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(ABSTRACT)
The properties of electrochemical interfaces are studied using Fourier transform
infrared spectroscopy. Potential difference infrared spectroscopy (PDIRS) was used in
the investigation of carbon monoxide adsorbed on polycrystalline platinum electrodes.
It is found that the infrared peak position of adsorbed carbon monoxide is linearly
dependent on the applied electrode potential, and that the Stark tuning rate is a function
of system temperature. The change in Stark tuning rate is the result of the variation of
the interfacial dielectric with temperature.
Self-assembled alkoxyalkanethiol monolayers were formed on gold substrates as
surface modifiers of low dielectric constant designed to influence the interfacial
capacitance. Polarization modulation infrared spectroscopy (PMIRS), ellipsometry,
interfacial wetting, and cyclic voltammetry were conducted to characterize the modified
interfaces. The interfacial capacitance is greatly reduced due to the adsorption of ωmercapto ethers on substrates. It was found that the solvation of the monolayer by
solution is capable of improving the mass transport to maintain the Faradaic current
while lowering the interfacial capacitance.
The oxygen group in ω-mercapto ethers at the monolayer-water interface
interacts with water molecules to improve the monolayer solubility in water. The ω-

mercapto ether monolayers were found to be fluid-like in structure, giving better
freedom to undergo structural change. The repulsion from the oxygen atoms in
adjacent ω-mercapto ether molecules adsorbed on the substrate introduces structural
disorder to the alkyl chains in the monolayer, allowing better solvent permeation. This
relieves some of the current blocking character of long chain alkanethiol monolayers.
The interfacial contact angle to water for the ω-mercapto ether monolayers is
dependent on the oxygen position in the monolayer. 12-Methoxydodecanethiol has the
lowest contact angle among all the ω-mercapto ethers studied while 12butoxydodecanethiol through 12-hexoxydodecanethiol have similar contact angles due
to the ether oxygen being buried beneath several layers of methylene groups. The film
thickness is roughly proportional to the total number of methylene groups in the two
alkyl chains on ω-mercapto ethers. ω-Mercapto ethers that have a longer alkyl chain
between the oxygen and thiol tend to form thicker monolayers on the substrates. In situ
PMIRS measurements show that ω-mercapto ether monolayers do not undergo
structural change in the alkyl chains when in contact with either water or acetonitrile.
The terminal methyl group, however, suffers from a shift in infrared peak position to
lower frequency, and a loss in peak height as the result of solvent load.
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Chapter 1

Introduction
1.1 Research Objective
The goal of this research was to acquire a better understanding of the
fundamental properties of electrochemical interfaces and to use this understanding to
improve electroanalytical measurements. The properties and parameters of
electrochemical interfaces were characterized in this research by infrared spectroscopy
as well as other surface analytical techniques. The investigations focused on
understanding what parameters contributed to electrochemical interfacial capacitance,
which is a major contributor to the background noise and interference in
electroanalytical measurements. The signal to noise ratio (S/N ratio) of any
electroanalytical measurement can be improved by regulating the electrochemical
interfacial capacitance, provided that the analytical current is not also adversely
affected. The limit of detection, therefore, would benefit from the decreased baseline
in background noise.
Self-assembled alkoxyalkanethiol monolayers adsorbed to gold substrates make
it possible to study different parameters that may influence interfacial capacitance.
Information about the structure of the monolayer and its change when in contact with
solvents are important to understand interfacial properties. Attempts to maintain the
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magnitude of the analytical current while reducing interfacial capacitance was the
subject of this study.

1.2 Introduction
All heterogeneous electrochemical reactions, regardless of reaction rate,
reversibility, mechanism, and kinetics etc..., involve an electron transfer between the
electrode and the electrochemically active species in the adjacent solution. Importantly,
an electrochemical reaction takes place at the interface between the electrode and the
solution. Understanding the fundamentals of electrode processes, therefore, requires an
understanding of the structure and behavior of the junction between the solution and the
electrode. Over the years, much research has focused on developing an experimental
and theoretical understanding of the interface.
1.2.1 Electrochemical Double Layer
The interface between a solid electrode and an electrolyte solution is described
by electrochemists as the electrochemical double layer.1 This region covers the area
from the electrode surface extending into the solution about 5-20 angstroms. As shown
in Figure 1.1, the electrochemical double layer is thought to consist of several distinct
regions. First, there is a layer of dipole oriented neutral molecules and/or charged ions
which are in contact with the electrode surface. This is called the inner Helmholtz
plane (IHP).1,2 The inner Helmholtz plane is defined as the imaginary plane that passes
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Figure 1.1 Schematic illustration of electrochemical double layer on a negative potential
biased electrode in contact with electrolyte solution1
3

through the center of the contact adsorbed species. This adsorption to the electrode can
be either chemisorption or physisorption. The second region develops when potential is
applied to the electrode surface. When a negative potential is applied to the electrode,
for example, a layer of negative charges develops on the electrode surface close to the
solid-liquid junction. This charge electrostatically attracts ions of opposite charge from
the solution supporting electrolyte to form a counter layer adjacent to the electrode
surface. This layer of solution counter ions forms a plane called the outer Helmholtz
plane (OHP). The outer Helmholtz plane is defined as the plane that passes through the
center of counter ions accumulated next to the electrode surface. The region which
extends from the OHP out to the bulk of solution is known as the diffuse layer. This is
characterized by an ionic concentration gradient established by the electric field which
extends from the electrode into the solution. Faradaic current is the result of mass
transport of electrochemically active species driven by the concentration gradient and
electric field to the electrode surface. Electron transfer thus occurs between the analyte
and electrode at the electrode surface. The relationship between the applied electrode
potential and current enables us to determine the concentration of analyte species in the
solution.
1.2.2 Double Layer Capacitance
The model of the electrochemical double layer has a similarity to a parallel-plate
capacitor, as shown in Figure 1.2. A parallel-plate capacitor is made of some medium
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Figure 1.2 A parallel-plate capacitor consists of two metal plates of opposite potentials
separated by a nonconductive dielectric material
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of known dielectric constant sandwiched between two parallel metal plates. When
electric potential is applied across the capacitor, electrons are forced to flow from the
plate connected to the positive terminal through the circuit to the plate in contact with
the negative terminal. This causes opposite charges to accumulate on the opposite
plates, that is, one plate contains positive charges and the other possesses negative
charges. According to fundamental physics, the capacitance C of this parallel-plate
capacitor then could be calculated by a simple equation:3
C=

εA
4πd

(Equation 1.1)

where ε is the dielectric constant of the medium, A is the surface area of the metal
plate, and d is the distance separating the plates.
By analogy to the model of the electrochemical double layer, one can quickly
observe the similarity of parallel-plate capacitor to the electrochemical interface,
suggesting the presence of capacitance at the interface in electrochemical
measurements. In this analogy, the electrode surface is one of the two plates required
for a capacitor, the counter ion layer at the outer Helmholtz plane is equivalent to the
other charged plate, and the adsorbed species in the inner Helmholtz plane correspond
to the dielectric material which separates the two plates.
Because of its intrinsic electric properties, interfacial capacitance introduces
problems to electroanalytical measurements. Each time a potential is applied to an
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electrochemical system, charging of the interface occurs. This results in background
current which is superimposed on and independent of the analytical current from the
electrochemical redox couple. In the case of potential sweep methods, if the rate of
potential scan dv/dt remains a constant, then the magnitude of charging current i is a
function of electrode potential v. The magnitude of the charging current may be
estimated from:4
i=C

dv
dt

(Equation 1.2)

The faster the rate of potential scan, the larger is the contribution from the charging
current. The presence of this charging current increases the background signal to the
measurement. It is clear that the charging current from interfacial capacitance does not
only increase the background interference in an electrochemical measurement, but also
significantly limits the possible scanning rate of a given potential sweep method. Fast
measurements and quick instrument responses are severely retarded because of the
presence of charging current.
Another aspect of double layer capacitance to electroanalytical measurements is
its capability to distort the analytical signal. This comes from the fact that the amount
of time it takes to fully charge a capacitor is determined by the magnitude of
capacitance C, and the size of charging resistor R. In an electrochemical system, the
charging resistance R is the combination of several resistance in series, including
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contributions from the solution impedance, intrinsic wiring resistance, limiting
resistors in the protective circuit, and power supply output impedance. The charging
current, and the voltage across the capacitor plates change as a function of time t. This
can be estimated from the following equations.5

iC (t ) =

ve
R
0

−

t
RC

,t

−

vC (t ) = v0 (1 − e

t
RC

0

(Equation 1.3)

), t

0

(Equation 1.4)

In equations 1.3 and 1.4, v0 is the supply voltage applied to the circuit and R is the
equivalent charging resistance in series to the capacitor. Time t is the elapsed time
since the application of a voltage v0 to the capacitor terminals, and will always be a
positive value.
Correspondingly, to discharge the capacitor, the current and voltage obey the
following two equations.6

iC (t ) = − vR0 e

−

−

(t ) = v0 e
C

v

t
RC

t
RC

,t

,t

0

(Equation 1.5)

0

(Equation 1.6)

It is interesting to point out that the maximum current corresponds to the minimum
voltage, and the minimum current corresponds to the maximum voltage both in
charging and discharging the capacitor. This result indicates there is a difference in
8

phasing between the current and voltage. When an alternative voltage is applied to the
electrode such as in potential sweep methods, the capacitive current is out of phase
with, and is ahead of the voltage by 90 degrees.6 Moreover, the product of resistance
and capacitance RC, is the time constant of the charging circuit. It takes at least 5 time
constants to fully charge a capacitor. Every voltage step in potential step methods
produces a exponential current curve as indicated in equations 1.3 and 1.5. This
current is neither constant nor linear. It is embedded in the total measured current and
is very difficult to isolate it from the analytical current. Holding the current sampling
until a delay of at least 5 time constant seems like a solution to the problem.
Unfortunately, the magnitude of the interfacial capacitance is frequently unknown and
takes some effort to estimate. Hence an adequate delay becomes an experimental
challenge. A short delay ends up with giving a false analytical signal because the
capacitive current is still high. On the other hand, longer delay hurts the sensitivity of
the measurement and slows the measurement.
The presence of double layer capacitance contributes nothing of analytical utility
to the measurement. It always exists in the electrochemical measurement and there is
no way to totally eliminate the presence of double layer capacitance. It is, however,
possible to reduce its impact on the electroanalytical measurements, and this reduction
of the capacitance contribution to electrochemical measurements is the focus of this
thesis research.
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According to equation 1.1, there are 3 parameters that determine the magnitude
of the capacitance. First, double layer capacitance is directly proportional to the
electrode surface area. By reducing the electrode contact with the reaction solution,
one can approach negligible double layer capacitance. Under these conditions,
experimental limitations defined by the RC time constant are largely eliminated. This
exciting improvement led to the advent of ultramicroelectrodes, and has become one of
the major subdisciplines in electrochemistry.7,8
The other two parameters, the IHP dielectric constant, and the distance between
the parallel plates have contrasting effects on the capacitance, as described by Equation
1.1. The magnitude of capacitance is inversely proportional to the distance between the
two plates, whereas the capacitance is directly proportional to dielectric constant of the
medium. Little experimental effort has so far been spent on understanding how these
two factors can be manipulated to control double layer capacitance.9,10 According to the
theoretical prediction by Equation 1.1, one could separate the two plates further to have
a lower double layer capacitance. Alternatively, one could change the dielectric
constant between the electrode and outer Helmholtz plane by using solvents of variable
dielectric strength. A medium of low dielectric constant could also be introduced to the
electrode surface for the exclusion the polar solvent molecules which usually have high
dielectric constant. Each of the three strategies provides some interesting aspects to
explore in the understanding of interfacial electrochemistry.
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1.2.3 CO as a Double Layer Probe Molecule
Adsorbed carbon monoxide has been used extensively in studies of interfacial
properties (Figure 1.3). It is a well characterized system and a wealth of information is
available for comparison and reference. 9-16, 19-45 There are a few advantages when using
carbon monoxide (CO) as a probe of double layer properties. First, its adsoption on
platinum provides high interfacial coverage. Secondly, carbon monoxide has a large
extinction coefficient in the infrared region, enabling the possibility of high signal at
low surface concentration. Carbon monoxide can be adsorbed onto platinum with
several different configurations. Linearly bonded carbon monoxide has a coordinated
bond between the carbon and the adsorbed platinum site while there is a triple bond
connecting the carbon and the oxygen. This type of carbon monoxide adsorption can
be identified by an infrared absorption peak at approximately 2080 cm-1. The second
type of carbon monoxide adsorption on platinum is a variation of carbonyl group, as in
a ketone, except the carbon is attached to two adjacent platinum sites. This adsorption
of carbon monoxide is called bridged bonded carbon monoxide, and it usually occurs
on platinum of single crystal platinum surfaces. The infrared peak of bridged carbon
monoxide can be found at approximately 1700 cm-1, close to a carbonyl group.
When carbon monoxide is adsorbed to a metal surface such as platinum, carbon
monoxide interacts with an empty platinum orbital by a σ donation of its lone-pair
electrons.11 Furthermore, a filled platinum d orbital can share its electrons with the
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(a)

