons algorithm is used
to calculate Br-and Cl- coverages on smooth Ag electrodes in the butanol isomers
form capacitance-potential plots. A shiftin the capacitance maximum with anion
concentration is observed for Br-and Cl°, demonstrating the Esin-Markov effect.
The maximum coverage of Br~ was observed to be higher than that of CI-,
suggesting that solvation-interactions affect the packing of the anions at the

electrode.

Chapter 8: Surface Raman Scattering of the Butanol Isomers on Emersed Ag and
Au Electrodes

Rough and smooth Ag and Au clectrodes emersed from the butanol isomers
have been investigated using surface Raman spectroscopy using a new
spectroelectrochemical cell design. The spectral results indicate that the solvent
retains its potential-dependent orientation at the electrode upon emersion. Bulk
solvent at smooth, wet-emersed Au electrodes interferes somewhat with the

surface spectra. This problem can be minimized by employing longer excitation
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wavelengths where Au is more enhancing. The detection of adsorbed Br- at the
positive electrode surface and the absence of Br™ at negative potentials suggests
that the electrode also retains its excess surface charge upon emersion. The
retention of solvent orientation and excess surface charge were found to be
relatively unstable over time, perhaps due to electrochemical side reactions caused
by impurities such as O, and H,0. The reduction of water resulting in the
formation of adsorbed HO- at the electrode at negative potentials was also

detected.

Overview

The focus of this dissertation has been to characterize the solvent and
clectrolyte structure at the electrochemical double layer using electrochemistry
and Raman spectroscopy. Through this work, a consistent picture of the
molecular structure of the electrochemical double layer in the butanol isomers has
evolved. The intent of this summary is to describe the events occurring at the
interface under potential control in I-butanol containing 0.4 M LiBr at a
roughened Ag electrode.

Theelectrodesused in the in-situ SERS experiments were electrochemically
roughened with oxidation-reduction cycles in 0.4 M LiBr to enhance the Raman
intensities of the interfacial species. The ORC produces roughness features on the
order of ca. 75 to 100 nm in diameter, resulting in an enhancement of the surface
Raman signals by ca. 10 to 10%. The influence of the surface morphology on the
interfacial structure will be discussed later.

After this electrode pretreatment, the electrode is introduced into the 0.4
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M LiBr / 1-butanol solution. The open circuit potential developed in the cell is
monitored and is typically ca. -0.4 V versus Ag/Ag* (methanol, sat’d KNOj). Ag
oxidation occurs immediately positive of this potential. Since the PZC in this
system is ca. ~1.0 V, the open circuit potential is well positive of the PZC. Figure
9.1 shows the proposed solvent and electrolyte structure at the electrode at positive
potentials.

At positively charged electrodes, Br™ will be attracted to the surface by
electrostatic forces. Double layer capacitance measurements described in Chapter
7 indicate the Br~ surface coverage to be ca. 10 x 1019 mol/cm? at this potential.
The maximum surface concentration of Br~ on smooth Ag has been estimated by
Hupp and coworkers?3® to be ca. 13.5 x 1071° mol/cm? Thus, ca. 65 % of the
surface is covered with Br~. It will be assumed here that Br™is evenly distributed
on the clectrode, even though the ions may collect in clusters, leaving larger
patches of bare Ag on the electrode surface.

Br™ adsorbs to the electrode in the inner Helmholtz layer at more positive
potentials, forming a strong Ag-Br bond. Evidence of this bonding is a v(Ag-Br)
band found at ca. 156 cm™!. This band has a maximum intensity in this potential
region and decreases in intensity as negative potentials are applied, disappearing
at ca. -1.0 V. The behavior of this band is indicative of the Br- desorbing from
the electrode surface at negative potentials.

Millimolar trace water impurities contaminate the butanol electrolyte
solution. H,O is not very soluble in I-butanol, and generally solvates cations and
anions more effectively than butanol. Thus, H,O in the clectrolyte solution is

more likely to be found solvating the charged species than H-bonding with the
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Figure 9.1. Proposed solvent and electrolyte structure at positive potentials
in 0.4 M LiBr/1-butanol on Ag.
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butanol. Due to the large concentration of charged species at the interface, H,O
is pulled into the interfacial region.

A v(O-H) band observed at ca. 3510 cm™! has been assigned to trace H,0
which is solvating the anions at the clectrode. This trace water, originating from
the butanol electrolyte solution, interacts with the anions through hydrogen
bonding. The intensity of this »(O-H) band tracks that of the v(Ag-Br) band,
continuously decreasing in peak intensity as the potentials become more negative
and finally disappearing at ca. -1.0 V.

Cations are present in the interfacial region in the outer Helmholtz layer.
Cations are present to counterbalance the charge associated with the specifically
adsorbed anions. Li* has from two to three solvation shells and is considered a
high hydration energy cation. Li* has a large solvation shell network due to its
large ionic potential. The primary solvation number of Lit depends on the
solvent, varying from 1.4 in sulfolane, 7 in methanol, to 21 in H,0.221 The
solvation number in butanol is estimated to be ca. 4. Since butanol and trace H,0
are present in the interface, H,O competes effectively with butanol for Lit
solvation. Li* is more effectively solvated by H,0 than by butanol since the Lit
solvation number in H,O is greater than that in butanol. Thus, H,O plays a
critical role in solvating the Li*, probably forming clusters around the cation.

The secondary s?lvation shell of Li* in the outer Helmholtz layer is close
to the electrode surface which gives rise to a »(O-H) band at ca. 3610 cm™.. This
band is observed as the potential is made negative until Lit loses its secondary
solvation shell as it is attracted to the electrode negative of the PZC. This band

thus reflects the movement of Lit to the electrode. Butanol is also predicted to

-
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be in the Li* secondary solvation shell, but a v(O-H) band for this interaction has
not been identified.

Butanol also interacts with the Ag electrode through its O lone pairs.
Previousstudies of 1-butanol adsorption on Agl?’? (adsorbed from 1-butanol vapor)
and Pt118 176,241 (emyersed from aqueous 1-butanol / NaF solution) surfaces in an
UHY ecenvironment showed that the butanol alkane chain is essentially parallel to
the electrode. The orientation in the UHV environment is driven by surface
interactions with the O lone pair, the a-carbon, and the alkane chain. Gellman
and coworkers!?? suggested that the heat of interaction of the alkane chains with
the clean Ag(110) surface was large enough to keep the chains adsorbed to the
metal surface.

The in-situ electrochemical double layer environment is vastly different
than the UHYV environment in that electrolyte ions and other solvent molecules
arc present at the electrode surface. As previously discussed, the electrode is
largely covered with Br™ at positive potentials. Assuming that Br~ is evenly
distributed on the clectrode, 1-butanol species can not completely contact the
surface. The strength of the v(Ag-Br) interaction is much greater than that of the
lone pair-Ag interactions, precluding the solvent from repositioning the anion on
the electrode.

Another difference between the clectrochemical and UHYV environments
is the presence of other solvent species in the in-situ environment. In solution,
both the alkane chain and the surface can be solvated, which decreases the
barriers to chain dissociation from the surface. In the electrochemical double

Iayer, the presence of adsorbed anions at the electrode prevents any significant
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solvent ordering at the surface. The alkane chain in butanol is not long enough
to create strong enough intermolecular interactions to overcome disruption
produced by the adsorbed anion. Thus, the butanol O lone pairs interact with the
electrode at positive potentials in the spaces between the Br-, forcing the alkane
chain away from the surface. Both lone pairs interact with the electrode, as
evidenced by the presence of the v(0O-H) from the butanol associated -OH group
atca. 3330 cm™L. The alkane chain is then solvated by other butanol alkane chains
from butanol species, possibly those in the Lit solvation shell in the outer
Helmholtz plane or by butanol species solvating the anion in the inner Helmholtz
plane. SERS data at this potential reveal that the alkane chain is largely parallel
to the electrode, as shown in the proposed 1-butanol orientation in Figure 4.6.