(b)

Figure 1.3 The adsorption of carbon monoxide on platinum surface as a probe molecule
(a) Linear bonded carbon monoxide (b) Bridegd bonded carbon monoxide
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empty π* orbital on carbon monoxide to form a π back donation.54, 55 The degree of
donation is under the influence of the applied electrode potential, thus, the C-O bond
order could be altered by changing the electrode potential. This change in bonding
could be easily monitored by infrared spectroscopy in terms of a shift in vibrational
frequency.
Carbon monoxide adsorbed on platinum surfaces absorbs infrared radiation at
approximately 2080 cm-1 when the surface is electrically neutral. With the application
of positive potential, the electrode accumulates positive charges on its surface which
induces an electric field extending above the electrode due to the interfacial capacitance.
This electric field electrostatically withdraws the lone-pair electrons on carbon
monoxide toward platinum and therefore strengthens the σ bond between platinum and
carbon monoxide. At the same time, the electrons from the filled platinum orbital that
overlaps with the carbon monoxide π* orbital are also moved toward the platinum and
hence weakens the π-backbonding interaction. The vibrational frequency increases as a
result of carbon monoxide π bond strength enhancement. A change in electrode
potential to more negative direction repels the electrons from σ donation and extends
the electron cloud of its filled d orbital further into the carbon monoxide π* orbital. The
increase in the donation to the C-O antibonding orbitals weakens the carbon monoxide
bond and shifts its vibration to lower frequency.
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1.2.4 Electrochemical Stark Effect
The infrared absorption of carbon monoxide adsorbed on a platinum surface is
frequently characterized by the electrochemical Stark effect. The electrochemical Stark
effect states that a dipole whose direction of vibration is parallel to the surface normal
undergoes a change in vibrational frequency with the presence of an electric field. The
theoretical treatment of the Stark effect for adsorbed carbon monoxide on electrodes
may be attributed to D. K. Lambert’s effort.12,13,14,15 Lambert’s equations predict that,
at constant surface coverage, δvE, the shifting of the infrared peak frequency v, under
the influence of applied electric field E should be linear with respect to the field
strength throughout the whole double layer region (equation 1.7).

δ

vE

=

∂v
∂E

(Equation 1.7)

Since it is necessary to apply a potential to the electrode in order to produce the electric
field, the linear relationship between the strength of electric field E and the applied
electrode potential V can be written as equation 1.8, which defines the electric field
intensity as being inversely proportional to the interfacial dielectric constant.
∂E C
=
∂V ε

(Equation 1.8)

Application of chain rule to equation 1.8 yields equation 1.9, which, upon
rearrangement, gives equation 1.10.

14

∂E ∂v C
=
∂v ∂V ε

(Equation 1.9)

∂v ∂v C
=
∂V ∂E ε

(Equation 1.10)

Equation 1.10 indicates that a plot of the infrared peak frequency, v, versus electrode
potential, V, ought to be linear, with the slope being defined as the Stark tuning rate δvV
(given in equations 1.11 and 1.12).

δ

vV

= δ vE

δ

vV

=

C
ε

(Equation 1.11)

∂v
∂V

(Equation 1.12)

A probe oscillator, i.e. carbon monoxide, confined to an electrode surface senses
changes in the microenvironment within the double layer. The properties of the
molecule react to the new environment; and, from the reaction information, about the
properties of the interface may be determined. The change could be correlated to the
infrared vibrational frequency. Thus the experimental determination of the Stark tuning
rate provides a measurement which reflects the combined interfacial properties. This is
a sensitive, yet easy to implement, experimental method with which to obtain
information about the properties of the interface.
A. B. Anderson proposed an alternative theoretical treatment to explain the
infrared behavior of adsorbed carbon monoxide based on atom superposition and
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electron delocalization molecular orbitals (ASED-MO).16 Because a change in electrode
potential causes an electrode valence band shift, negative charges on the electrode will
shift the electrode Fermi level up and positive charges will shift the level down.
Carbon monoxide is a molecule which has filled orbitals. This model uses CO as the
electron donor ligand to donate electrons to the empty Pt electrode orbital. The CO
ligand donor orbital

L,d

interacts with an empty acceptor electrode surface orbital

S,a

to form a bond. As electron delocalization occurs during the surface interaction, the
resulting orbital is predominately ligand in character. Similarly, the resulting
antibonding orbital is predominately surface orbital in character. According to first
order perturbation theory, the orbital formula are,

Ψ L ≅ Ψ L,d +

ΨS ≅ ΨS ,a +

< Ψ L,d | H '| ΨS ,a >

E L,d − E S ,a

< Ψ S ,a | H ' | Ψ L,d >

E S ,a − E L,d

ΨS ,a

(Equation 1.13)

Ψ L,d

(Equation 1.14)

Where H’ is the Hamiltonian and EL,d and ES,d are the energies of orbitals
respectively. The second order perturbation theory gives the energies of
stabilization and

S

L,d

and

S,a

L

destabilization:

|< Ψ L,d | H '|ΨS ,a >|
E L ≅ E L,d + < Ψ L,d | H ' | Ψ L,d > +
E L,d − E S ,a

2
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(Equation 1.15)

,

|< ΨS ,a| H '|Ψ L,d >|
E S ≅ E S ,a + < ΨS ,a | H ' | ΨS ,d > +
E S ,a − E L,d

2

(Equation 1.16)

The properties were calculated as functions of band shifts and the result was interpreted
by perturbation theory. The numerical results are only qualitatively in agreement with
experimental values. ASED-MO predicts that the Stark tuning rate for CO in acid
electrolytes was estimated to be 56 cm-1/V by ASED-MO rather than the widely
accepted experimental value of 30 cm-1/V.
The adsorption of carbon monoxide in the study of interfacial properties offers a
spectroscopic method using infrared to detect changes of the probe molecules at the
interface under the influence of applied potential. Calculation of the Stark tuning rate
provides insight into the capacitance behavior of the interface, and the importance of
dielectric constant on the physical properties of the interface.
1.2.5 Self-Assembled Monolayers
The preparation of self-assembled organic monolayers on metal or metal oxide
substrates is a popular method in the scientific community for thin film preparation. It
is a much simpler method, and is somewhat more versatile than the commonly utilized
Langmuir-Blodgett technique. The creation of a Langmuir-Blodgett monolayer or
multilayer needs special equipment and tedious handling procedures. Unlike its
counterpart, the formation of self-assembled monolayers on metal substrates is easy and
spontaneous. No special equipment is required to prepare a self-assembled monolayer.
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Instead, a clean metal substrate is placed in a dilute solution of the adsorbate for time
periods ranging from a few seconds to as long as several hours. The duration of the
adsorption depends on the nature of adsorbate. The adsorbate usually consists of a head
group, like a thiol, and a terminal group; although, absorbates of 2 heads or 2 terminals
such as disulfide have also been reported.62 The head group is responsible for the
adsorption due to the strong affinity with the metal substrate.49-82 While the terminal
group does not participate in the adsorption, its presence at the interface of the
monolayer and solution can be used to customize the monolayer properties.57, 63, 69, 70, 72
Long chain alkanethiols with more than 10 carbons in the alkyl chain form well
defined monolayers on gold substrates, as shown schematically in Figure 1.4.17 During
the adsorption, the thiol head group gives up a hydrogen atom to establish an Au(I)thiolate bond.18 The overall structural integrity of the monolayer is maintained by van
der Waals forces between the methylene groups on adjacent chains. This
communication of methylene groups produces a stable, well organized alkyl chain
structure that is closely packed and fully extended in an all-trans geometry.19 The
backbone of the alkyl chain tilts approximately 35° from surface normal.19
The deposition of a long chain alkanethiol monolayer on a gold electrode for
surface modification has encouraging results for electroanalytical chemistry. Because
the monolayer acts as a low dielectric material at the interface, the interfacial
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Figure 1.4 Illustration of a monolayer of alkanethiol adsorbed on gold surface17

19

capacitance is hence significantly reduced relative to an unmodified interface (equation
1.1). The hydrophobic terminal methyl group at the monolayer-solution interface,
however, discourages polar solvents from approaching the electrode, effectively
preventing mass transport of electrochemically active material to the electrode surface
and eliminating the Faradaic processes. It has been shown that this problem may be
overcome by using nonpolar organic solvent to increase the solvation of the
monolayer.81, 82 Organic solvents, however, may not be a practical solvent choice for
many electrochemical systems. The wettability of a monolayer with a polar terminal
group is superior than that of a nonpolar terminal group. A polar terminal group, such
as carboxylate, can help the hydration of monolayer-solution junction as well as disturb
the monolayer structure to increase disording which opens passages among alkyl chains
to mass transport.70, 74 That is to say, although the head group provides the necessary
mechanism to anchor the adsorbate onto a substrate, it is the terminal group that
determines the chemistry of the monolayer. Given this description, desired properties
could be incorporated into the monolayer on a molecular level with careful design of
the interfacial structure.
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Chapter 2

Literature Review for Carbon Monoxide Adsorption
The adsorption of carbon monoxide on platinum electrodes was reported by B.
Beden, C. Lamy, A. Bewick, and K. Kunimatsu in 1981. In this report, carbon
monoxide was found as a reaction intermediate during the electrocatalytic oxidation of
methanol in 1 M sulfuric acid.20 The same team later extended the scope of the
adsorption to include rhodium and gold electrodes.21 These publications indicated that a
high surface coverage of carbon monoxide on electrodes can be obtained during the
oxidation of methanol. Once adsorbed, the CO could be easily oxidized to carbon
dioxide at potentials greater than 0.35 V versus normal hydrogen electrode (NHE).
The potential dependence of the infrared peak position for carbon monoxide
adsorbed on platinum electrode in aqueous perchloric or sulfuric acid solution was
demonstrated by J. Russell, et al.22 It was also found by Russell and coworkers that the
shift is coverage dependent.22 The linear relationship between electrode potential and
CO peak position reported by Russell et al. was confirmed in the work of Golden,
Kunimatsu, and Seki.23 Kunimatsu’s team later published a paper which quantitatively
demonstrated that the rate of peak shift, the Stark tuning rate, is 30 cm-1/V in aqueous,
acidic solutions.24 The reported experimental value of Stark tuning rate is in good
agreement with Lambert’s theoretical prediction.12-15
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The formation of the carbon monoxide adlayer on polycrystalline platinum
electrode during the catalytic oxidation of methanol was comprehensively investigated
by Beden, Lamy and Coworkers.25,26 Linearly adsorbed carbon monoxide was the
predominant product at higher methanol concentrations. A third aldehyde-like species
as well as linearly and bridged adsorbed carbon monoxide were also identified by
infrared at lower methanol concentrations. All three species were found on welldefined Pt (100) and Pt (111) surfaces, even at high methanol concentration. Only
linearly adsorbed carbon monoxide, however, was observed at the Pt (110) surface.27,28
The comparison of linearly adsorbed carbon monoxide on platinum electrode from
different sources was performed by Kunimatsu and Kita.29,30 As a result of formic acid
or methanol oxidation in acidic solution, linearly bonded carbon monoxide is found to
be the predominate species on platinum surfaces. The infrared intensities of adsorbed
carbon monoxide are about the same for CO derived from either dissolved carbon
monoxide or formic acid oxidation. Adsorbed CO from the methanol oxidation,
however, gives significantly lower infrared absorption at higher surface coverage,
indicating the presence of other coadsorbed species. Studies of CO from formic acid
and methanol oxidation can also be found in Weaver’s work.31,32
Ito’s results of carbon monoxide adsorbed on well-defined surfaces such as Pt
(111), Pd (111), and Pd (100) further extended our understanding of CO adsorption in
terms of surface morphology.33,34 Unlike Beden and Weaver’s approach to form the
carbon monoxide adlayer by the oxidation of organic molecules,20-23,26,27 Ito prepared
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monolayer carbon monoxide adsorptions by bubbling high purity carbon monoxide gas
through the electrolyte solution. Three species, linearly bonded CO, bridged bonded
CO, and three-fold carbon monoxide, were detected on Pt (111) with the amount of
three-fold CO diminishing after the surface structure was altered by reconstruction.28, 29
Both bridged bonded and three-fold carbon monoxide were also observed on Pd (111),
but only bridged adsorbed CO could be found on Pd (100). A change in adsorbed CO
structure could be induced by applied electrode potential, or by altering the surface
coverage.28, 29 Carbon monoxide adsorbed on rhodium and iridium electrodes was also
reported by Weaver and coworkers.35,36 In contrast to Pt (111) results, where three
species have been detected, only linearly bonded and bridged CO were found on
rhodium electrodes. Linear carbon monoxide was the exclusive species on Ir (111)
electrodes, and different properties were observed from adlayers formed in the
hydrogen and double layer regions.30, 31
The influence of solvent type on the adsorbed carbon monoxide was studied by
M. R. Anderson et al.37,38 Several organic solvents and binary mixtures of the organic
solvents and water were used during the adsorption of carbon monoxide onto platinum
surfaces. The quantity of water in the binary mixture was found to have a strong
impact upon the experimental Stark tuning rate. The reported Stark tuning rate is much
lower than the widely accepted value of 30 cm-1/V in acidic, aqueous solution. The
infrared peak position of the adsorbed carbon monoxide maintains its linear dependence
on electrode potential, except in the case of methanol solutions where three different
23

linear regions were observed. In contrast to Anderson’s result, Love and McQuillan
prepared the carbon monoxide adlayer in methanol solutions saturated with CO and
obtained a single linear region rather than three linear regions.39 The difference in CO
behavior under the influence of electric field is attributed to the starting material used in
the preparations of carbon monoxide adlayer. It seems that solutions saturated with
carbon monoxide give clean adsorptions on the substrate, whereas coadsorption of side
products apparently accompanies the oxidative decomposition of metal carbonyl
complexes as used by Anderson.
Ashley and coworkers reported cation effects on vibrational frequencies of
adsorbed thiocyanate on platinum.40 The potential dependence of the thiocyanate C-N
stretching frequencies was investigated as a function of lithium, sodium, potassium, and
cesium cations from supporting electrolytes. It was explained that the change in
vibrational frequencies is related to the change in position of outer Helmholtz plane
with the size of electrolyte cation. However, only a qualitative trend between the Stark
tuning rate and the cation size was demonstrated.
Adsorptions of CO in anhydrous tetrahydofuran, methylene chloride, and
acetonitrile saturated with carbon monoxide gas, using either tetra-n-butylammonium
perchlorate or sodium perchlorate as the supporting electrolyte, were investigated by
Weaver and coworkers in 1990.41 The peak positions were found to be linearly
dependent on the electrode potential except at extreme positive and negative potentials
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where desorption of carbon monoxide occurs. Anderson and Huang quantitatively
studied the adsorption of carbon monoxide on platinum in anhydrous acetonitrile with
cations of different sizes. It was found that the Stark tuning rate is directly proportional
to the reciprocal of cation diameters.9, 10 The result is in good agreement with Ashley’s
suggestion of outer Helmholtz plane position versus electrolyte cation size. Double
layer capacitance is thus shown to be related to the cation size. The same result was
later reproduced by Weaver et al.42 This result is consistent with the double layer
model where one of the capacitor plates is the outer Helmholtz plane. With increasing
ion size, the position of the outer Helmholtz plane will change and this will influence
the interfacial electrical field.
Weaver and coworkers found that neither carbon monoxide nor carbon dioxide
were formed from the oxidations of methanol and ethanol in the absence of water.43
When the anhydrous environment was broken by the addition of acidified water,
considerable amount of carbon monoxide was detected on the electrode. It is
interesting to note that no CO formation was observed in the oxidation of isopropanol
in both anhydrous and aqueous environments.36 Weaver suggests that the formation of
adsorbed carbon monoxide on electrode surfaces should not be considered as a reaction
intermediate of electrooxidation. Rather, it is an inhibitor to the reaction and therefore
the removal of adsorbed carbon monoxide is a required step in the course of
electrooxidation.44,45

25

In summary, carbon monoxide is an excellent adsorbate to form an adlayer on
platinum electrode surface. Its adsorption to the electrode is spontaneous, fast, and
strong. There are three different types of carbon monoxide adsorption, linear, bridged,
and three-fold carbon adsorbed CO, which can be found on electrode surface. The
occurrence of a specific type of CO adsorption is believed to be dependent on the
electrode crystal structure. The infrared peak position of adsorbed carbon monoxide is
sensitive to the environment of the electrode-solution interface such as electric field,
solvent, cation size of the supporting electrolyte and so on. The magnitude of the
electric field at the electrochemical interface, the solvent polarity, and the cation size
are all factors that influence the interfacial capacitance. By using carbon monoxide as a
probe molecule for the investigation of the electrochemical interface, infrared data can
be collected to determine the best way to reduce interfacial capacitance for
electroanalytical measurements.
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Chapter 3

Experimental for Carbon Monoxide Adsorption
3.1 Polarization of Infrared Radiation
Light can be described as electromagnetic waves. The propagation of a light
wave in space comes with the oscillation of its electric field along the direction of
migration. Every light wave, including infrared radiation, can be mathematically
separated into two components, p-polarized light and s-polarized light.46 The ppolarized light is the component whose direction of wave oscillation is parallel to the
plane of incidence as shown in Figure 3.1. Similarly, the s-polarized light has the
oscillation of its electric field perpendicular to the plane of incidence.
When an incident light is reflected from a metalic surface, phase shifts occur to
both the p-polarized light and s-polarized light. According the calculations from
Fresnel’s equations,47, 48 s-polarized light undergoes a phase shift of 180° at all angles of
incidence. With this phase shift, the interference between the incident and reflected spolarized light is destructive, producing a standing wave with a node at the point of
reflection. This means that s-polarized light has zero intensity at the reflection
interface, and s-polarized light can not interact with the species confined to the
substrate. The molecules in the rest of the light path, excluding the reflection point,
however, can still absorb s-polarized light to give a background interference. The
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Figure 3.1 Schematic illustration of p, s-polarized light. p-Polarized light oscillates
parallel to the plane of incidence and s-polarized light has its oscillation perpendicular
to the plane of incidence.
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removal of s-polarized light can improve the signal to noise ratio in the interfacial
infrared spectrum by the factor of two, because the s-polarized light contains no
information about surface adsorbates.
p-Polarized light also suffers a phase shift upon reflection, but the degree of
shift is dependent on the angle of incidence. It was found that the best angle of
incidence for highest reflection intensity is around 80°.46 The phase shift for the
reflected p-polarized light at such incident angle is 90° out of phase.47 The interference
between the incident and reflected p-polarized light is constructive at 90°. This
increases the light amplitude so that the signal to noise ratio is enhanced. Because ppolarized light interacts with the adsorbate on the electrode surface as well as the
species in the light path, therefore, subtraction of s-polarized light from p-polarized
light will give a signal which contains only information about the adsorbate on the
electrode surface.

3.2 Potential Difference Infrared Spectroscopy (PDIRS)
The adsorption of carbon monoxide forms a monolayer on platinum surfaces. It
is difficult to detect the presence of a single layer of molecules in the presence of a
strongly absorbing environment such as an aqueous solution with a traditional infrared
instrument. This difficulty led to the development of potential difference infrared
spectroscopy (PDIRS).53-55 In a PDIRS experiment, two single beam infrared spectra
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were collected at different applied electrode potentials. The two single beam infrared
spectra were then ratioed to give the difference between the two spectra. Only those
potential dependent infrared peaks remain in the resulting spectrum. Potential
difference infrared spectroscopy is actually an extension of infrared reflectionabsorption spectroscopy (IRRAS)49, 50, 51 which uses potential modulation to improve the
spectral signal to noise ratio. The name of potential difference infrared spectroscopy
came from the fact that the resulting infrared spectrum is the difference between two
single beam infrared spectra taken under the influence of different electrode potentials.
The FTIR utilized in all experiments is a Nicolet 710 equipped with a globar
and a liquid nitrogen cooled wide band HgCdTe detector (Nicolet Instrument, Madison,
WI). The FTIR was optically coupled with the spectroelectrochemical cell and the
detector through the external beam port using an optical setup of local design, depicted
in Figure 3.2. The infrared output from Nicolet 710 spectrometer was first polarized
by a wire grid polarizer (Cambridge Physical Science) mounted on the optical port to
remove the s-polarized light. Two Nicolet silver front surface mirrors reflected the ppolarized infrared radiation from the source onto the electrode at an incident angle of
60 . The infrared light reflected from the electrode was collected by an external
HgCdTe detector. All the optics are enclosed and purged with filtered air free of
moisture and carbon dioxide. A Balston Type 75-60 air purifier is the dried air source
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Figure 3.2 Instrumentation diagram for Potential Difference Infrared Spectroscopy
(PDIRS) used in all carbon monoxide experiments
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(Balston Filter Product, Lexington, MA). The infrared spectra in all CO experiments
were collected at 2 cm-1 resolution with 512 interferometer scans at each electrode
potential.

3.3 Temperature Control
The working electrode for studies of the carbon monoxide adsorption is a
polycrystalline platinum disk of 0.9 centimeter in diameter with an AD590 temperature
probe (Analog Devices, Norwood, MA) soldered on the backside of the disk. The
electrode and probe assembly is then glued to the tip of a glass tubing of the same
diameter using thermally conductive epoxy (Omega Engineering, Inc., Stamford,
Connecticut) to hold the platinum disk on the glass tubing tip, as shown in Figure 3.3.
The use of thermally conductive epoxy does not only hold the metal plate to the glass
tubing, but also improves the thermal exchange between the bulk solution and the
temperature probe. Because the platinum disk is less than 1 millimeter in thickness and
metal is a good thermal conductor, the temperature reported by the probe AD590 is the
real-time temperature at the electrode surface. The temperature sensor is a current
source which makes it less subject to electromagnetic interference. The output current
from AD590 is directly proportional to the temperature.52 Its temperature response is
linear from -55 C to 150 C. Most of all, the temperature coefficient of the response
curve is 1 A/K, and the output current at room temperature (298.2 K) is 298.2 A. A
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Figure 3.3 Working electrode with temperature probe to monitor the real-time
temperature at the electrode surface
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current to voltage converter could be easily constructed by using a general purpose
operational amplifier to show the temperature in the range of millivolts (e.g. 298.2 mV
at room temperature). No calculation or table look-up is needed for the converter
output since the voltage is the same as the temperature numerically except the position
of decimal point.
The spectroelectrochemical cell is a modification from Pons’ design.53,54,55 A
cooling coil was added to the solution compartment of the cell to allow temperature
control. The cooling coil wraps around the barrel of the working electrode as shown in
Figure 3.4. Coolant is then pumped into the cooling coil from a Fisher Scientific
(Pittsburgh, PA) Model 9100 Isotemp Refrigerated Circulator. Stirring is achieved by
nitrogen bubbling to ensure a uniform temperature distribution. System temperature is
controlled by adjusting the thermostat on the circulator base until a thermal equilibrium
is retained. It is confirmed from day to day that the ability of this approach to maintain
stable temperature is reliable.

3.4 Carbon Monoxide Adsorption
High purity carbon monoxide and nitrogen were AirCo products. Nitric acid
and perchloric acid were purchased from Fisher Scientific (Pittsburgh, PA). Distilled
water was double deionized with a Barnsted NANOpure II (Barnstead, Dubuque, IA)
water purification system. Alumina suspensions used in electrode polishing were from
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Figure 3.4 Assembled temperature controlled spectroelectrochemical cell and the
working electrode (cf. Figure 3.1)
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Buehler Micropolish. The potentiostat used to control electrode potential was a JAS
model JDP 1600 (JAS Instruments, Salt Lake City, UT).
The working electrode was cleaned in hot nitric acid prior to use. It was then
polished with successively finer grades of suspended alumina (1.0, 0.3, and 0.05 m)
until a mirror finish was obtained. The imbedded alumina in the electrode was then
removed by ultrasound sonication.
0.1 M perchloric acid was first purged with dry nitrogen for 15-20 minutes to
remove dissolved gases. The electrode was conditioned using electrochemical cleaning
by cycling between 1.30 V and -0.35 V versus saturated calomel electrode (SCE) at
scanning rate of 0.1 V per second, until well defined peaks due to hydrogen atom
adsorption are evident.
The electrode potential was held at 0 V versus SCE at room temperature while
carbon monoxide was bubbled into the spectroelectrochemical cell. The adsorption of
carbon monoxide was confirmed by infrared spectroscopy. This procedure typically
takes about 15 minutes of bubbling to obtain a good surface coverage. The refrigerated
coolant was then circulated to establish the temperature of the experiment. During this
time, nitrogen was constantly bubbled into the cell to insure good stirring, and also to
remove the remaining carbon monoxide dissolved in the solution. The absorption of
infrared light from solution can be greatly reduced by pressing the working electrode
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against the calcium fluoride window on the spectroelectrochemical cell to form a thin
layer of solution.
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Chapter 4