Figurc 9.2 shows the proposed electrochemical double layer structure in
this system at the PZC. As the potential approaches the PZC, most of the Br-
desorbs from the electrode, as cvidenced by the disappearance of the v(Ag-Br)
band and the v(O-H) band from the H,O anion solvation. The double layer
capacitance results in Chapter 7 reveal only ca. 3 x 10°1° mol/cm? Br~ remaining
on the surface at the PZC, which is ca. 20 % of the total Ag surface covered. Lit
is still in the outer Helmholtz region, and the v(O-H) from its secondary solvation
shell is still observed at ca. 3610 cm™,

At the PZC, butanol is still adsorbed to the electrode through Ag-O lone
pair interactions. The v(O-H) from the associated -OH butanol groups at ca. 3330
cm~! disappears at this potential, indicating that the O-H bond reorients parallel
to the clectrode. This suggests that the interaction of the butanol with the Ag

surface is through only one lone pair. This would be e¢xpected, since the
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Figure 9.2, Proposed solvent and electrolyte structure at the PZC in 0.4 M
LiBr/1-butanol on Ag,
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increasingly negative potential on the electrode would not accommodate the
electron density of both O lone pairs as it did at positive potentials. The alkane
chain is positioned away from the surface, but the methyl group is more
perpendicular to the electrode than at positive electrodes, as evidenced by the
decreasing I[v,(CHg4)]/1[v,(CHg)]. The more perpendicular orientation might be a
result of an increased ordering at the surface. Most of the Br- is absent at the
electrode, so ordering can occur,

Figure 9.3 shows the proposed electrochemical double layer structure in
this system at potentials negative of the PZC. At potentials negative of the PZC,
Br- is completely absent from the clectrode surface, as evidenced by the Br-
surface coverage data. The Lit is one solvation shell away from the electrode,
evidenced by the disappearance of the »(O-H) band from the secondary H,O
solvation shell and appearance of the v(O-H) band from the primary H,O
solvation shell at ca. 3570 cm™L. Li* does not directly adsorb to the electrode
because of its stronger interaction with its primary H,O solvation shell.

Some of the water that was attracted to the surface and was solvating the
Br-and Lit is reduced at this potential, forming H, and OH" specics. The OH"
either adsorbs to the electrode, resulting in a v(O-H) band at ca. 3660 cm™, or
becomes incorporated into the Lit primary solvation shell, resulting in a »(O-H)
band at ca. 3600 cm™®. This latter band is often not resolved in the SERS data due
to its overlap with the »(O-H) band from the Lit primary H,O solvation shell.
OH" surface coverage measurements could not be performed because of the
interfering current produced from H,0O reduction at the clectrode at these

potentials. It is assumed that not more than ca. 30 % of the electrode is covered



234

L QI A NF S I SN GMNr SN NN SN A S AN AEN AN SN SUK ANK QRN SEN SET QN GEr S I SRE GEY JEE Gur A 4 I/
14 Lol B B 8 £ L 222 B AL 22D S B2 L2 L AL L L L LS /

Figure 9.3. Proposed solvent and electrolyte structure at potentials negative
of the PZC in 0.4 M LiBr/l-butanol on Ag.



235
with OH", since the negatively charged electrode must balance the increasing
negative charge with Lit at the surface.

At negative potentials, the v(O-H) band at ca. 3330 cm! from the butanol -
OH is still absent, indicating that the alcohol is still interacting with the electrode
through one O lone pair. The I[v (CHy)]l/I[v (CHg)] ratio at this potential is
slightly smaller than that at the PZC, indicating that the methyl groups is slightly
morc perpendicular to the electrode. A v(CH,) band at 2830 cm™! appears at this
potential and is assigned to a-CH,.Ag agostic interactions. Hubbard and
coworkers!1® 176, 241 jdentificd this interaction in the UHV to be one of the
driving forces for butanol orientation. This interaction results in the adsorption
of the two H from the a-CH, group to the electrode. The alkane chain is thus
allowed to dangle free in solution. The presence of the OH™ adsorbed to the
electrode prevents the molecule from lying parallel to the electrode.

The effect of surface morphology on solvent oricntation is not well
understood. Raman scattering from smooth metal surfaces requires the
climination of bulk species from the electrode surface, since the enhancement of
interfacial species is substantially less on a smooth electrode compared to a rough
electrode. Previous spectroscopic investigations of emersed electrodes have
documented the validity of electrode emersion into an inert environment without
destruction of the electrochemical double layer.

This dissertation compared the surface Raman spectra in the butanol
isomers at emersed rough and smooth Ag and Au surfaces. The similarities in the
surface Raman spectra confirm that the solvent orientation on rough surfaces is

similar to that on smooth surfaces. This suggests that the solvent interactions on
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both surfaces are similar. This also suggests that the solvent species at the surface
feel the same interaction with the sampling beam whether they are adsorbed to
rough or smooth surfaces. Therefore solvent modes lying perpendicular to the
local surface normal will be greatly enhanced, independent of the precise location
of the molecule on the surface. Provided that the metal-solvent interactions are
similar on rough and smooth surfaces, the resulting Raman spectra will also be
similar.

Extending surface Raman scattering studies to smooth electrodes allows
other mectal surfaces which are important in the electrochemical industry to be
characterized. These types of investigations hold the key to a generalized
understanding of the interfacial elcctrolyte and solvent structure in the

electrochemical double layer.

Future Directions

One large limitation of performing SERS in nonaqueous solvents is the
limited solubility of the clectrolyte in the solvent such as KCI, LiBr, and NaF
which do not exhibit Raman spectral behavior, LiX (X = Cl, Br, and I) was the
only clectrolyte series soluble in the isomers which contained a monoatomic cation
and anion. NaX, KX, and CsX all proved to be insoluble in the butano! isomers.
LiF was not soluble in the butanol isomers, however, so this electrolyte could not
be used to complete the series of halides in the electrolyte structure determination
at the interface.

If other cations that are commonly used in organic electrochemistry would

have been used, such as N(CH,),*, N(C Hg),*, or N(CgHg),F, the hydrocarbons in
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these cations would have interfered with the spectral regions of the butanol
isomers. Additionally, these cations are known to adsorb to the electrode, further
complicating the hydrocarbon stretching and bending regions as well as making
the quantitation of anion adsorption using differential capacitance. The next
nonaqueous solvent system chosen for investigation should take this into
consideration.

Chapter 6 described the effect of anion on the v(O-H) region. The cation
effect should also be monitored. Li% is a high hydration energy cation, having
from 6 to 22 H,O molccules in its solvation sphere. This results in strong F and
C bands from the secondary and primary solvation shell close to the electrode
surface. It would be interesting to test the effects of a low hydration energy
cation, such as K*. A seccondary solvation shell band would probably not be seen
at positive potentials like it was for LiT.

The effect of clectrolyte concentration on the resulting behavior of the
v(O-H) region would also be of interest to study. 04 M LiX was the only
concentration studied here. The thickness of the diffuse layer is concentration-
dependent, increasing in thickness as the clectrolyte concentration decreases.
Assuming that the secondary solvation band at positive potentialsis defined as the
solvation species in the OHP, decreasing the electrolyte concentration might
decrease the relative intensity of the F band as the Lit distance of the OHP from
the clectrode increases.

The effect of H,0 addition on the v(O-H) region would also be interesting
to investigate. If the F and C bands are from the butanol species solvating the

cations and anion, these bands would decrease with H,O addition since H,0O



238

would win in the solvation-competition between H,C and butanol.

The inefficiency of the present spectrometer (Triplemate) and/or CCD to
analyze wavelengths ca. 790 nm and higher prevented the characterization of the
v(0O-H) region on Au. Characterizing this region on Au would help to pinpoint the
PZC on this metal in the nonaqueous media. This would help to verify the present
band assignments in this region.

During the emersion investigation experiment, a spectra close to the laser
line were also acquired during one of the experiments. This spectra of 1-butanol
on rough Ag at 514.5 nm excitation is shown in Figure 9.1. The laser line peak
was extremely small, since the design of the cylindrical cell minimizes collection
of Rayleigh scattering and of the reflected beam. A band at ca. 19 cm™! was
observed at negative potentials, corresponding perhaps to the literature
assignment of v(Ag-Li). This could also correspond to the very low frequency
mode (VLFM)79252 ghserved for SERS-active Ag surfaces, which is related to
the presence of surface roughness on the order of 50 to 100 A. This is a curious
observation, and it would be beneficial to focus more closely on this band.

Another study that should be performed using the emersion is to do an
angular dependence of light collection with respect to the surface normal.
Campion published results suggesting that the observation angle of 60° is optimal
for the surface Raman intensity. The cell is constructed in such a way as to allow
the angular dependence to be determined.

It is still unknown how much of the double layer is emersed. Quantifying
the thickness of the double layer using ellipsometry is needed. There is still heavy

debate over the thicknesses determinations emersing from aqueous solutions in the
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Figure 9.4. Raman spectra of the laser line in I-butanol at an emersed rough
Ag electrode using 514.5 nm laser excitation, a) 480 s integration
and b) 10 s integration.
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literature. Some groups quote a number of 10 A while others claim 103 to 10% A.

The double layer capacitance and surface coverage measurements on Ag
are often limited by of the reduction of solvent at the electrode, beginning at ca. -
1.2 V in aqueous systems. Au, however, has a much more positive PZC, so
measurements do not necessarily need to go out to -1.2 V. Preliminary results of
capacitance of LiBr on Au in 1-butanol demonstrated this point. Therefore, it

would be wise to perform the capacitive experiments in Au whenever possible.
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APPENDIX A: CONVERSION OF HPMODEL FROM MATHPLAN

SPREADSHEET TO QUATTRO PRO SPREADSHEET

The purpose of this appendix is to create a permanent record of the

t25% and modified

conversion of the original HPModel program written by Scot
by Sobocinskil®® from MathPlan spreadsheet to Quattro Pro spreadsheet and to
provide a user’s manual for this spreadsheet.

This program was written by Timothy A. Scott on the MathPlan
spreadsheet.?®® Details of this original version can be found in the M.S. thesis of
Scott, entitled "Determining the Extent of Specific Adsorption at a Solid Metal
Electrode Utilizing Differential Capacitance Measurements", August 1989.
Sobocinski modified this original program to allow the calculation of capacitance
values using raw data obtained from AC impedance experiments.!3® Details of
this version can be found in the doctoral dissertation of Sobocinski, April 1991.
This modified program was then converted to Quattro Pro by the author in March
1991. Figure 1 shows the formulae that were used to perform the necessary
calculations. .

This program computes the electrochemical double layer capacitance using
raw in-phase and quadrature data from AC impedance experiments. Capacitance

versus potential plots can then be constructed. If a series of AC impedance

measurements are performed in solutions of varying concentrations of a single
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adsorbate at constant ionic strength, then this program computes the surface
coverage of adsorbate at the electrode. Surface coverage versus potential plotscan
then be constructed.

Upon entering Quattro Pro, HPMODEL can be accessed by pressing "/", "F",
"R", "b:\HPMODEL", "enter". Capacitance calculations are performed in block
A120.AF219. First, V. (V) and electrode area (cm?) are entered in cells C116
and C117, respectively. Raw AC impedance data (current in-phase (uA), current
quadrature (ugA), and potential (V)) are manually entered from more negative to
more positive potentials in the titled columns in block A120..AF219. The program
will automatically calculate capacitance values, placing them in the column next
to the corresponding potentials. To view the plot of the capacitance versus
potential data on Quattro Pro, press "/", "G", "G", "X", "S", "1", then enter the
capacitance data block coordinates, "Enter", "x", then enter the potential data
block coordinates, "Enter”, "Q", "V". To plot the data on Grapher, the potential
and capacitance data must be saved in an ASCII file. To do this, press "/", "P", "D",
"F", "b:\(file name)", "Enter", "B", then enter the potential and capacitance
coordinates to be saved, "Enter", "S". Only one set of potential versus capacitance
data can be saved together in the same file.

To calculate adsorbate surfacc coverage, data are entered in blocks
Al120..AF219, C116, C117, A5..A104, B2, and C3..13 ONLY. Entering data in any
other blocks might erase important programming formulae. Block A120.D219
must contain data taken at zero adsorbate concentration. All rows in block
A120..AF219 must correspond to the same potentials and all columns must be of

the same length. Thus, cach set of capacitance data must be obtained over the
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same range of potentials. Block B5..1104 contains the capacitance data calculated
in block A120..AF219. Potentials (in volts) from more negative to more positive
values are entered in block A5..A104. The potential difference increment (dE, in
volts) is placed in block B2. The adsorbate concentrations (in M) are placed in
block C3..13.

Provided that all data were entered correctly, the program automatically
calculates surface coverage. The intermediate and final values in the calculations
can now be inspected. Block K5..R104 represents the excess charge on the
electrode (in pC/cm?). These values are calculated by integrating the capacitance
over the entire potential range. Block T5.AA104 represents the surface tension
of the electrode. These values were calculated by integrating the excess charge
over the entire potential range. Block ACI1.AL14 represents intermediate
calculations of surface coverage. Block ANS5..AR14 represents the adsorbate
surface coverage (in 10! mol/cm?) at the electrode as a function of electrode
potential.

This spreadsheet program is very flexible; modifications can be made easily,
especially with the aid of the Quattro Pro User’s Guide and @Functions and
Macros books. The spreadshect can be saved by pressing "/", "F", "S", and "B:\(new
file name)". Entering a new file name is suggested to distinguish this file from
any other. The program takes up more than half of the memory space on a double
density 5 1/4" disk, so only one work sheet can be saved on a disk. Quattro Pro

can be exited by pressing "Ctrl" "X".



List of formulae in HPMODEL.

D120 to D219: Capacitance calculations

D120:@IF(A120>0,((A120*A 120+B120*B120)/(2*
3.1416*6*@@("c116")*B120*@@("c117"))),0)
DI21:@IF(A12150,((A121*A121+B121*B121)/(2*
3.1416*6*@@("c116")*B121*@@("c117"))),0)
D122:@IF(A12250,((A122*A122+B122*B122)/(2*
3.1416*6*@@("c116")*B122*@@("c117"))),0)
D123:@IF(A123>0,((A123*A123+B123*B123)/(2*
3.1416*6*@@("c116")*B123*@@("c117"))),0)
D124:@IF(A124>0,((A 124*A 124+B124*B124)/(2*
3.1416*6*@@("c116")*B124*@@("c117"))),0)
D125:@IF(A12550,((A125*A 125+B125*B125)/(2*
3.1416*6*@@("c116")*B125*@@("c117"))),0)
D126:@IF(A126>0,((A126*A 126+B126*B126)/(2*
3.1416*6*@@("c116")*B126*@@("c117"))),0)
DI127:@IF(A12750,((A127*A127+B127*B127)/(2*
3.1416*6*@@("c116")*B127*@@("c117"))),0)
D128:@IF(A128>0,((A128*A128+B128*B128)/(2*
3.1416*6*@@("c116")*B128*@@("c117"))),0)
D129:@IF(A12950,((A129* A 129+B129*B129)/(2*
3.1416*6*@@("c116")*B129*@@("c117")),0)
D130:@IF(A130>0,((A130*A130+B130*B130)/(2*
3.1416*6*@@("c116")*B130*@@("c117"))),0)
D131:@IF(A131>0,((A131*A131+B131*B131)/(2*
3.1416*6*@@("c116")*B131*@@("c117"))),0)
D132:@IF(A132>0,((A132*A132+B132*B132)/(2*
3.1416*6*@@("c116")*B132*@@("c117"))),0)
D133:@IF(A133>0,((A133*A 133+B133*B133)/(2*
3.1416*6*@@("c116")*B133*@@("c117"))),0)
D134:@IF(A134>0,((A134*A134+B134*B134)/(2*
3.1416*6*@@("c116")*B134*@@("c117"))),0)
DI135:@IF(A135>0,((A135%*A135+B135*B135)/(2*
3.1416*6*@@("c116")*B135*@@("c117"))),0)
D136:@IF(A136>0,((A136*A136+B136*B136)/(2*
3.1416*6*@@("c116")*B136*@@("c117"))),0)
DI137:@IF(A13750,((A137*A137+B137*B137)/(2*
3.1416*6*@@("c116")*B137*@@("c117")),0)
D138:@IF(A138>0,((A138*A138+B138*B138)/(2*
3.1416*6*@@("c116")*B138*@@("c117"))),0)
D139:@IF(A139>0,((A139*A139+B139*B139)/(2*
3.1416*6*@@("c116")*B139*@@("c117"))),0)
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D140:@IF(A 140>0,((A 140*A 140+B140*B140)/(2*
3.1416%6*@@("c116")*B140*@@("c117"))),0)
D141:@IF(A141>0,((A141*A141+B141*B141)/(2*
3.1416*6*@@("c116")*B141*@@("c117"))),0)
D142:@IF(A142>0,((A142*A 142+B142*B142)/(2*
3.1416*6*@@("c116")*B142*@@("c117"))),0)
D143:@IF(A143>0,((A143*A143+B143*B143)/(2*
3.1416*6*@@("c116")*B143*@@("c117"))),0)
D144:@IF(A144>0,((A144*A144+B144*B144)/(2*
3.1416*6*@@("c116")*B144*@@("c117"))),0)
D145:@IF(A145>0,((A145*A145+B145*B145)/(2*
3.1416*6*@@("c116")*B145*@@("c117"))),0)
D146:@IF(A146>0,((A146*A 146+B146*B146)/(2*
3.1416*6*@@("c116")*B146*@@("c117"))),0)
D147:@IF(A14750,((A147*A147+B147*B147)/(2*
3.1416*6*@@("c1 16")*B14T*@@("c117"))),0)
D148:@IF(A148>0,((A148*A 148+B148*B148)/(2*
3.1416*6*@@("c116")*B148*@@("c117"))),0)
D149:@IF(A149>0,((A149*A 149+B149*B149)/(2*
3.1416*6*@@("c116")*B149*@@("c117"))),0)
D150:@IF(A150>0,((A150%A150+B150*B150)/(2*
3.1416*6*@@("c116")*B150*@@("c117"))),0)
DI51:@IF(A151>0,((A151*A151+B151*B151)/(2*
3.1416%6*@@("c116")*B151*@@("c117"))),0)
D152:@IF(A15250,((A152*A152+B152*B152)/(2*
3.1416*6*@@("c116")*B152*@@("c117"))),0)
DI153:@IF(A153>0,((A153*A153+B153*B153)/(2*
3.1416%6*@@("c116")*B153*@@("c117"))),0)
D154:@IF(A154>0,((A154*A154+B154*B154)/(2*
3.1416*6*@@("c116")*B154*@@("c117"))),0)
D155:@IF(A15550,((A155*A155+B155*B155)/(2*
3.1416*6*@@("c116")*B155*@@("c117"))),0)
D156:@IF(A156>0,((A156*A156+B156*B156)/(2*
3.1416*6*@@("c116")*B156*@@("c117"))),0)
D157:@IF(A157>0,((A157*A157+B157*B157)/(2*
3.1416*6*@@("c116")*B157*@@("c117"))),0)
D158:@IF(A158>0,((A158*A158+B158*B158)/(2*
3.1416*6*@@("c116")*B158*@@("c117"))),0)
D159:@IF(A159>0,((A159*A159+B159*B159)/(2*
3.1416*6*@@("c116")*B159*@@("c117"))),0)
D160:@IF(A160>0,((A160*A160+B160*B160)/(2*
3.1416*6*@@("c116")*B160*@@("c117"))),0)
DI61:@IF(A161>0,((A161*A161+B161¥B161)/(2*
3.1416*6*@@("c116")*B161*@@("c117"))),0)
D162:@IF(A162>0,((A162*A162+B162*B162)/(2*
3.1416*6*@@("c116")*B162*@@("c117"))),0)
D163:@IF(A163>0,((A163*A163+B163*B163)/(2*