Influence of Temperature on the Carbon Monoxide
Adsorbed on Platinum Electrode
4.1 Potential Difference Infrared Spectrum of Carbon Monoxide
Unlike the CO spectra in organic solvents, where bipolar peaks are
characteristic of PDIRS experiments because adsorbed carbon monoxide is still on the
electrode in reference spectrum,1,2 the reference spectrum for the adsorption of carbon
monoxide on platinum electrodes in 0.1 M perchloric acid was taken at the electrode
potential of 0.8 V versus SCE. At this potential, the adsorbed carbon monoxide was
oxidized to carbon dioxide, providing a spectrum of a clean surface for background
subtraction. The difference between the sample spectrum and the reference spectrum
gives a unipolar PDIRS spectrum under these conditions, similar to the regular infrared
spectrum in transmission mode. Figure 4.1 is a typical PDIRS spectrum of carbon
monoxide adsorbed on platinum at 20 °C referenced to a spectrum collected at 0.8 V.
The CO peak height is characteristic that the surface of the platinum electrode is
saturated with adsorbed carbon monoxide. Because the CO peak position is not only a
function of electrode potential but also surface coverage, the saturated surface coverage
provides the advantage of maintaining a constant influence of surface coverage for all
the electrode potentials and temperatures studied. The single peak at
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Figure 4.1 Representative PDIRS spectrum of carbon monoxide adsorbed on platinum
surface in 0.1 M perchloric acid at 20 °C. The potential are 0.2 V versus SCE using
0.8 V as the reference.
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about 2080 cm-1 in the spectrum is characteristic of carbon monoxide in a linearly
bonded orientation on the platinum surface. No bridge bonded carbon monoxide was
found (~1700 cm-1) under any circumstance. This result of exclusively linear bonded
CO is consistent with the literature reports for carbon monoxide on polycrystalline
platinum.10, 40

4.2 Potential Dependence of CO Peak Position
The infrared peak position for carbon monoxide adsorbed on platinum electrode
changes with applied electrode potential. Figure 4.2 displays the influence of electrode
potential on the adsorbed CO peak positions at a temperature of 20 °C. The infrared
peak positions for the adsorbed carbon monoxide shift to higher frequency when
increasingly positive potentials are applied to the electrode. The change in peak
frequencies can be explained by the chemisorption of carbon monoxide to the Pt
electrode. The application of positive potential to the electrode reduces the overlap of
CO π* antibonding and therefore strengthens the CO bond. The CO bond is weakened,
on the other hand, by negative potentials which more strongly donates the platinum d
orbital into the CO π* orbital. The magnitude of the shift in peak frequency is directly
proportional to the electrode potential before the occurrence of CO desorption or
oxidation. The result is consistent with previous observation and theoretical
prediction.1,2
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Figure 4.2 PDIRS spectra of CO adsorbed on platinum as a function of potential in 0.1
M perchloric acid at 20 °C. The reference for each spectrum is 0.8 V vs. SCE.
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4.3 Peak Frequency versus Electrode Potential
Because carbon monoxide starts to oxidize at positive potentials and the
application of negative potentials to the working electrode is limited by the electrolysis
of the solvent system, aqueous environments severely limit the experimentally available
electrode potential window to between -0.4 V and 0.2 V versus SCE. Compared with
an available double layer region of approximately ±2.0 V versus SCE in organic
solvents such as acetonitrile, only a quarter of the potential range could be applied to
the working electrode in aqueous solutions. Infrared spectra of adsorbed carbon
monoxide on platinum electrode were taken at electrode potentials from -0.4 V to 0.2 V
versus SCE at 0.1 V increment. A plot of CO peak frequency versus electrode
potential in Figure 4.3 for interfaces at 10, 15, 20, and 25 °C, suggests that there is a
linear relationship between the carbon monoxide peak frequency and the applied
electrode potential throughout the available double layer region at any given
temperature. The desorption of carbon monoxide took place at the electrode potential
greater than 0.2 V versus SCE for oxidation or less than -0.4 V versus SCE for
reduction. The infrared peak frequency for the adsorbed carbon monoxide beyond the
double layer region was no longer linearly dependent on the electrode potential due to
the change in dipole interaction. A similar situation occurs at temperatures higher than
25 °C where the surface coverage is significantly lower as a result of CO desorption in
water at elevated temperature.
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Figure 4.3 A plot of peak frequency versus applied electrode potential for the infrared
spectrum of adsorbed CO in the presence of 0.1 M perchloric acid and as a function of
temperature.
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Nevertheless, the prediction of the electrochemical Stark effect is in good agreement
with the experimental data in double layer region below room temperature.

4.4 The Influence of Temperature
The slopes for the lines at different temperatures in Figure 4.3 correspond to
Stark tuning rates for the adsorbed carbon monoxide at these temperatures. It may not
be clear from Figure 4.3, but it is evident from Table 4.1 that the Stark tuning rate for
adsorbed carbon monoxide on platinum electrodes is related to the system temperature.
It was found that the natural logarithm of the Stark tuning rate is linearly related to
system temperature (Figure 4.4), with a correlation coefficient of 0.997.
Because dielectric constant is a temperature dependent variable, the equation for
the capacitance (Equation 1.1) suggests that the double layer capacitance is a function
of temperature. The Lambert equation (Equation 1.11) contains two temperature
dependent variables.
C=

εA
4πd

(Equation 1.1)
C

δ vV = δ vE ε

(Equation 1.11)

But the combination of Equation 1.1 and Equation 1.11 eliminates the temperature
dependent factor, the dielectric constant, from Lambert equation to give Equation 4.1.
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Table 4.1 Stark tuning rate at different temperature

10 °C
15 °C
20 °C
25 °C

Stark Tuning Rate, δνV
(cm-1/V)
21.2
23
25.5
29

Standard Deviation
0.7
1
0.8
2
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Correlation Coefficient
0.996
0.987
0.995
0.997
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Figure 4.4 A plot of the natural logarithm of Stark tuning rate versus solution
temperature in 0.1 M perchloric acid
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A

δ vV = δ vE 4πd

(Equation 4.1)

Equation 4.1 indicates that the Stark tuning rate δνV is inversely proportional to the
distance from the electrode surface to the outer Helmholtz plane (OHP). This effect
has been demonstrated previously.9, 10, 44 Careful examination of the other term δνE in
Equation 4.1, which defines the change of peak position under the influence of electric
field, reveals that it is also subject to the effect of temperature. As discussed in
Chapter 1 and in Section 4.2, the application of an electric potential to the working
electrode establishes an electric field extending from the electrode surface toward the
bulk solution.
E=

q
ε r2

(Equation 4.2)

where E is the electric field, q is electric charge that produces the electric field, r is the
distance to the charge. A particle of charge qe in the electric field can experience a
force F on it.
F = qe E

(Equation 4.3)

Because the dielectric constant ε changes with the system temperature, the strength of
the electric field and the induced force are functions of temperature. It is the electric
field that interacts with the electrons in platinum to either withdraw or promote the
electron cloud of platinum d orbital to overlap with the CO π* orbital. The degree of
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overlapping determines the bond strength and thus changes the vibrational frequency.
The change of bond vibration in an electric field is proportional to the force
experienced by the electron cloud and could be expressed by the following equation.
δ νE ∝ F

(Equation 4.4)

By correlation of Equation 4.4 to Equation 4.1, one can derive that
δ νV ∝ F

(Equation 4.5)

δ νV ∝ qe E

(Equation 4.6)

qe q
ε r2

(Equation 4.7)

δ νV ∝

where qe, q, and r in Equation 4.7 remain constant during the course of experiments.
This leads to the conclusion in Equation 4.8.
δ νV ∝

1
ε

(Equation 4.8)

The National Institute of Standard and Technology (NIST) published a
relationship between the water dielectric constant and temperature in the form of
empirical equations given in Equations 4.9 and 4.10.56
ε = exp[b0 + b1 (T − Tr )]

(Equation 4.9)

ε = exp(b0 + b1t )

(Equation 4.10)
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where b0 and b1 are adjustable parameters, and T denotes the system temperature in
Kelvin. Tr is selected as 273.15 K so that t in Equation 4.10 is the system temperature
in Celsius. Substituting Equation 4.10 into Equation 4.8 gives the following
relationship.
δ νV ∝

1
exp(b0 + b1t )

(Equation 4.11)

which can be rewritten as
δ νV ∝ exp(− b0 − b1t )

(Equation 4.12)

Applying the natural logarithm to both sides of Equation 4.12 demonstrates a linear
relationship between the natural logarithm of the Stark tuning rate and the system
temperature as shown by the experimental data in Figure 4.4.
ln(δ νV ) ∝ − b0 − b1t

(Equation 4.13)

Since it is a known fact that the dielectric constant for water has a negative temperature
coefficient, it is clear that b1 is less than zero. One can conclude that
ln(δ νV ) ∝ t

(Equation 4.14)

The plot in Figure 4.4 is in good agreement with the theoretical treatment shown
in Equations 4.13 and 4.14. It suggests that the change of water dielectric constant
with the system temperature induces an alteration in double layer potential profile. The
molecular probe carbon monoxide senses the change and it is reflected in the changing
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Stark tuning rate. The double layer capacitance also changes with the temperature as a
result of variation in dielectric constant. The interfacial capacitance can be reduced by
controlling the dielectric constant in the interface. Therefore, material of low dielectric
constant is likely an answer to the minimimization of interfacial capacitance.

4.5 Electrochemistry
Strong adsorption and high surface coverage are the two major advantages for
selection of carbon monoxide as a probe molecule of interfacial properties. The other
additional advantage is that carbon monoxide acts like a dielectric material at the
interface once a saturated CO monolayer is formed on the platinum electrode surface.
The interfacial capacitance can be measured by potential sweep methods in the
electrolyte solution. No Faradaic current is generated in these experiments due to the
absence of a redox couple in the solution. The measured current in the cyclic
voltammetry, therefore, is the result of the charging of the interface. Since the
charging current is directly proportional to the product of capacitance and scan rate, by
keeping the scan rate constant, the charging current may be regarded as a qualitative
comparison of the double layer capacitance.
The temperature coefficient of the CO dielectric constant is positive while that
of water is negative. In other words, the dielectric constant for carbon monoxide
increases with elevated temperature so that the double layer capacitance increases as in
Figure 4.5. Because the platinum electrode surface was saturated with adsorbed carbon
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monoxide, water molecules were largely excluded from contact adsorption with the
electrode surface. The higher charging current of the same CO monolayer on
electrodes at room temperature indicated a larger double layer capacitance. The
capacitance is proportional to the dielectric constant, and the capacitance could be
controlled with system temperature. Lower temperature is preferred to minimize the
double layer capacitance. Unfortunately, while carbon monoxide is an excellent probe
molecule, its adsorption on platinum electrode makes it a poor surface modifier.
Carbon monoxide desorbs and is oxidized easily at moderate potentials, potentials at
which most redox couples are active.

4.6 Summary of Temperature Influence on Interfacial Properties
The adsorption of carbon monoxide onto platinum electrodes produced a
saturated surface coverage with exclusively linearly bonded carbon monoxide. The
position of peak frequency for adsorbed carbon monoxide is known to be directly
proportional to the applied electrode potential. The linearity of the peak position with
applied potential is in good agreement with the electrochemical Stark effect, and
provides a measure of interfacial properties.
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Figure 4.5 The charging current of a platinum electrode covered with carbon monoxide
at 2 and 25 Celsius, respectively.
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Change in system temperature causes a shift in the dielectric constant which
influences the double layer capacitance and double layer potential profile. The CO
bond vibration is controlled by the electric field in the double layer which could be
correlated to the dielectric constant. The dielectric constant has an exponential
relationship with the system temperature. The overall temperature impact on the
dielectric constant, double layer capacitance, and potential profile gives the result that
the natural logarithm of Stark tuning rate is directly proportional to the system
temperature. This shows the importance of dielectric constant in the properties of
electrochemical interfaces.
Dielectric constant is perhaps one of the most critical properties in
electrochemical systems. Its magnitude is determined by the nature of the solvent. The
dielectric constant of the solvent affects the interfacial capacitance and potential profile
in the electrochemical double layer. Although interfacial capacitance could be
minimized by using a larger cation size to move the outer Helmholtz plane away from
the electrode,9, 10 it is not a practical approach for most electrochemical measurements.
There are several disadvantages in using different electrolytes. Common supporting
electrolytes usually contain metal as the cation. Unfortunately, most metal cations are
relatively small in diameter even though they have good affinity with water. Bulky
cations such as tetrabutylammonium ion, however, are usually poor solutes in aqueous
environment. Organic solvents could correct the problem of solubility for the bulky
cations but it may not always be a practical medium to work in. Since the majority of
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the earth surface is covered with water, it is obvious that most of the important
chemical phenomena are aqueous based.
The second approach to control the double layer capacitance by changing the
system temperature to alter the solvent dielectric constant also suffers some drawbacks.
Despite the influence demonstrated in this work, for solvents of high dielectric constant
such as water, the temperature-reduced dielectric constant is still relatively high when
compared with most organic solvents. Also, water begins to freeze at temperatures
higher than the freezing points for most other popular solvents. The temperature
coefficients for most organic solvents are quite small so that the difference in dielectric
constant within the allowable range of experimental temperatures is negligible.
Moreover, most organic solvents are volatile, and the rate of vaporization will cause
problems at elevated temperature. An alternative approach to reduce double layer
capacitance is thus necessary.
Good chemically modified electrodes should have robust adsorption on the
surface. Low dielectric constant and thick monolayers are also capable of attenuating
the influence of double layer capacitance to minimum. Most of all, the mass transport
as well as the electron transfer are not supposed to be hindered by the presence of the
surface modifier.
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Chapter 5