245



3.1416*6*@@("c116")*B163*@@("c117"))),0)
D164:@IF(A164>0,((A164*A164+B164*B164)/(2*
3.1416*6*@@("c116")*B164*@@("c117"))),0)
D165:@IF(A16550,((A165*A165+B165*B165)/(2*
3.1416*6*@@("c116")*B165*@@("c117"))),0)
D166:@IF(A166>0,((A166*A166+B166*B166)/(2*
3.1416*6*@@("c116")*B166*@@("c117"))),0)
DI167:@IF(A167>0,((A167*A167+B167*B167)/(2*
3,1416*6*@@("c116")*B167*@@("c117"))),0)
D168:@IF(A168>0,((A168*A168+B168*B168)/(2*
3.1416*6*@@("c116")*B168*@@("c117"))),0)
D169:@IF(A169>0,((A169*A 169+B169*B169)/(2*
3.1416*6*@@("c116")*B169*@@("c117")),0)
D170:@IF(A170>0,((A 170*A170+B170*B170)/(2*
3.1416*6*@@("c116")*B170*@@("c117")),0)
D171:@IF(A17150,((A171*A1714B171*B171)/(2*
3.1416*6*@@("c1 16")*B171*@@("c117"))),0)
D172:@IF(A172>0,((A172*A172+B172*B172)/(2*
3.1416*6*@@("c116"*B172*@@("c117"))),0)
D173:@IF(A173>0,((A173*A173+B173*B173)/(2*
3.1416*6*@@("c116")*B173*@@("c117"))),0)
D174:@IF(A174>0,((A174*A174+B174*B174)/(2*
3.1416*6*@@("c116")*B174*@@("c117"))),0)
D175:@IF(A175>0,((A175*A175+B175*B175)/(2*
3.1416*6*@@("c116")*B175*@@("c117"))),0)
D176:@IF(A17650,((A176*A176+B176*B176)/(2*
3.1416*6*@@("c116")*B176*@@("c117"))),0)
D177:@IF(A17750,((A177*A177+B177*B177)/(2*
3.1416*6*@@("c116")*B177*@@("c117"))),0)
D178:@IF(A178>0,((A178*A178+B178*B178)/(2*
3.1416*6*@@("c1 16")*B178*@@("c117"))),0)
D179:@IF(A 17950,((A179*A179+B179*B179)/(2*
3.1416*6*@@("c116")*B179*@@("c117"))),0)
D180:@IF(A180>0,((A180*A 180+B180*B180)/(2*
3.1416*6*@@("c116")*B180*@@("c117"))),0)
DI8I:@IF(A181>0,((A181*A181+B181*B181)/(2*
3.1416*6*@@("c116")*B181*@@("c117"))),0)
D182:@IF(A182>0,((A182*A182+B182*B182)/(2*
3.1416*6*@@("c116")*B182*@@("c117"))),0)
DI183:@IF(A183>0,((A183*A183+B183*B183)/(2*
3.1416*6*@@("c116")*B183*@@("c117"))),0)
D184:@IF(A184>0,((A184*A184+B184*B184)/(2*
3.1416*6*@@("c116")*B184*@@("c117"))),0)
D185:@IF(A18550,((A185*A185+B185*B185)/(2*
3.1416*6*@@("c116")*B185*@@("c117"))),0)
D186:@IF(A186>0,((A186*A186+B186*B186)/(2*
3,1416*6*@@("c116")*B186*@@("c117"))),0)
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DI187:@IF(A187>0,((A187*A187+B187*B187)/(2*
3.1416*6*@@("c116")*B187*@@("c117"))),0)
D188:@IF(A188>0,((A188*A188+B188*B188)/(2*
3.1416*6*@@("c116")*B188*@@("c117"))),0)
D189:@IF(A18950,((A189*A189+B189*B189)/(2*
3.1416*6*@@("c116")*B189*@@("c117"))),0)
D190:@IF(A190>0,((A190*A 190+B190*B190)/(2*
3.1416*6*@@("c116")*B190*@@("c117"))),0)
DI191:@IF(A191>0,((A191*A191+B191*B191)/(2*
3.1416*6*@@("c116")*B191*@@("c117")),0)
D192:@IF(A192>0,((A192*A192+B192*B192)/(2*
3.1416*6*@@("c116")*B192*@@("c117")),0)
D193:@IF(A193>0,((A193*A193+B193*B193)/(2*
3.1416*6*@@("c116")*B193*@@("c117"))),0)
D194:@IF(A194>0,((A194*A194+B194*B194)/(2*
3.1416*6*@@("c116"*B194*@@("c117"))),0)
D195:@IF(A19550,((A195*A195+B195*B195)/(2*
3.1416*6*@@("c116")*B195*@@("c117"))),0)
D196:@IF(A196>0,((A196*A196+B196*B196)/(2*
3.1416*6*@@("c116")*B196*@@("c117"))),0)
D197:@IF(A19750,((A197*A197+B197*B197)/(2*
3.1416*6*@@("c116")*B197*@@("c117"))),0)
D198:@IF(A 198>0,((A198*A198+B198*B198)/(2*
3.1416*6*@@("c116")*B198*@@("c117"))),0)
D199:@IF(A199>0,((A199*A 199+B199*B199)/(2*
3.1416*6*@@("c116")*B199*@@("c117"))),0)
D200:@IF(A200>0,((A200*A200+B200*B200)/(2*
3.1416*6*@@("c116")*B200*@@("c117"))),0)
D201:@IF(A20150,((A201*A201+B201*B201)/(2*
3.1416*6*@@("c116")*B201*@@("c117"))),0)
D202:@IF(A20250,((A202*A202+B202*B202)/(2*
3.1416*6*@@("c116")*B202*@@("c117"))),0)
D203:@IF(A203>0,((A203*A203+B203*B203)/(2*
3.1416*6*@@("c116")*B203*@@("c117"))),0)
D204:@IF(A204>0,((A204* A204+B204*B204)/(2*
3.1416*6*@@("c116")*B204*@@("c117"))),0)
D205:@IF(A205>0,((A205* A205+B205*B205)/(2*
3.1416*6*@@("c116")*B205*@@("c117"))),0)
D206:@IF(A206>0,((A206*A206+B206*B206)/(2*
3.1416*6*@@("c116"*B206*@@("c117"))),0)
D207:@IF(A207>0,((A207*A207+B207*B207)/(2*
3.1416*6*@@("c116")*B207*@@("c117"))),0)
D208:@IF(A208>0,((A208*A208+B208*B208)/(2*
3.1416*6*@@("c116")*B208*@@("c117"))),0)
D209:@IF(A209>0,((A209* A209+B209*B209)/(2*
3.1416*6*@@("c116")*B209*@@("c117"))),0)
D210:@IF(A21050,((A210*A210+B210*B210)/(2*
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3.1416*6*@@("c116")*B210*@@("c117"))),0)
D211:@IF(A211>0,((A211*A211+B211¥B211)/(2*
3.1416*6*@@("c116")*B211*@@("c117"))),0)
D212:@IF(A212>0,((A212*A212+B212*B212)/(2*
3.1416*6*@@("c116")*B212*@@("c117"))),0)
D213:@IF(A213>0,((A213*A213+B213*B213)/(2*
3.1416*6*@@("c116")*B213*@@("c117"))),0)
D214:@IF(A214>0,((A214*A214+B214*B214)/(2*
3.1416*6*@@("c116")*B214*@@("c117"))),0)
D215:@IF(A21550,((A215*A215+B215*B215)/(2*
3.1416*6*@@("c116")*B215*@@("c117"))),0)
D216:@IF(A216>0,((A216*A216+B216*B216)/(2*
3.1416*6*@@("c116")*B216*@@("c117"))),0)
D217:@IF(A21750,((A217*A217+B217*B217)/(2*
3.1416*6*@@("c116")*B217*@@("c117"))),0)
D218:@IF(A218>0,((A218*A218+B218*B218)/(2*
3.1416*6*@@("c116")*B218*@@("c117"))),0)
D219:@IF(A219>0,((A219*A219+B219*B219)/(2*
3.1416*6*@@("c116")*B219*@@("c117"))),0)

BS to B104: Copy capacitance values into HP calculation section

B5: @CELL("contents",D120..D120)

B6: @CELL("contents",D121..D121)

B7. @CELL("contents",D122..D122)

B8: @CELL("contents",D123..D123)

B9: @CELL("contents",D124..D124)

B10: @CELL("contents",D125..D125)
Bl1: @CELL("contents",D126..D126)
B12: @CELL("contents",D127..D127)
B13: @CELL("contents",D128..D128)
Bl14: @CELL("contents",D129..D129)
B15: @CELL("contents",D130..D130)
B16: @CELL("contents",D131..D131)
B17: @CELL("contents",D132.D132)
B18: @CELL("contents",D133..D133)
B19: @CELL("contents",D134..D134)
B20: @CELL("contents",D135..D135)
B21: @CELL("contents",D136..D136)
B22: @CELL("contents",D137.D137)
B23: @CELL("contents",D138..D138)
B24: @CELL("contents",D139..D139)
B25: @CELL("contents",D140..D140)
B26: @CELL("contents",D141..D141)
B27: @CELL("contents",D142..D142)
B28: @CELL("contents",D143..D143)
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B29: @CELL("contents",D144..D144)
B30: @CELL("contents",D145..D145)
B31: @CELL("contents",D146..D146)

B32:
B33:
B34:
B35:
B36:
B37:
B38:
B39:
B40:
B41:
B42:
B43:
B44:
B45:
B46:
B47:
B48:
B49:
B50:
BS5I:
B52:
B53:
B54:
B55:
B56:
B57:
B58:
B59:
B60:
B61:
B62:
B63:
B64:
B65:
B66:
B67:
B68:
B69:
B70:
B71:
B72:
B73:
B74:
B75:

@CELL("contents", D147
@CELL("contents", D148
@CELL("contents", D149
@CELL("contents", D150
@CELL("contents",D151
@CELL("contents", D152

@CELL("contents",D153..
@CELL("contents",D154..
@CELL("contents",D155..
@CELL("contents",D156..
@CELL("contents",D157..
@CELL("contents",D158.
@CELL("contents",D159..
@CELL("contents",D160..
@CELL("contents",D161..
@CELL("contents",D162.
@CELL("contents",D163..
@CELL("contents",D164..
@CELL("contents",D165..
@CELL("contents",D166..
@CELL("contents",D167..
@CELL("contents",D168..
@CELL("contents",D169..
@CELL("contents",D170..
@CELL("contents",D171.,
@CELL("contents",D172..
@CELL("contents",D173..
@CELL("contents",D174..
@CELL("contents",D175..
@CELL("contents",D176..
@CELL("contents",D177.
@CELL("contents",D178..
@CELL("contents",D179.,
@CELL("contents",D180..
@CELL("contents",D181..
@CELL("contents",D182..
@CELL("contents",D183.
@CELL("contents",D184..
@CELL("contents",D185..
@CELL("contents",D186.
@CELL("contents",D187..
@CELL("contents",D188..

@CELL("contents",D189
@CELL("contents", D190

.D147)
.D148)
.D149)
.D150)
.D151)
.D152)
DI153)
D154)
D155)
D156)
D157)
.D158)
D159)
D160)
D161)
DI162)
D163)
D164)
D165)
D166)
D167)
D168)
D169)
D170)
D171)
D172)
D173)
D174)
D175)
D176)
D177)
D178)
D179)
D180)
D181)
D182)
.DI183)
D184)
D185)
D186)
DI187)
D188)
.D189)
.D190)
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B76: @CELL("contents",D191..D191)
B77: @CELL("contents",D192..D192)
B78: @CELL("contents",D193..D193)
B79: @CELL("contents",D194..D194)
B80: @CELL("contents",D195..D195)
B81: @CELL("contents",D196..D196)
B82: @CELL("contents",D197..D197)
B83: @CELL("contents",D198..D198)
B84: @CELL("contents",D199..D199)
B85: @CELL("contents",D200..D200)
B86: @CELL("contents",D201..D201)
B87: @CELL("contents",D202..D202)
B88: @CELL("contents",D203..D203)
B89: @CELL("contents",D204..D204)
B90: @CELL("contents",D205..D205)
B91: @CELL("contents",D206..D206)
B92: @CELL("contents",D207..D207)
B93: @CELL("contents",D208..D208)
B94: @CELL("contents",D209..D209)
B95: @CELL("contents",D210..D210)
B96: @CELL("contents",D211..D211)
B97: @CELL("contents",D212..D212)
B98: @CELL("contents",D213..D213)
B99: @CELL("contents",D214..D214)
B100: @CELL("contents",D215..D215)
B101: @CELL("contents",D216..D216)
B102: @CELL("contents",D217.D217)
B103: @CELL("contents",D218..D218)
B104: @CELL("contents",D219..D219)

K5 to K104: Excess charge calculations

K5: @IF(B5>0,B5*@@("b2"),0)

K 6: @IF(B6>0,K 5+B6*@@("b2"),0)

K7: @IF(B7>0,K6+B7*@@("b2"),0)

K 8: @IF(B8>0,K 7+B8*@@("b2"),0)

K9: @IF(B9>0,K 8+B9*@@("b2"),0)

K 10: @IF(B10>0,K9+B10*@@("b2"),0)
K11: @IF(B11>0,K10+B11*@@("b2"),0)
K12: @IF(B12>0,K 11+B12*@@("b2"),0)
K13: @IF(B13>0,K12+B13*@@("b2"),0)
K 14: @ F(B14>0,K 13+B14*@@("b2"),0)
K 15: @IF(B15>0,K 14+B15*@@("b2"),0)
K 16: @IF(B16>0,K 15+B16*@@("b2"),0)
K17: @IF(B17>0,K 16+B17*@@("b2"),0)
K 18: @IF(B18>0,K 17+B18*@@("b2"),0)
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K19: @IF(B19>0,K 18+B19*@@("b2"),0)
K20: @IF(B20>0,K 19+B20*@@("b2"),0)
K21: @IF(B21>0,K20+B21*@@("b2"),0)
K22: @IF(B22>0,K21+B22*@@("b2"),0)
K23: @IF(B23>0,K22+B23*@@("b2"),0)
K24: @IF(B24>0,K23+B24*@@("b2"),0)
K25: @IF(B25>0,K 24+B25*@@("b2"),0)
K26: @IF(B26>0,K25+B26*@@("b2"),0)
K27: @IF(B27>0,K26+B27*@@("b2"),0)
K28: @IF(B28>0,K27+B28*@@("b2"),0)
K29: @IF(B29>0,K 28+B29*@@("b2"),0)
K 30: @IF(B30>0,K29+B30*@@("b2"),0)
K31: @IF(B31>0,K 30+B31*@@("b2"),0)
K 32: @IF(B32>0,K31+B32*@@("b2"),0)
K 33: @IF(B33>0,K32+B33*@@("b2"),0)
K 34: @IF(B34>0,K 33+B34*@@("b2"),0)
K 35: @IF(B35>0,K 34+B35*@@("b2"),0)
K 36: @IF(B36>0,K35+B36*@@("b2"),0)
K37: @IF(B37>0,K 36+B37*@@("b2"),0)
K 38: @IF(B38>0,K37+B38*@@("b2"),0)
K 39: @IF(B39>0,K 38+B39*@@("b2"),0)
K 40: @IF(B40>0,K 39+B40*@@("b2"),0)
K41: @IF(B41>0,K 40+B41*@@("b2"),0)
K42: @IF(B42>0,K41+B42*@@("b2"),0)
K43: @IF(B43>0,K 42+B43*@@("b2"),0)
K44: @IF(B44>0,K 43+B44*@@("b2"),0)
K45: @IF(B45>0,K 44+B45*@@("b2"),0)
K 46: @IF(B46>0,K45+B46*@@("b2"),0)
K47: @IF(B47>0,K 46+B47*@@("b2"),0)
K48: @IF(B48>0,K47+B48*@@("b2"),0)
K 49: @IF(B49>0,K 48+B49*@@("b2"),0)
K 50: @IF(B50>0,K49+B50*@@("b2"),0)
K51: @IF(B51>0,K 50+B51*@@("b2"),0)
K 52: @IF(B52>0,K51+B52*@@("b2"),0)
K 53: @IF(B53>0,K 52+B53*@@("b2"),0)
K 54: @IF(B54>0,K 53+B54*@@("b2"),0)
K 55: @IF(B55>0,K 54+B55*@@("b2"),0)
K 56: @IF(B56>0,K 55+B56*@@("b2"),0)
K57: @IF(B57>0,K 56+B57*@@("b2"),0)
K 58: @IF(B58>0,K 57+B58*@@("b2"),0)
K 59: @IF(B59>0,K 58+B59*@@("b2"),0)
K60: @IF(B60>0,K 59+B60*@@("b2"),0)
K61: @IF(B61>0,K60+B61*@@("b2"),0)
K62: @IF(B62>0,K 61+B62*@@("b2"),0)
K 63: @IF(B63>0,K 62+B63*@@("b2"),0)
K 64: @IF(B64>0,K 63+B64*@@("b2"),0)
K65: @IF(B65>0,K 64+B65*@@("b2"),0)
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K 66: @IF(B66>0,K65+B66*@@("b2"),0)
K67: @IF(B67>0,K66+B67*@@("b2"),0)
K 68: @IF(B68>0,K67+B68*@@("b2"),0)
K 69: @IF(B69>0,K 68+B69*@@("b2"),0)
K 70: @IF(B70>0,K69+B70*@@("b2"),0)
K71: @F(B71>0,K70+B71*@@("b2"),0)
K 72: @IF(B72>0,K71+B72*@@("b2"),0)
K73: @IF(B73>0,K72+B73*@@("b2"),0)
K 74: @IF(B74>0,K 73+B74*@@("b2"),0)
K 75: @F(B75>0,K74+B75*@@("b2"),0)
K76: @IF(B76>0,K75+B76*@@("b2"),0)
K77: @IF(B77>0,K76+B77*@@("b2"),0)
K 78: @IF(B78>0,K77+B78*@@("b2"),0)
K79: @ F(B79>0,K78+B79*@@("b2"),0)
K 80: @IF(B80>0,K 79+B80*@@("b2"),0)
K81: @IF(B81>0,K80+B81*@@("b2"),0)
K 82: @IF(B82>0,K81+B82*@@("b2"),0)
K 83: @IF(B83>0,K82+B83*@@("b2"),0)
K 84: @IF(B84>0,K 83+B84*@@("b2"),0)
K 85: @IF(B85>0,K 84+B85*@@("b2"),0)
K 86: @IF(B86>0,K85+B86*@@("b2"),0)
K 87: @IF(B87>0,K86+B87*@@("b2"),0)
K 88: @IF(B88>0,K87+B88*@@("b2"),0)
K 89; @IF(B89>0,K 88+B89*@@("b2"),0)
K 90: @IF(B90>0,K 89+B90*@@("b2"),0)
K91: @IF(B91>0,K90+B91*@@("b2"),0)
K92: @IF(B92>0,K91+B92*@@("b2"),0)
K93: @IF(B93>0,K92+B93*@@("b2"),0)
K 94: @IF(B94>0,K 93+B94*@@("b2"),0)
K 95: @IF(B95>0,K94+B95*@@("b2"),0)
K 96: @IF(B96>0,K95+B96*@@("b2"),0)
K97: @IF(B97>0,K96+BI7*@@("b2"),0)
K 98: @IF(B98>0,K97+B98*@@("b2"),0)
K99: @IF(B99>0,K 98+B99*@@("b2"),0)