Literature Review for Self-Assembled Monolayers
While the approach of using carbon monoxide as a probe molecule was gaining
its popularity in early 1980’s, the use of self-assembled monolayers in the study of
chemically modified surfaces also attracted a lot of interest in the same period. Selfassembled monolayers are utilized as an alternative to Blodgett-Lagmuir film for its
easy preparation and spontaneous formation on surfaces. The value of monolayer
modified surfaces has been recognized by the scientific community for many
applications.57, 58,59 A wealth of information and knowledge about self-assembled
monolayer have been accumulated since it first emerged.
Allara and Nuzzo first adsorbed self-assembled monolayers of long chain fatty
acids onto oxidized aluminum surfaces in 1982.60,61 The importance of the kinetics in
the formation of equilibrium closest packed structure was emphasized in this report.
The rate of monolayer formation is extremely slow kinetically, and the mechanism of
formation is not kinetically simple, but the detailed kinetics and mechanism are still not
well understood. It was found that a minimum chain length of 11 carbons was required
to form a well organized, closest packed structure. Infrared spectra provide evidence
that fatty acids are adsorbed on oxidized aluminum surface by means of dissociation of
a proton to form carboxylate. The proton reacts with the oxygen in surface aluminum
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oxide to produce a surface hydroxyl. It is also possible for the proton to combine with
a surface hydroxyl to produce water.
In addition to fatty acid and aluminum surfaces, there are a few species that can
form self-assembled monolayer on metal surfaces. Self-assembled monolayers on gold
surfaces derived from organic sulfur compounds are the most widely studied. There
are several possible sulfur derivatives for the preparation of self-assembled monolayers.
Ralph G. Nuzzo and coworkers reported the preparation of monolayers from organic
disulfides absorbed on gold surfaces in 1987.62 The long chain alkyl disulfide is
adsorbed on gold substrates with the S-S bond parallel to the surface while the two
sulfur atoms interact with gold atoms on the substrate surface. The rest of the molecule
then adopts a conformation to form an all-trans, tightly packed, crystalline-like
structure. The disulfide adsorption is so strong that thermal desorption will not occur
until a temperature of approximately 180-200 C as reported by Nuzzo, indicating that
this monolayer can be a durable and stable surface protectant.
The self-assembled monolayers from another sulfur derivative, dialkyl sulfides,
were examined by the collaboration of Nuzzo, Allara and Troughton et al.63 Although
studies indicate that dialkyl sulfide monolayers are partially ordered in chain structure,63
it was found that dialkyl sulfide monolayers are less ordered than corresponding thiol
monolayers. Instead of a crystalline structure, dialkyl sulfide monolayers are identified
as having liquid, liquid-crystal, or glass structure on gold substrate. The dialkyl sulfide
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films are stable to resist long term washing and soaking in water,63 indicating that
organic mercaptan compounds are good surface modifiers to give robust and reliable
monolayers.
The other sulfur derivatives, organic thiols, form spontaneously assembled
monolayers on gold substrates as robust as sulfide and disulfide, although thiols were
reported to have a better affinity to gold than sulfides.64 When the alkyl chain length is
greater than ten carbons, the organic thiols form well defined, densely packed, fully
extended, and crystalline-like structures on gold. Based on calculations from IR data,
the alkyl chains in monolayers from alkanethiols was found to tilt approximately 30°
from surface normal.65, 66 Low energy atom diffraction experiments also support the
same structure.67 The structural integrity of the monolayer starts to collapse with
increased disordering and lower packing density when the chain length is decreased.63
The long chain alkanethiol monolayers are stable indefinitely at room temperature and
start to desorb at 80 C.62
The methylene groups in the alkyl chains of mercaptan compounds form the
backbone for the monolayer, but it is the terminal group of the alkyl chain that is in
contact with the solution. The property of the terminal group is a determining factor in
the monolayer behavior. The terminus at the end of alkyl chain could be either polar or
nonpolar. Methyl terminated thiol monolayers are hydrophobic and could be used as a
surface protectant. A hydrophilic monolayer has polar groups like hydroxyl or
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carboxylic groups at the monolayer-solution interface to improve the solvation of the
monolayer in water. Adjacent alkanethiols with carboxylic terminal group are capable
of establishing hydrogen bonding in dimeric form.61 The terminal groups have little
effect on the structure of the hydrocarbon region in the long chain alkanethiol
monolayer.
The wettability of a monolayer can be best illustrated by ω-mercaptan ethers on
gold substrates.68,69 The contact angles of ω-mercaptan ethers on gold substrate are
significantly lower if the oxygen position is closer to the monolayer-water interface.
However, the polar oxygen influence on contact angle is only a short range inductive
effect. The contact angles from pure alkanethiol and ω-mercaptan ethers cannot be
distinguished if the oxygen in the ether is more than 4 atom layers away from the
interface. This reconfirms that the measurement of contact angles is a surface sensitive
technique.
Although, polar terminal groups could improve the solvation of the monolayer
at the monolayer-liquid interface, the wettability of a monolayer is not necessarily an
indicator of the monolayers electrochemical behavior.70 Permeable monolayers to the
adjacent solution are still a required property to have mass transport for electron
transfer. The permeability of monolayers depends on the structural ordering, packing,
and chain cross section of the monolayer. Finklea and coworkers showed the
electrochemistry of alkanethiol monolayers in both water and acetonitrile.71 The
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presence of the alkanethiol monolayer impedes the electrochemical oxidation as well as
the reduction of redox couples in aqueous electrolytes. The electrochemical oxidation
and reduction of ferrocene in acetonitrile, on the other hand, is not hindered by the
alkanethiol monolayer. The residual current in aqueous electrolytes is attributed to
electron tunneling and defects in the monolayer. Porter et al. also reported the
blocking properties of alkanethiol monolayers, but no pin holes were found for these
monolayers.63 The blocking properties become smaller influences due to structural
disorder and lower packing density as the chain length decreases to less than ten
methylene groups. Many organic thiols other than straight alkanethiols have been
synthesized to prepare monolayers with predesigned physical or chemical properties.
Electrochemically active species attached to the end of alkanethiols are some of the
cases used to improve understanding of self-assembled monolayer chemistry.72,73
When two different terminal groups, such as methyl and carboxylic groups, are
incorporated to the sulfide, an unsymmetrical dialkyl sulfide monolayer is formed. A
difference of five methylene groups in the 2 alkyl chains is sufficient to ‘bury’ the
functionality on the shorter chain within the monolayer. No solvent permeation occurs
in the monolayer of shielded carboxylic acid as well as unsubstituted dialkyl sulfide
monolayer.74 If the carboxylic acid group is brought closer to the monolayer-solution
interface, the solvent permeation and charge transfer will be enhanced. This result
shows that just structural disorder alone is not sufficient to increase mass transport to
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maintain full scale Faradaic current. The presence of polar terminal groups at the
monolayer-liquid interface is required to have good solvent permeation.
When a two-component alkanethiol surface is prepared, a long chain alkanethiol
terminated with methyl group and a short chain alkanethiol terminated with hydroxyl
group, the adsorption prefers the thiol with longer chain because of the van der Waals
forces between the tightly packed polymethylene chain.50,75 In the case of binary
alkanethiol system where the thiols have the same chain length but differing terminal
group, methyl and carboxylic acid groups, the monolayer is well packed while the
composition and wettability are controlled by the specific interaction between the
terminal groups.50,76,77 The polarity of the binary monolayer is controlled by the
concentration of the carboxylic acid in the monolayer. The acidity of the adsorbed
carboxylic acid on a gold surface is also a function of the binary monolayer polarity.78
It is less acidic than the free carboxylic acid in solution, and the acidity decreases as the
polarity of the monolayer declines. The contact angles of water remain a constant at
pH lower than 6; but decrease at higher pH due to the deprotonation of carboxylic acid
that boosts the monolayer polarity. Furthermore, the pH at which the carboxylic acid
adsorbed on gold surface starts to dissociate elevates as the polarity of the monolayer
decreases. When both short chain and long chain alkanethiols terminated with hydroxyl
groups are the components of the binary system, the contact angles of the binary
monolayer in water are higher than that of the pure monolayers from either thiols.50,79,80
This result indicates that a hydrophobic rather than hydrophilic monolayer is formed.
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The exposure of methylene groups of the long chain alkanethiol in water caused
structural disorder in the outer portion of the monolayer and is responsible to the turn
over in water affinity.
The in situ study of self-assembled monolayer has been made possible with
polarization modulation Fourier transform infrared spectroscopy (PMIRS).81,82,83,84,85
PMIRS is capable of revealing the real-time structural information for a monolayer
when it is immersed in either organic or aqueous solution. One of the important result
that PMIRS has solved is the solvent effect on the terminal methyl group of a
monolayer. Even though a long chain n-alkanethiol is considered hydrophobic, in
contrast to the evidence indicated by electrochemical experiments, the terminal methyl
group of the chemically modified surface does not undergo a structure change when in
contact with deuterium oxide.81 Neither could deuterated acetonitrile induce any
structure change in the n-alkanethiol monolayer except that some minor solvation is
observed. The application of potential to the gold substrate in deuterium oxide has little
effect on the long chain alkanethiol monolayer structure.82 However, a minor structure
change to a more ex situ crystalline-like sturcture occurs in the monolayer with the
presence of deuterated acetonitrile and electrode potential. Only straight long chain
alkanethiols have been extensively studied with the use of PMIRS. Most other
alkanethiols of substituted terminal groups and other sulfur derivatives have not been
studied with PMIRS.
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Self-assembled monolayers is a promising approach to introduce a chemical
modifier to the electrode surface in order to have desired properties. Lower interfacial
capacitance is one possible area that can be controled by forming the self-assembled
monolayer of low dielectric constant. However, the magnitude of mass transport has to
be conserved so that no loss in the analytical signal could happen. The signal to noise
ratio, therefore, will benefit from the reduced charging current for the interfacial
capacitance.
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Chapter 6

Experimental for Self-Assembled Monolayer

6.1 Synthesis of Alkoxydodecanethiols
The synthesis strategy was developed as an alternative to the literature method
for the preparation of alkoxyalkylmercaptans.51 Acetone, sodium iodide, anhydrous
magnesium sulfate, sodium chloride, and ethyl ether were from Fisher Scientific
(Pittsburgh, PA). Absolute ethanol was from Aaper Alcohol and Chemical Co.
(Shelvyville, Kentucky). Methanol, 1-propanol, and 1-butanol were also from Fisher
Scientific. 1-Hexanol was a Kodak product (Rochester, New York). 1-Pentanol, 1,12dibromododecane, and thiourea were purchased from Aldrich (Milwaukee, Wisconsin).
Tetrahydrofuran was J. T. Baker (Phillipsburg, NJ) HPLC grade. Deuterated methanol
(CD3OD) was from Cambridge Isotope Laboratory (Woburn, Massachusetts).
Deuterated ethanol (CD3 CD2OD) and butanol (CD3 (CD2)3OD) were purchased from
Aldrich. All the chemicals except tetrahydrofuran were used directly without further
purification.
6.1.1 Synthetic Method
1,12-Dibromododecane was converted to the corresponding diiodide by
replacing the bromides with 2 equivalents of sodium iodide in acetone. The resulting
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1,12-diiodododecane was then used in reactions according the following schemes in
Figure 6.1. All the reactions were carried out in anhydrous tetrahydrofuran dried with
sodium/benzophenone.
The reaction solutions were first extracted between ethyl ether and water. The
ethereal layer was then washed with a saturated aqueous sodium chloride solution,
followed by the addition of anhydrous magnesium sulfate to remove trace water from
the ether. The crude products were purified by flash chromatography on silica gel
eluted with hexanes/ethyl acetate.
The final product structures were verified by proton NMR and infrared
spectroscopies. Proton NMR was performed in deuterated chloroform with either
Bruker Model WP200 200 MHz or Model WP270 270 MHz Fourier transform NMR
spectrometers. The proton NMR data are listed in Table 6.1. Infrared data were
obtained with the Nicolet 710 FTIR at 2 cm-1 resolution. Since all the
alkoxyldodecanethiols are liquid at room temperature, the infrared spectra were
collected in traditional transmission mode by pressing a drop of neat
alkoxydodecanethiol between two sodium chloride salt plates to form a thin liquid film.
The infrared spectra of 6 alkoxydodecanethiols can be found from Figure 6.2 to Figure
6.4, respectively.
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CH3(CH2)nO- + I(CH2)12I