K 100: @IF(B100>0,K99+B100*@@("b2"),0)

K 101: @IF(B101>0,K 100+B101*@@("b2"),0)
K 102: @IF(B102>0,K 101+B102*@@("b2"),0)
K 103: @IF(B103>0,K102+B103*@@("b2"),0)
K 104: @IF(B104>0,K103+B104*@@("b2"),0)

TS5 to T104: Surface tension calculations

T5: @IF(K5>0,K 5*@@("B2"),0)

T6: @IF(K6>0,T5+K6*@@("B2"),0)
T7: @IF(K7>0,T6+K 7*@@("B2"),0)
T8: @IF(K8>0,T7+K 8*@@("B2"),0)
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T9: @IF(K9>0,T8+K9*@@("B2"),0)
T10: @IF(K 10>0,T9+K 10*@@("B2"),0)
T11: @IF(K1150,T10+K 11*@@("B2"),0)
T12; @IF(K12>0,T11+K 12*@@("B2"),0)
T13: @IF(K13>0,T12+K 13*@@("B2"),0)
T14: @IF(K 14>0,T13+K 14*@@("B2"),0)
T15: @IF(K15>0,T14+K 15*@@("B2"),0)
T16: @IF(K 16>0,T15+K 16*@@("B2"),0)
T17: @IF(K1750,T16+K 17*@@("B2"),0)
T18: @IF(K 18>0,T17+K 18*@@("B2"),0)
T19: @IF(K 1950,T18+K 19*@@("B2"),0)
T20: @IF(K 20>0,T19+K 20*@@("B2"),0)
T21: @IF(K21>0,T20+K 21*@@("B2"),0)
T22: @IF(K22>0,T21+K22*@@("B2"),0)
T23: @IF(K23>0,T22+K23*@@("B2"),0)
T24; @IF(K 24>0,T23+K 24*@@("B2"),0)
T25: @IF(K25>0,T24+K 25*@@("B2"),0)
T26: @IF(K26>0,T25+K26*@@("B2"),0)
T27: @IF(K27>0,T26+K 27*@@("B2"),0)
T28: @IF(K28>0,T27+K28*@@("B2"),0)
T29: @IF(K 29>0,T28+K 29*@@("B2"),0)
T30: @IF(K 30>0,T29+K 30*@@("B2"),0)
T31: @IF(K31>0,T30+K31*@@("B2"),0)
T32: @IF(K32>0,T31+K32*@@("B2"),0)
T33: @IF(K 33>0,T32+K 33*@@("B2"),0)
T34: @IF(K 34>0,T33+K 34*@@("B2"),0)
T35: @IF(K 35>0,T34+K 35*@@("B2"),0)
T36: @IF(K 36>0,T35+K 36*@@("B2"),0)
T37: @IF(K37>0,T36+K37*@@("B2"),0)
T38: @IF(K 38>0,T37+K 38*@@("B2"),0)
T39: @IF(K 39>0,T38+K 39*@@("B2"),0)
T40: @IF(K 40>0,T39+K 40*@@("B2"),0)
T41: @IF(K41>0,T40+K41*@@("B2"),0)
T42; @IF(K42>0,T41+K 42*@@("B2"),0)
T43: @IF(K43>0,T42+K43*@@("B2"),0)
T44: @IF(K44>0,T43+K44*@@("B2"),0)
T45: @IF(K45>0,T44+K 45*@@("B2"),0)
T46: @IF(K46>0,T45+K46*@@("B2"),0)
T47: @IF(K47>0,T46+K47*@@("B2"),0)
T48: @IF(K 48>0,T47+K 48*@@("B2"),0)
T49: @IF(K49>0,T48+K49*@@("B2"),0)
T50: @IF(K 50>0,T49+K 50*@@("B2"),0)
T51: @IF(K51>0,T50+K 51*@@("B2"),0)
T52: @IF(K 52>0,T514K 52*@@("B2"),0)
T53: @IF(K53>0,T52+K 53*@@("B2"),0)
T54: @IF(K 54>0,T53+K 54*@@("B2"),0)
T55: @IF(K 55>0,T54+K 55*@@("B2"),0)
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T56: @IF(K56>0,T55+K 56*@@("B2"),0)
T57: @IF(K57>0,T56+K 57*@@("B2"),0)
T58: @IF(K 58>0,T57+K 58*@@("B2"),0)
T59: @IF(K 59>0,T58+K 59*@@("B2"),0)
T60: @IF(K60>0,T59+K 60*@@("B2"),0)
T61: @IF(K61>0,T60+K61*@@("B2"),0)
T62: @IF(K62>0,T61+K 62*@@("B2"),0)
T63: @IF(K63>0,T62+K 63*@@("B2"),0)
T64: @IF(K 64>0,T63+K 64*@@("B2"),0)
T65: @IF(K 65>0,T64+K 65*@@("B2"),0)
T66: @IF(K66>0,T65+K66*@@("B2"),0)
T67: @IF(K67>0,T66+K67*@@("B2"),0)
T68: @IF(K68>0,T67+K 68*@@("B2"),0)
T69: @IF(K 69>0,T68+K 69*@@("B2"),0)
T70: @IF(K 70>0,T69+K 70*@@("B2"),0)
T71: @IF(K71>0,T70+K 71*@@("B2"),0)
T72: @IF(K72>0,T71+K 72*@@("B2"),0)
T73: @IF(K 73>0,T72+K 73*@@("B2"),0)
T74: @IF(K 74>0,T73+K 74*@@("B2"),0)
T75: @IF(K 75>0,T74+K 75*@@("B2"),0)
T76: @IF(K 76>0,T75+K 76*@@("B2"),0)
T77: @IF(K 77>0,T76+K 77*@@("B2"),0)
T78: @IF(K 78>0,T77+K78*@@("B2"),0)
T79: @IF(K 79>0,T78+K 79*@@("B2"),0)
T80: @IF(K 80>0,T79+K 80*@@("B2"),0)
T81: @IF(K 81>0,T80+K 81*@@("B2"),0)
T82: @IF(K 82>0,T81+K 82*@@("B2"),0)
T83: @IF(K 83>0,T82+K 83*@@("B2"),0)
T84: @IF(K 84>0,T83+K 84*@@("B2"),0)
T85: @IF(K 85>0,T84+K 85*@@("B2"),0)
T86: @IF(K86>0,T85+K 86*@@("B2"),0)
T87: @IF(K87>0,T86+K87*@@("B2"),0)
T88: @IF(K 88>0,T87+K 88*@@("B2"),0)
T89; @IF(K89>0,T88+K 89*@@("B2"),0)
T90: @IF(K90>0,T89+K90*@@("B2"),0)
T91: @IF(K91>0,T90+K91*@@("B2"),0)
T92: @IF(K92>0,T91+K92*@@("B2"),0)
T93: @IF(K93>0,T92+K 93*@@("B2"),0)
T94: @IF(K94>0,T93+K 94*@@("B2"),0)
T95: @IF(K95>0,T94+K95*@@("B2"),0)
T96: @IF(K96>0,T95+K 96*@@("B2"),0)
T97: @IF(K97>0,T96+K97*@@("B2"),0)
T98: @IF(K98>0,T97+K 98*@@("B2"),0)
T99: @IF(K99>0,T98+K 99*@@("B2"),0)