CH3(CH2)nOH + Na

excess

CH3(CH2)nO(CH2)12I + NaI
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CH3(CH2)nO(CH2)12I +
C
H2 N
NH2

[

]
+
NH2

CH3(CH2)nO(CH2)12

S

C

NH2

2KOH

CH3(CH2)nO(CH2)12SH
Figure 6.1 Synthesis scheme for 12-alkoxydodecanethiols
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Table 6.1 Proton NMR data for alkoxydodecanethiols
1

Compound

H NMR

CH3O(CH2)12SH

3.34,
t, 2H
-CH2-O

3.31
s, 3H
CH3-O

2.51
q, 2H
-CH2-S

1.59
m

1.26
m

CH3CH2O(CH2)12SH

3.45, 3.39
q, 3H, t, 2H
-CH2-O

2.51
q, 2H
-CH2-S

1.58
m

1.26
m

1.19
t, 3H
CH3-

CH3(CH2)2O(CH2)12SH

3.37, 3.36
t, 2H, t, 2H
-CH2-O

2.51
q, 2H
-CH2-S

1.54
m

1.25
m

0.90
t, 3H
CH3-

CH3(CH2)3O(CH2)12SH

3.37, 3.36
t, 2H, t, 2H
-CH2-O

2.51
q, 2H
-CH2-S

1.55
m

1.26
m

0.91
t, 3H
CH3-

CH3(CH2)4O(CH2)12SH

3.38
t, 4H
-CH2-O

2.51
q, 2H
-CH2-S

1.56
m

1.26
m

0.89
t, 3H
CH3-

CH3(CH2)5O(CH2)12SH

3.38
t, 4H
-CH2-O

2.51
q, 2H
-CH2-S

1.56
m

1.26
m

0.88
t, 3H
CH3-
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Figure 6.2 Infrared spectra of 12-methoxydodecanethiol and 12-ethoxydodecanethiol
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Figure 6.3 Infrared spectra of 12-propoxydodecanethiol and 12-butoxydodecanethiol
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Figure 6.4 Infrared spectra of 12-pentoxydodecanethiol and 12-hexoxydodecanethiol
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6.2 Nomenclature
The introduction of an oxygen atom to long chain alkanethiols to convert the
alkylmercaptan to an ω-mercapto ether offers the flexibility to manipulate the
monolayer properties by moving the oxygen position along the alkyl chain. There are
two alkyl chains on either side of the oxygen atom in the resulting ω-mercapto ether.
For convenience of data interpretation, the alkyl chain containing the thiol head which
is attached to the gold substrate is referred to as the inner chain of the ω-mercapto
ether, and the alkyl chain that is in contact with the solution or surrounding
environment at the interface is referred as the outer chain of the ω-mercapto ether.

6.3 Monolayer Preparation
1 inch square gold substrate slides were purchased from Evaporated Metals
Films, Inc. (Ithaca, NY). The glass slides were composed of 2000 Å of gold deposited
by vaporization on top of a 50 Å chromium layer used to adhere the gold to glass.
Prior to use, the substrates need to be cleaned to remove surface contamination. This is
done with piranha solution, a solution consisting of 1 part of 30% hydrogen peroxide
and 3 parts of concentrated sulfuric acid. After 1 minute of soaking in piranha
solution, the gold slide was rinsed with nanopure deionized water and blown dry with a
rapid stream of nitrogen. The substrate was immediately placed into a chloroform
solution containing 0.005 M alkoxyldodecanethiol for at least 24 hours. When the
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slides are removed from the adsorption solution, they were rinsed with ethanol and
nanopure deionized water, followed by drying in a stream of nitrogen.

6.4 Polarization Modulation Infrared Spectroscopy (PMIRS)
The development of polarization modulation infrared spectroscopy (PMIRS)67-69
makes it possible to study chemically modified electrochemical interfaces in situ. In
this method, infrared light is linearly polarized with a wire grid infrared polarizer
(Cambridge Physical Science) to give the incident infrared radiation a single
polarization. As shown in Figure 6.5, two mirrors direct the polarized infrared light
incident through a Hinds International PEM-80 photoelastic modulator (Eugene, OR).
The modulator rotates the incident infrared radiation back and forth between the p and s
polarization states at a frequency of 74 KHz. p-Polarized light is the electromagnetic
wave where the direction of its oscillation is parallel to the plane of incidence. sPolarized light, on the other hand, has the direction of oscillation perpendicular to the
plane of incidence. s-Polarized light upon reflection produces a node due to a 180°
phase shift and results in no intensity at the reflection surface; therefore, s-polarized
light can only interact with the species in the light pathway but not the species confined
to the electrode surface. p-Polarized light, however, does not experience a 180° phase
shift and interacts equally well with the species in the optical pathway and surface. The
HgCdTe detector output is fed to a band pass filter to remove signal aliasing. An
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Figure 6.5 Instrumentation diagram for polarization modulation infrared spectroscopy
(PMIRS)
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EG&G Model 5204 lock-in amplifier synchronized with the photoelastic modulator
polarization modulation frequency demodulates the filter and detector output. The
result is a spectrum of the difference between the absorption by the p- and s-polarized
light. This spectrum contains only spectral information about the surface species and
discriminates against the other species in the pathway.

6.5 Wettability
Advancing contact angles were measured with a Rame-Hart, Inc., NRL Contact
Angle goniometer using the sessile drop method. A flat tip microsyringe was used to
place a 5 µL drop of nanopure deionized water on the modified surfaces. Both the right
and left sides of the drop were measured in ambient surrounding air. At least three
drops were measured on each surface.

6.6 Film Thickness
Film thickness was measured by optical ellipsometry. A Gaertner ellipsometer
was used to find the monolayer thickness by reference to a clean, unmodified substrate.
The reference was a bare gold surface freshly cleaned with piranha solution and dried
with nitrogen. Because the actual refractive index of monolayer is not available. The
refractive index commonly used with alkanethiol was adopted (1.462 for hexadecyl
mercaptan).86 The measurement of film thickness can only be considered as a
qualitative measurement as a result of moisture and hydrocarbon condensation from the
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ambient atmosphere onto reference surface and the uncertainty of the monolayer
refractive index.

6.7 Electrochemistry
The electrochemical measurements were conducted with an EG&G Princeton
Applied Research (Princeton, NJ) Model 273 potentiostat interfaced to an IBM Model
PS2/50Z microcomputer via an IEEE-488 General Purpose Interface Bus (GPIB). The
electrochemical cell established a drop contact with the chemically modified gold
surface/working electrode as illustrated in Figure 6.6.70 The effective working
electrode surface area is 0.066 cm2, determined electrochemically. 0.1 M potassium
chloride in nanopure deionized water or 0.1 M sodium perchlorate in anhydrous
acetonitrile were the solutions for charging current experiments. Faradaic current
measurements were performed with 0.002 M potassium ferrocyanide and 0.1 M
potassium chloride in nanopure deionized water. In anhydrous acetonitrile, Faradaic
current measurements were conducted 0.1 M sodium perchlorate and 0.002 M
ferrocene. All the cyclic voltammetry experiments were conducted with a 100 mV/S
rate of potential scan. Two continueous scans were performed in each experiment with
the second sweep recorded for data analyses.
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Figure 6.6 Electrochemical cell used in the determination of charging current and
Faradaic current on the gold electrodes modified with alkanethiol monolayers70
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Chapter 7

The Structural Behavior of Alkoxyalkanethiol
Monolayers on Gold Substrate
7.1 Alkoxyalkanethiols of the Same Inner Chain
The first series of ω-mercapto ether structures has the general formula of
CH3(CH2)nO(CH2)12SH, where n equals to 0 - 5. The oxygens in the ω-mercapto ether
series are at approximately the same height from substrate surface because the length of
the inner chain remains at a constant value of 12 methylene groups. The length of the
outer chain, therefore, determines the interfacial polarity as shown in Figure 7.1.
Infrared spectra of the monolayers were obtained by PMIRS. The resultant
spectra were then compared with the literature spectra to assign vibrational modes to
each infrared absorption. The peak position of each stretching mode for the
monolayers was also associated with the same peak of natural state (cf. Figures 6.2 6.4) in order to find any possible structural change induced by adsorption to the gold
substrate.
7.1.1 Polarization Modulation Infrared Spectroscopy
Figure 7.2 shows the representative PMIRS spectra of octadecanethiol and 12pentoxydodecanethiol monolayers adsorbed on gold slides. These two thiols have the
same overall chain length of 19 atoms, including the sulfur atom where the twelth
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Figure 7.1 Schematic illustration of alkoxydodecanethiols adsorbed on gold substrate in
an all-trans fully extended chain structure.
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Figure 7.2 Comparison of octadecanethiol with the corresponding ω-mercapto ether of
the same overall chain length.
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methylene group in octadecanethiol is substituted by an oxygen in 12pentoxydodecanethiol. The first obvious difference between the spectra of these two
thiols is width of the peaks. The peaks for octadecanethiol are shaper and narrower
than that of 12-pentoxydodecanethiol. The broader peaks for 12-pentoxydodecanethiol
indicate that the structural order is disturbed by the presence of oxygen in the long alkyl
chain. Shoulders could also be found on the peaks of 12-pentoxydodecanethiol,
suggesting possible variation in stretching modes buried beneath the broader major
peaks. The repulsion of two oxygen atoms in two adjacent 12-pentoxydodecanethiol
chains is probably the source of disruption causing the conformational disorder of the
monolayer interface.
The peak positions and the assigned stretching modes for octadecanethiol are
found in Table 7.1. Van der Waals forces from the hydrocarbon groups play an
important role in causing the long alkyl chains to self-organize within the monolayer.
Octadecanethiol has been well characterized in the literature as having a tightly packed,
fully extended, and all-trans monolayer structure on gold substrates. The sharp and
narrow peaks for octadecanethiol are characteristic of the crystalline structure of
monolayer. Table 7.2 gives the peak positions and assigned stretching modes for the
monolayers of alkoxyalkanethiols of the same inner chain. n-Alkanethiols usually form
well defined crystalline structures on a gold substrate when there are more than ten
carbons in the backbone. All the ω-mercapto ethers of the same inner chain in Table
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Table 7.1 Peak Position for Alkanethiol C-H Stretching Modes (cm-1)
Group
-CH2CH3-

C-H stretching
Mode

Crystalline
State

Octadecanethiol
Monolayer

νa

2918

2917

νs

2851

2850

νa(ip)

2965

νa(op)

2956

νs(FR)

2938

νs(FR)

2879

νa - asymmetric stretch
νs - symmetric stretch
ip - in-plane
op - out-of-plane
FR - Fermi resonance
(From Marc. D. Porter, Thomas B. Bright, David L. Allara, and
Christopher E. D. Chidsey, J. Am. Chem. Soc., 1987, 109, 3559)
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Table 7.2 Peak Positions for CH3(CH2)nO(CH2)12SH C-H
Stretching Modes in the Monolayer (cm-1)
Group
-CH2CH3-

C-H stretching
Mode

n=0

n=1

n=2

n=3

n=4

n=5

νa

2925

2924

2927

2927

2924

2925

νs

2854

2852

2854

2852

2852

2852

νa(ip)

2981

2980

2964

2965

2966

2966

νa(op)

*

*

*

*

*

*

νs(FR)

*

*

*

*

*

*

νs(FR)

*

*

2873

2877

2877

2881

* undetectable due to the background noise or low signal to noise ratio
νa - asymmetric stretch
νs - symmetric stretch
ip - in-plane
op - out-of-plane
FR - Fermi resonance
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Table 7.3 Peak Positions for CH3(CH2)nO(CH2)12SH C-H
Stretching Modes in Natural Liquid State (cm-1)
Group
-CH2CH3-

C-H stretching
Mode

n=0

n=1

n=2

n=3

n=4

n=5

νa

2925

2926

2926

2928

2926

2925

νs

2854

2852

2854

2855

2853

2852

νa(ip)

♣

♣

♣

♣

♣

♣

νa(op)

2977

2974

2958

2956

2953

2953

νs(FR)

♦

♦

♦

♦

♦

♦

νs(FR)