T100: @IF(K100>0,T99+K 100*@@("B2"),0)
T101: @IF(K101>0,T100+K 101*@@("B2"),0)
T102: @IF(K102>0,T101+K 102*@@("B2"),0)
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T103: @IF(K103>0,T102+K 103*@@("B2"),0)
T104: @IF(K104>0,T103+K 104*@@("B2"),0)

AC2 to AL33: Intermediate calculations

AC24: @IF(B3>0,@COUNT(AS..A104)/10-3,0)
AC25: @IF(B3>0,@COUNT(AS5..A104)/10*2-3,0)
AC26: @IF(B3>0,@COUNT(AS5..A104)/10*3-3,0)
AC27: @IF(B3>0,@COUNT(AS5..A104)/10*4-3,0)
AC28: @IF(B3>0,@COUNT(AS5..A104)/10*5-3,0)
AC29: @IF(B3>0,@COUNT(AS5..A104)/10%6-3,0)
AC30: @IF(B3>0,@COUNT(AS..A104)/10%*7-3,0)
AC31: @IF(B3>0,@COUNT(A5..A104)/10*8-3,0)
AC32: @IF(B3>0,@COUNT(AS5..A104)/10*9-3,0)
AC33: @IF(B3>0,@COUNT(AS5..A104)-3,0)

AE2: @IF(C3>0,C3,0)
AF2: @IF(D3>0,D3,0)
AG2: @IF(E3>0,E3,0)
AH2: @IF(F3>0,F3,0)

Al2: @IF(G3>0,G3,0)

AJ2: @IF(H3>0,H3,0)
AK2: @IF(13>0,13,0)

AL2: @SUM(AD24..AD30)

AD24: @IF(AE2=0,0,1)
AD25: @IF(AF2=0,0,1)
AD26: @IF(AG2=0,0,1)
AD27: @IF(AH2=0,0,1)
AD28: @IF(AI2=0,0,1)

AD29: @IF(AJ2=0,0,1)

AD30: @IF(AK2=0,0,1)

AE3: @IF(C3>0,@LN(C3),0)
AF3: @IF(D3>0,@LN(D3),0)
AG3: @IF(E3>0,@LN(E3),0)
AH3: @IF(F3>0,@LN(F3),0)
AI3: @IF(G3>0,@LN(G3),0)
AJ3: @IF(H3>0,@LN(H3),0)
AK 3: @IF(I13>0,@LN(I3),0)

AC5: @INDEX(A5..A104,0,@@("ac24"))
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AC6: @INDEX(A5..A104,0,@@("ac25"))
AC7: @INDEX(A5..A104,0,@@("ac26"))
ACS: @INDEX(A5..A104,0,@@("ac27"))
AC9: @INDEX(A5..A104,0,@@("ac28"))
AC10: @INDEX(AS5..A104,0,@@("ac29"))
ACI11: @INDEX(A5.A104,0,@@("ac30"))
ACI12: @INDEX(A5..A104,0,@@("ac31"))
AC13: @INDEX(AS5..A104,0,@@("ac32")
AC14: @INDEX(A5..A104,0,@@("ac33"))

AD5: @IF(@@("c3")>0,@LN(@INDEX(T5..AA104,0,@@("ac24"))),0)
AD6: @IF(@@("c3")>0,@LN(@INDEX(T5..AA104,0,@@("ac25"))),0)
AD7: @IF(@@("c3")>0,@LN(@INDEX(T5.AA104,0,@@("2c26"))),0)
ADS: @IF(@@("c3")>0,@LN(@INDEX(T5.AA104,0,@@("AC27"))),0)
AD9: @IF(@@("c3")>0,@LN(@INDEX(T5.AA104,0,@@("AC28"))),0)
ADI0: @IF(@@("c3")>0,@LN(@INDEX(T5..AA104,0,@@("AC29"))),0)
ADI!: @IF(@@("c3")>0,@LN(@INDEX(T5..AA104,0,@@("AC30"))),0)
AD12; @IF(@@("c3")>0,@LN(@INDEX(T5..AA104,0,@@("AC31")),0)
ADI3: @IF(@@("c3")>0,@LN(@INDEX(T5..AA 104,0,@@("AC32"))),0)
ADI4: @IF(@@("c3")>0,@LN(@INDEX(T5..AA104,0,@@("AC33"))),0)

ALS5:@IF(B3>0,((AL2*(AE3*AE5+AF3*AF5+AG3*AG5+AH3*AH5+AI3*Al5+
AJ3*AJ5+AK3*AK 5)-((@SUM(AE3..AK 3))*(@SUM(AES..AK 5))))/
(AL2*(AE3*AE3+AF3*AF3+AG3*AG3+AH3*AH3+AI3*AI3+AJ3*A )3+
AK3*AK 3)-(@SUM(AE3..AK 3)*@SUM(AE3..AK 3)))),0)

AL6:@IF(B3>0,((AL2*(AE3*AE6+AF3*AF6+AG3*AG6+AH3*AH6+AI3*A16+
AJ3*AJ6+AK 3*AK 6)-((@SUM(AE3..AK 3))*(@SUM(AE6..AK6))))/
(AL2*(AE3*AE3+AF3*AF3+AG3*AG3+AH3*AH3+AI3*AI3+AJ3*AJ3+
AK3*AK3)-(@SUM(AE3..AK 3)*@SUM(AE3..AK 3)))),0)

AL7:@IF(B3>0,((AL2*(AE3* AET+AF3*AF7+AG3*AGT+AH3*AH7+AI3*Al7+
AJ3*AJT+AK3*AK7)-((@SUM(AE3..AK 3))(@SUM(AE7..AK7))))/
(AL2*(AE3*AE3+AF3*AF3+AG3*AG3+AH3*AH3+AI3*AI3+AJ3*AJ3+
AK3*AK 3)-(@SUM(AE3..AK 3)*@SUM(AE3..AK 3)))),0)

AL8:@IF(B3>0,((AL2%(AE3*AE8+AF3*AF8+AG3*AG8+AH3*AH8+AI3*A18+
AJ3*AJ8+AK3*AK 8)-((@SUM(AE3..AK 3))*(@SUM(AES..AK8))))/
(AL2*¥(AE3*AE3+AF3*AF3+AG3*AG3+AH3*AH3+AI3*AI3+AJ3*A T3+
AK3*AK 3)-(@SUM(AE3..AK3)*@SUM(AE3..AK 3)))),0)

AOS to AO14: Surface coverage calculations

AO5: @IF(A03>0,40.35*AL5*(@EXP(AES5)-@EXP(ADS5)),")
A06: @IF(A03>0,40.35*AL6*(@EXP(AE6)-@EXP(ADG)),")
AO7: @IF(A03>0,40.35*ALT*(@EXP(AE7)-@EXP(AD7)),")
AO8: @IF(A03>0,40.35* AL8*(@EXP(AES)-@EXP(ADS)),")



A09: @IF(A03>0,40.35*AL9*(@EXP(AEY)-@EXP(ADY)),"")
AO10: @IF(A03>0,40.35*AL10*(@EXP(AE10)-@EXP(AD10)),"")
AO11: @IF(A03>0,40.35*AL11%(@EXP(AE!1)-@EXP(AD11)),")
AO12: @IF(A03>0,40.35*AL12*(@EXP(AE12)-@EXP(AD12)),"")
AO013: @IF(A03>0,40.35*AL13*(@EXP(AE13)-@EXP(AD13)),")
AO14: @IF(A03>0,40.35*AL14*(@EXP(AE14)-@EXP(AD14)),")
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Appendix B

APPENDIX B: FORMATION AND CHARACTERIZATION OF n-BUTOXIDE

ON Ag SURFACES

Recent work in this laboratory has been focused on characterizing n-
alcohol solvent structure and self-assembled n-alkanethiol monolayers at Ag and
Ausurfaces. From this work, the desire to characterize self-assembled monolayers
of the n-alcohols developed. This appendix describes the formation and
characterization of deprotonated n-butanol, or n-butoxide self-assembled
monolayers at Ag surfaces.