♦

♦

♦

♦

♦

♦

♣ hidden under νa(op) methyl out-of-plane asymmetric stretch
♦ hidden under νa methylene asymmetric stretch
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7.2 have at least 12 carbons in the long chain, but the peak positions are significantly
different (varying by ~7 cm-1 at 4 cm-1 spectral resolution) from the stretching
frequencies for a crystalline state. A closer examination of the peak positions in Table
7.2 indicates that all the vibrations are characteristic of the fluid structure for the
monolayer. This is confirmed by comparing the peak positions of the same thiols in
monolayers and in their natural state as liquids before the adsorption to substrates.
Unlike some alkanethiols of lower chain length. They are liquids before the adsorption
to the gold surface. These alkanethiols, however, form crystalline monolayers on the
substrate. A change in chain conformation occurs during the adsorption of alkanethiols
onto the substrate. It is clear that this conformational change does not happen to all the
ω-mercapto ethers in the experiments.
Table 7.3 lists the peak positions and stretching modes for the
alkoxydodecanethiols at room temperature. The difference in peak frequency between
the same stretching modes in Tables 7.2 and 7.3 are all less than the spectral resolution,
suggesting that the alkoxydodecanethiol monolayer has a fluid-like disordered structure.
The alkoxydodecanethiols remain in the liquid state before and after forming
monolayers on the gold surface, likely due to the presence of the oxygen atom
disrupting the ability to form strong van der Waals interactions between neighboring
chains. The alkyl chains have greater freedom of conformation, and the all-trans
carbon skeleton is unlikely to occur in the liquid state. The packing of chains is less
tight in liquid state than in crystalline state. A liquid monolayer is not as rigid as a
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crystalline monolayer so that solvent permeation and mass transport of
electrochemically active species in the monolayer may be easier to accomplish with
these ethereal monolayers than was observed in the alkanethiols.
It has been well documented that alkanethiols with more than ten carbons in the
alkyl chain form a crystalline-like monolayer on the substrate. The outer chains of the
alkoxydodecanethiols have no more than six carbons in the chain; Therefore, it is
unlikely that the outer chains are ordered in structure. Since the inner chains of the
alkoxydodecanethiols have 12 methylene groups in the backbones, the structural
configuration for the inner chains could be either ordered or disordered. The PMIRS
spectra of the ω-mercapto ethers (Figure 7.2, Tables 7.2 and 7.3) contain the vibrations
from both inner and outer chains overlapping on each other. The contribution of the CH stretches from the inner chains may be isolated from the stretches of outer chains by
isotopic labeling of the outer chains. The synthesis of the deuterium labeled
alkoxydodecanethiols follows the same approach explained in Chapter 6 except
deuterated alcohols were used as the starting material to react with 1,12diiodododecane. Figure 7.3 displays the transmission infrared spectra (liquid film
between sodium chloride salt plates) for regular ‘hydrogenated’ 12methoxydodecanethiol and the same ω-mercapto ether whose outer chain is deuterated.
The C-O stretch at ~1117 cm-1 and the carbon chain twisting and wagging at ~1150 -
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Figure 7.3 Comparison of transmission infrared spectra for 12-methoxydodecanethiol
and 1,1,1-d3- 12-methoxydodecanethiol
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1350 cm-1 appear in both spectra in Figure 7.3. The characteristic methyl asymmetric
vibration at 2977 in the top spectrum of Figure 7.3 is converted to a series of C-D
stretches at ~2000 - 2250 cm-1 in the bottom spectrum in Figure 7.3. The vibrations
from the inner chain are responsible for all the peaks in the C-H stretching region at
~2850 - 3000 cm-1, and are due only to methylene modes.
Figure 7.4 gives the comparison for the PMIRS spectra of a monolayer 12methoxydodecanethiol and its corresponding thiol of deuterated methyl group. All the
methyl stretches shift to lower frequency due to the deuteration of methyl group. The
remaining C-H stretches observed are from the bond vibrations in the inner chain.
These stretches still maintain the peak positions and broadness as in regular
‘hydrogenated’ ω-mercapto ether but the shoulders are missing. It proves that
structural disorder does not only occur in the outer chains but also in the inner chains of
the ω-mercapto ethers. The PMIRS spectra of 12-ethoxydodecanethiol and 12butoxydodecanethiol in Figure 7.5 also support the same result.
7.1.2 Film Thickness
Because the real refractive indices for the alkoxydodecanethiols adsorbed on
gold substrate are unknown, an estimated refractive index of 1.460 from
hexadecanethiol was used in the measurement of film thickness. The monolayer
thickness from optical ellipsometry can only serve as a qualitative technique to show
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Figure 7.5 PMIRS spectra of 12-ethoxydodecanethiol and 12-butoxydodecanethiol with
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the relative film thickness among the monolayers. The measurements are referenced to
a freshly cleaned gold surface. Figure 7.6 is a plot of monolayer thickness versus the
number of carbons in the outer chain. All the ω-mercapto ether monolayers are
significantly thinner than their corresponding alkanethiol counterpart owing to the
structural disorder introduced by the oxygen in ω-mercapto ethers. The monolayer
thickness is still proportional to the chain length in spite of the structural disorder in
both the inner and outer chains.
Structural disorder induced by the ether oxygen collapses the structure of the
monolayer even though there are more than ten carbons in 12-methoxydodecanethiol.
The 12-methoxydodecanethiol monolayer is approximately 14 Å thinner than the
corresponding tetradecanethiol monolayer (eg. same total number of units in the
monolayer chain). 12-Methoxydodecanethiol monolayer actually has the same film
thickness as predicted for pentanethiol. The equivalent thickness of nine methylene
groups is lost from the presence of oxygen in 12-methoxydodecanethiol. On the other
hand, 12-hexoxydodecanethiol monolayer is 6 Å lower than its counter nonadecanethiol
monolayer. The 12-hexoxydodecanethiol monolayer is equal to the tetradecanethiol
monolayer in thickness. A loss of film thickness equivalent to 5 methylene groups is
incorporated to 12-hexoxydodecanethiol monolayer. The loss in film thickness is about
twice as long in 12-methoxydodecanethiol than in 12-hexoxydodecanethiol. The
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Figure 7.6 Film thickness for alkoxydodecanethiols of the same inner chain
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change in film thickness is the reason why a higher regression slope is obtained in
Figure 7.6.
The repulsion from oxygen atoms in adjacent chains is destructive to the
monolayer integrity, but the effect is not the same for all of the ω-mercapto ethers. 12Hexoxydodecanethiol monolayers have the longest outer chain in the series. The
contribution to van der Waals interaction by both the inner and outer chains of this
monolayer reinforces the structure integrity and, therefore, prevents the two adjacent
chains from falling apart. 12-Methoxydodecanethiol, on the other hand, has only a
methyl group as the outer chain. As a result, the van der Waals force from adjacent
methyl groups is not as strong as from hexyl groups, 12-methoxydodecane suffers the
most loss in monolayer thickness induced by oxygen repulsion.
7.1.3 Wettability
The contact angle data for ω-mercapto ether monolayers with deionized water
are shown in Figure 7.7. The contact angle data are in good agreement with the
literature values for similar ethers.68 The ω-mercapto ether polarity appears to be a
determining factor for the contact angle of ethers adsorbed at the monolayer-solution
interface. Because the oxygen is capable of hydrogen bonding with water, the solvation
of the monolayer in water improves as the oxygen atom moves closer to the monolayersolution interface. 12-Methoxydodecanethiol is the most polar ω-mercapto
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Figure 7.7 Contact angles for alkoxydodecaenthiols of the same inner chain
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ether in the series, and its oxygen atom is closest to the junction of the liquid and the
surface modifier. The contact angles in Figure 7.7 increase with the outer chain length.
The increase in contact angles is about 10° per methylene group from 12methoxydodecanethiol to 12-butoxydodecanethiol. This trend of increasing contact
angle begins to roll off from 12-butoxydodecanethiol to 12-hexoxydodecanethiol. In
fact, contact angles of 12-butoxydodecanethiol, 12-pentoxydodecanethiol, and 12hexoxydodecanethiol remain relatively constant, having a value approximately 10°
lower than the contact angle of crystalline n-alkanethiol monolayer. The plot of contact
angle versus the ω-mercapto ether outer chain indicates that the measurement of contact
angle is a surface sensitive technique. The measured contact angle only responses to
the first few layers of atoms from the monolayer surface. As the polar oxygen group is
buried below the surface by more than three methylene groups, the influence of the
oxygen atom to the contact angles fades out and the monolayer behaves similar to a
regular alkane.
7.1.4 Electrochemistry in Aqueous Solution
Cyclic voltammetry offers a test of the application of alkoxydodecanethiols to
the electrode surface as a dielectric material to reduce double layer capacitance, and is
also a measure of monolayer order. Figures 7.8 and 7.9 show the cyclic
voltammograms of electrodes modified with alkoxydodecanethiol monolayers in
aqueous solutions containing 0.1 M potassium chloride. The solutions used in the
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Figure 7.8 Charging current for alkoxydodecanethiols in 0.1 M aqueous KCl solution
swept at 100 mV/S - part 1 of 2
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Figure 7.9 Charging current for alkoxydodecanethiols in 0.1 M aqueous KCl solution
swept at 100 mV/S - part 2 of 2
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experiments contain no redox couples and potassium chloride is the supporting
electrolyte. The cyclic voltammograms in Figures 7.8 and 7.9 represent the charging
current for the interface. As shown in the figures, the charging current for a bare gold
electrode is in the range of a microampere, whereas the 12-methoxydodecanethiol
modified electrode gives a charging current in the range of nanoamperes. The change
in double layer capacitance with the application of ω-mercapto ether monolayer is about
2 orders of magnitude for most of the ω-mercapto ethers. The charging current
gradually decreases as the outer chain length increases, until 12-butoxydodecanethiol,
12-pentoxydodecanethiol, and 12-hexoxydodecanethiol surfaces where the charging
currents are about the same as a crystalline alkanethiol monolayer (e.g. octadecanthiol).
Equation 1.2 formulates that the charging current of the interfacial capacitance
is equal to the product of capacitance and the potential scan rate. All the cyclic
voltammograms in Figures 7.8 and 7.9 have a region of flat current which indicates
constant capacitance in that region. The capacitance for alkoxydodecanethiols,
therefore, could be qualitatively estimated from Equation 1.2 by sampling the steady
charging current from Figures 7.8 and 7.9.
Table 7.4 lists the estimated double layer capacitance for alkoxydodecanethiol
modified surfaces in 0.1 M potassium chloride solution. Comparing with the interfacial
capacitance for octadecanethiol monolayer (0.9 µF/cm2),63 the thinner monolayer and
higher polarity make the interfacial capacitance for alkoxydodecanethiol
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Table 7.4 Estimated Double Layer Capacitance for Alkoxydodecanethiol
Monolayers in 0.1 M KCl Aqueous Solution
Surface

Capacitance (µF/cm2)

Blank

178.79

CH3O(CH2)12SH

14.70

CH3CH2O(CH2)12SH

5.18

CH3(CH2)2O(CH2)12SH

3.35

CH3(CH2)3O(CH2)12SH

1.53

CH3(CH2)4O(CH2)12SH

1.32

CH3(CH2)5O(CH2)12SH

0.71
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monolayers a little higher than alkanethiol modified interfaces. The estimated double
layer capacitance in Table 7.4 shows some resemblance with the contact angles in
Figure 7.7. Even though the change in double layer capacitance is not linear from 12methoxydodecanethiol to 12-butoxydodecanethiol in Figure 7.10, the capacitance does
reduce significantly between these interfaces. The curve coincides with the trend in
Figure 7.7 and begins to roll off beginning at 12-butoxydodecanethiol.
The oxidation of Fe(CN)6-4 ferrocyanide to Fe(CN)6-3 ferricyanide in aqueous
0.1 M potassium chloride using an ω-mercapto ether modified electrode and the
subsequent re-reduction provide an implement to verify the degree of permeation and
mass transport for electrochemically active species through the monolayer. In contrast
to the trend of charging current in Figure 7.8 and 7.9, the cyclic voltammograms in
Figures 7.11 and 7.12 show that the Faradaic current does not decrease much when 12methoxydodecanethiol monolayer is adsorbed to the electrode surface. The Faradaic
current then decreases with increasing outer chain length for the other ω-mercapto
ethers of the same series. It is interesting to note that the Faradaic current is a function
of oxygen position in the ω-mercapto ethers. The movement of oxygen group in the ωmercapto ethers away from the monolayer-solution interface lowers the ω-mercapto
ether polarity and thus its dielectric constant. The reduction in interfacial capacitance is
as much as a factor of 1000 smaller than that of an unmodified surface, but at the
expense of diminished analytical signal as shown in Figure 7.12.
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Figure 7.11 Faradaic current for alkoxydodecanethiols for solutions of 0.1 M KCl and
0.002 M potassium ferrocyanide in water swept at 100 mV/S - part 1 of 2
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Figure 7.12 Faradaic current for alkoxydodecanethiols for solutions of 0.1 M KCl and
0.002 M potassium ferrocyanide in water swept at 100 mV/S - part 2 of 2
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Checking the peak potential for the cyclic voltammograms in Figures 7.11 and
7.12, one can find that the peak potentials for ferrocyanide oxidation are 375 mV for an
unmodified surface, 380 mV, 398 mV, 433 mV, 436 mV, 376 mV, and 357 mV with
respect to ethers from 12-methoxydodecanethiol to 12-hexoxydodecanethiol in the
ascending order of the outer chain length. A possible explanation for this trend is the
presence of pinholes and defects in monolayer and the migration of redox couple in
monolayer. These pinholes and defects act like many ultramicroelectrodes in parallel.
The current contribution from pinholes to the Faradaic current if can be written as:
i f = im + ip