There has been much interest recently in the formation and

characterization of scif-assembled monolayers, including alkanoic

254,255 256,267 8

acids, organosilanes, surfactants,?® and

alkanethiols.25%260  Seif-assembled monolayers have potential applications
in the scientific as well as industrial field, including lubrication, chemical
sensors, and corrosion prevention.

n-Alkanoic acids self-assemble into well-organized, densely packed

254

surfaces. The acid group

265,261 and aluminum oxide

monolayers on Ag
deprotonates, allowing n-alkanoic acid to interact with the surface through both
O lone pairs to form a well ordered monolayer. IR spectra of these films suggest
that the alkane chain is largely perpendicular to the surface at tilt angle ca. 12°

with respect to the surface normal.254
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Alkyltrichlorosilane self-assembles into well-ordered monolayers on
hydroxylated surfaces of glass, Al, and Si.256257 Film formation is accomplished
through Si-O bond formation with the surface as well as through intermolecular -
Si-O-Si bond network formation. IR spectroscopy on these films has revealed
alkane chain tilt angles of ca. 10° with respect to the surface normal.257

Self-assembled alkanethiol monolayers on Ag and Au surfaces have also
been well characterized on Ag and Au surfaces.259260 Alkanethiols strongly bond
to the metal forming crystalline-like, densely-packed, ordered monolayers with
their alkane chains oriented on Ag at a small tilt angle (ca. 12°) with respect to the
surface normal. 26 Alkanethiols undergo adsorption to the metal upon cleavage
of the S-H bond with formation of a S-mectal bond. The adsorption mechanism on
Ag is thought to be one of displacement of the Ag(I)OH surface species present in
the ambient environment.2%9

Sclf-assembled monolayers of the n-alkoxides have not been reported in the
literature. The goal of this work was to form self-assembled butoxide monolayers
on Ag and to characterize these films using surface Raman scattering. The
orientation of butoxide on the surface would be compared to that of adsorbed
butanol in order to determine the effect of the metal-O bonding on the molecular
oricntation.

Alkoxides are extremely reactive species. Since alkoxides react quickly in
the presence of water and oxygen, synthesis and film formation are performed in
a controlled N, environment. Butoxide was synthesized by slowly adding ca. 50
mg of 95 % NaH to ca. 20 ml of pentane containing ca. 1 ml butanol.

The Ag surfaces used were electrochemically roughened in 0.4 M LiBr,
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ethanol, and then butanol. The Ag surface was then soaked overnight in the
butoxide solution under N, These surfaces were then emersed into air, rinsed
with ethanol, and spectroscopically analyzed. Butancthiol films were prepared by
soaking a roughened Ag surface (roughened in 0.1 M KCl) in 10 mM alkanethiol
in ethanol for 4 to 5 hours. Samples were analyzed emersed in air using the 514.5
nm laser line at 130 mW.

The spectroscopy of the films on Ag revealed that the films formed were
not completely reproducible in all of the spectral regions. The behavior in the
v(C-H) region was reproducible, Figure B.1a, while the behavior in the v(C-C)
region was not. The spectra observed in the v(C-C) region can be divided into two
groups, A and B. The spectra in group A are reproducible and are shown in
Figure B.2a with characteristic frequencies at ca. 1006 cm™, 1057 cm™!, and 1091
cm™l. The spectra in group B are not reproducible. Spectral behavior in this
region varies greatly, from one band at ca. 1050 cm~up to four bands at ca. 1000
cm™, 1025cm1, 1060cm™, and 1126cm™L. Spectra of group A are obtained ca. 50
% of the time, so this behavior will be described. Spectra of group B will be
considered defective films and will not be discussed in this appendix.

Figure B.la shows the Raman spectra in the v(C-H) region of liquid
butanol, surface butoxide on emersed Ag, and surface butanol in-situ on Ag. For
comparison, the Raman spectra of liquid butanethiol and butancthiol on emersed
Ag are shown in Figure B.1b. The Raman assignments for butoxide and
butanethiol are shown in Table B.1 and for butanol are shown in Table B.1.

The I[v,(CHg))/1[v,(CHg)] for liquid butanol is ca 0.42, for surface butoxide

is 1.37, and for surface butanol is 1.10. The large ratio for the adsorbed butoxide
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Figure B.1.

2850 2900 2950 3000
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Raman spectra in the v(C-H) region for a) bulk liquid butanol (5
s), surface butoxide on Ag (30 s), and butanol on Ag (120 s) and
b) bulk liquid butancthiol (30 s) and surface butanethiol on Ag
(60 s).
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Raman vibrational assignments and peak frequencies in the v»(C-

C) and v(C-H) region for adsorbed butoxide and butanethiol on

a Ag surface.

Assignment
v,(C-0)
v4{C-C), »,(C-0)
vg(C-C)
v4{C-C)
v,(CH;)
v(CH;)
v,(CHy)
v(CH,)
v(CH,,FR)
vg(CH4 FR)
v (CHy)

Frequency (cm*?)

Butoxide  Reference  Butancthiol  Reference

1005
1056
1075
1091
2840
2860
2874
2907
2927
2936
2964

262,263,264
152,154
171

17
171
171
171
171
171
171

1051
1065
1096
2848
2861
2873

2907
2934
2964

152
171

17}
171
171

171
171
171
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and butanol compared to the bulk liquid suggests that the methyl group is
oriented at a large tilt angle with respect to the surface for both species.

The I[v,(CH4)]/1[v,(CHjg)] for bulk liquid butanethiol is ca. 1.7 while that
of surface butancthiol is ca. 1.9. This similarity of the bulk and surface
butancthiol ratio suggests that the methyl group of adsorbed butanethiol lies close
to 45° with respect to the surface normal. This orientation of the methyl group
s consistent with previously proposed orientations for adsorbed butanethiol. 260

Figure B.2a show the Raman spectra of bulk liquid butanol and surface
butoxide in the v(C-C) region. Figure B.2bshow the Raman spectra of bulk liquid
and surface butancthiol. As discussed in chapter 4, there are practically no
spectral changes in the v(C-C) region for in-situ surface butanol compared to bulk
butanol, as illustrated in Figure 4.2. There is a sharp contrast in the liquid
butanol versus surface butoxide spectra in this region, however. The v(C-C-O)
band at 1005 cm ! aprears in the butoxide spectra which is indicative of alkoxides
bonded to metal surfaces.26%263264  Two y(C-C)p bands at ca. 1056 and
1091 cm™! arc also very pronounced in this region. The lack of the v(C-C)g band
at ca. 1065 cm™! suggests that the film is well ordered with very few gauche
defects. These findings suggest a well ordered film is formed on the surface. The
large intensity of this region with respect to the v(C-H) region for butoxide
compared to adsorbed butanol suggests that the alkane chain lies at a small tilt
angle with respect to the surface normal.

The v(C-C); band at ca. 1065 cm™! in butanethiol decreases with respect to
the v(C-C)y band at ca. 1096 cm™! upon adsorption to the surface. This increase

in trans character indicates ordering in the film. Additionally, large signal
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Figure B.2. Raman spectra in the v(C-C) region for a) bulk liquid butanol
(20 s) and surface butoxide on Ag (10 s), and b) bulk liquid
butanethiol (120 s) and surface butanethiol on Ag (120 s).
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intensity in this region compared to the v(C-H) region for surface butanethiol
compared to bulk liquid suggests that the alkane chain is tilted at small angles
with respect to the surface normal. These observations are consistent with
previous IR spectroscopy results which indicated a 12° tilt at the surface.

Figure B.3 compares the orientation of surface butanethiol with the
proposed oricntations of surface butanol and butoxide. Butoxide is oriented at
large tilt angles at the surface, evidenced by the large enhancement of the v(C-C)
region to the v(C-H) for surface compared to bulk species. Both butanol and
butoxide have their methyl group oricnted at large tilt angles at the surface. The
butoxide O atom interacts well with the surface, allowing the molecule to "stand-
up". The H atom protonating the butanol appears to hinder the adsorption of
butanol on the surface in a manner similar to that in butoxide. Thus, the
interaction and bonding of the O atom to the surface appears to drive the
molecular orientation of the adsorbate at the Ag surface.

The reproducibility of the spectral behavior of the film is disturbing, so
the results expressed in this appendix should be approached with caution. The
irreproducibility problem of film formation should be solved before any solid

conclusions are made.
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1—Butanol 1—Butanethiol 1—-Butoxide

Figure B.3. Proposedorientationsof 1-butanethiol, 1-butanol,and 1-butoxide
on Ag.
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