(Equation 7.1)

where im is the current from a redox couple penetrating the monolayer, and ip represents
the current from pinholes and defects. For monolayers of no or little current blocking
ability, such as 12-methoxydodecanethiol, the contribution of pinhole current ip to the
overall current is usually negligible because im >> ip. The peak potential is therefore
determined by the degree of difficulty for mass transport in monolayer. As the outer
chain increases in length, the magnitude of monolayer current im approaches zero and
the monolayer gradually changes its properties to behave like an alkanethiol monolayer.
The pathway of having a redox couple penetrated the monolayer are slowly shut down
with increasing outer chain length. The only source left for the generation of Faradaic
current, therefore, is from pinholes and defects in the monolayer. Since there is no
alkanethiol in the pinholes and defects, the pathway is free of resistance to the mass
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transport for redox couples. These pinholes and defects should behave like a lot of
unmodified ultramicroelectrodes in parallel with each other. Hence the peak potential
is the same as that of an unmodified electrode. The cyclic voltammogram for 12hexoxydodecanethiol in Figure 7.12 provides additional evidence which shows the
typical behavior of ultramicroelectrode.
The signal to noise ratio of the measurements could be estimated with Equation
7.2; where S/N represents the signal to noise ratio in decibel, is is the Faradaic current
and in refers to the charging current.
i
S / N = 20 log( s )
in

(Equation 7.2)

Equation 7.1 is the de facto mathematical expression in the calculation of signal to
noise ratio. For every increase of 6 dB in S/N, either the signal has to be double or the
noise has to be decreased by half. Reducing the double layer capacitance in an
electrochemical system is the same as cutting the background noise.
Table 7.5 gives the estimated signal to noise ratio for the electrochemical
interface modified with alkoxydodecanethiol monolayers. Although all the
alkoxydodecanethiol monolayers have similar signal to noise ratios, measurement
sensitivity is sacrificed for all ω-mercapto ethers except 12-methoxydodecane due to
diminishing Faradaic current for a given analyte concentration. The greater
suppression in Faradaic current than the attenuation in charging current might also
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Table 7.5 Estimated Signal to Noise Ratio for Alkoxydodecanethiol Monolayers
in 0.1 M KCl, and 0.002 M Potassium Ferrocyanide Aqueous Solution*

*

Surface

S/N (dB)

Blank

26.91

CH3O(CH2)12SH

48.25

CH3CH2O(CH2)12SH

50.56

CH3(CH2)2O(CH2)12SH

47.74

CH3(CH2)3O(CH2)12SH

44.85

CH3(CH2)4O(CH2)12SH

42.61

CH3(CH2)5O(CH2)12SH

41.95

Based on cyclic voltammograms swept at 100 mV/S
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damage the detection limit. 12-Methoxydodecane is the only surface modifier in the ωmercapto ether series which meets the criteria of improving the signal to noise ratio
without seriously diminishing the analytical signal.
7.1.5 Electrochemistry in Nonaqueous Solution
ω-Mercapto ethers have two alkyl chains with many methylene groups
connected to the oxygen. These methylene groups are hydrophobic in nature. A polar
solvent such as water can repel these methylene groups. On the other hand, organic
solvents such as acetonitrile have better ability to dissolve hydrocarbon compounds than
aqueous solutions. Therefore, electrochemically active species can potentially penetrate
the alkoxyalkanethiol monolayers because solvent permeation is enhanced by the
solvation of ω-mercapto ethers in solution. Figures 7.13 and 7.14 demonstrate the
currents for interfacial charging with sodium perchlorate as the supporting electrolyte in
anhydrous acetonitrile. Instead of the decreasing charging current with longer outer
chain length as shown in aqueous environment, the cyclic voltammograms give about
the same charging current for all ω-mercapto ether monolayers except 12methoxydodecanethiol. 12-Methoxydodecanethiol reduces the double layer capacitance
by a factor of 15 and the rest of the ω-mercapto ethers reduces the capacitance to
around one thirtieth of the value measured for an unmodified interface.
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Figure 7.13 Charging current for alkoxydodecanethiols with 0.1 M sodium perchlorate
in anhydrous acetonitrile swept at 100 mV/S - part 1 of 2
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Figure 7.14 Charging current for alkoxydodecanethiols with 0.1 M sodium perchlorate
in anhydrous acetonitrile swept at 100 mV/S - part 2 of 2
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The Faradaic current for the oxidization and reduction of ferrocene in
acetonitrile is shown in Figures 7.15 and 7.16. No decrease in the Faradaic current is
observed with the increase in outer chain length. In fact, the Faradaic current is
preserved for all the monolayers indicating that alkoxydodecanethiols in organic
solvents are not barriers to Faradaic processes. We believe that in aqueous solutions
the oxygen group in 12-methoxydodecanethiol improves the solvation between
monolayer and solvent so that the 12-methoxydodecanethiol modified interface has the
best electrochemical properties. Because the hydrocarbon portion of the
alkoxydodecanethiol is well solvated in anhydrous acetonitrile, the presence of oxygen
in the ω-mercapto ethers is no longer an advantage for the solvation of 12methoxydodecanethiol in organic solvents. ω-Mercapto ethers of longer outer chain
length hence become better surface modifiers than 12-methoxydodecanethiol on account
of low polarity (capacitance). The double layer capacitance for 12methoxydodecanethiol is 17.55 µF/cm2 and the rest are 8.30 µF/cm2. The signal to
noise ratio is 42.8 dB for 12-methoxydodecanethiol and 50 dB for the rest of the ωmercapto ethers. Solvent permeation and mass transport of the redox couple are not
significantly hindered by the presence of alkoxydodecanethiol monolayers in
acetonitrile. The long outer chain is advantageous in nonaqueous system for lower
interfacial capacitance.

108

40

20

20

Current (uA)

Current (uA)

40

0

0

-20

-20

Blank

-40
800

600

400

200

C2OC12SH

-40
800

0

40

40

20

20

Current (uA)

Current (uA)

600

400

200

0

Potential (mV vs. Ag/AgCl)

Potential (mV vs. Ag/AgCl)

0

0

-20

-20

C1OC12SH

-40
800

600

400

200

C3OC12SH

-40
800

0

600

400

200

0

Potential (mV vs. Ag/AgCl)

Potential (mV vs. Ag/AgCl)

Figure 7.15 Faradaic current for alkoxydodecanethiols for solutions of 0.1 M sodium
perchlorate and 0.002 M ferrocene in anhydrous acetonitrile swept at 100 mV/S -part 1
of 2
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Figure 7.16 Faradaic current for alkoxydodecanethiols for solutions of 0.1 M sodium
perchlorate and 0.002 M ferrocene in anhydrous acetonitrile swept at 100 mV/S -part 2
of 2
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7.1.6 In Situ PMIRS
The purpose of in situ polarization modulation infrared spectroscopy is to
investigate the structural variation in real time when the monolayer is in direct contact
with the solvent. Two types of deuterated solvents were used in the study of the
environmental influence in order to isolate the C-H stretches from the absorption of
solvent molecules in the same infrared region. Deuterium oxide (D2O) used to study
the electrochemical interfacial behavior in aqueous environment, and deuterated
acetonitrile (d3-acetonitrile) was used to verify the monolayer response in organic
solvent.
Figures 7.17 and 7.18 are two representative in situ spectra for the monolayers
in aqueous environment. Table 7.6 summaries the in situ peak positions for the
monolayers in water. Both symmetric and asymmetric methylene stretches (νs, νa) in
the figures do not change their peak positions in water, relative to ex situ value. This
result indicates that the alkyl chain backbone does not have a significant structural
difference in both monolayer-air and monolayer-water systems. On the other hand,
since the terminal methyl group is in direct contact with the aqueous environment, the
asymmetric in-plane methyl stretch shifts to lower frequency and the peak height
decreases drastically. In the ex situ experiments, the terminal methyl group is exposed
to the ambient air whereas a condense phase of liquid is added to the top of the
monolayer when the chemically modified electrode is dipped into the solution. The
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Figure 7.17 Comparison of the in situ spectrum for 12-methoxydodecanethiol
monolayer in D2O with the ex situ spectrum for the same monolayer.
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Figure 7.18 Comparison of the in situ spectrum for 12-hexoxydodecanethiol monolayer
in D2O with the ex situ spectrum for the same monolayer.
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Table 7.6 In Situ Peak Positions for Alkoxydodecanethiol Monolayers
in Deuterium Oxide
Group
-CH2CH3-

C-H stretching

n=0

n=1

n=2

n=3

n=5

νa

2924

2924

2924

2924

2926

νs

2850

2850

2850

2853

2853

νa(ip)

2964

2964

-

2956

2956

νa - asymmetric stretch
νs - symmetric stretch
ip - in-plane
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load from the solvent and the hydrophobic nature of the methyl group are the cause of
weaker peak and shifted peak position.75
Figures 7.19 and 7.20 are the in situ spectra of 12-methoxydodecanethiol and
12-hexoxydodecaenthiol in deuterated acetonitrile. The peak positions of monolayers in
acetonitrile are listed in Tables 7.7. The results of in situ experiments in deuterated
acetonitrile are identical to the experiments in deuterium oxide. No shift in methylene
peak positions were observed for all the studied. Terminal methyl groups still undergo
a similar decrease in peak size with a shift in peak position due to the heavy load from
the weight of solvent on the monolayers.

7.2 Alkoxyalkanethiols of the Same Overall Chain Length
The alkoxyalkanethiols of the same inner chain described in the previous section
demonstrated that double layer capacitance could be minimized by introducing a layer
of material of low dielectric constant. The mass transport and electron transfer are
preserved with the presence of oxygen group in the ω-mercapto ether at close proximity
to the monolayer-solution interface in which the oxygen group improves the solvation
of monolayer in the solution and, therefore, helps the solvent permeation. Because the
polarity as well as the film thickness are different for all the alkoxydodecanethiol
monolayers; these conditions are the same as changing both the dielectric constant and
the distance between the two parallel plates of the interface simultaneously. Three ω-

115

0.002

Absorbance

0.0015

in situ
0.001

0.0005

0
3,000

2,950

2,900

2,850

2,800

Wavenumbers (cm-1)
0.002

Absorbance

0.0015

ex situ

0.001

0.0005

0
3,000

2,950

2,900

2,850

2,800

Wavenumbers (cm-1)

Figure 7.19 Comparison of the in situ spectrum for 12-methoxydodecanethiol
monolayer in d3-acetonitrile with the ex situ spectrum for the same monolayer.
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Figure 7.20 Comparison of the in situ spectrum for 12-hexoxydodecanethiol monolayer
in d3-acetonitrile with the ex situ spectrum for the same monolayer.
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Table 7.7 In Situ Peak Positions for Alkoxydodecanethiol Monolayers
in Deuterated Acetonitrile
Group
-CH2CH3-

C-H stretching Mode

n=0

n=1

n=2

n=3

n=5

νa

2926

2928

2922

2924

2926

νs

2853

2855

2852

2851

2853

νa(ip)

2960

2961

2961

2961

2960
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mercapto ethers of the same overall chain length were synthesized as shown in Figure
7.21 to examine the effect of oxygen position in the ω-mercapto ethers without a
corresponding change in film thickness. The three ω-mercapto ethers have the same
empirical formula of C14H30SO, they only differ in the oxygen position along the alkyl
chains.
7.2.1 Polarization Modulation Infrared Spectroscopy
Figure 7.22 shows the PMIRS spectra for 12-ethoxydodecanethiol and 8hexoxyoctanethiol. The spectra give the similar peak broadness and peak shoulders as
in the ω-mercapto ethers of the same outer chains. 12-Ethoxydodecanethiol is a liquid
at standard state and its structure has already been shown to be disordered in ωmercapto ethers of the same inner chain. The other two ω-mercapto ethers of the same
overall chain length, 10-butoxydecanethiol and 8-hexoxyoctanethiol, are also liquid in
ambient environment. It is expected that the alkyl chains for monolayers prepared from
these two ω-mercapto ethers will also be disordered.
7.2.2 Film Thickness
Ellipsometry measurements give the monolayer thickness shown in Figure 7.23.
It was found that 8-hexoxyoctanethiol has the thinnest monolayer dimension among the
three ω-mercapto ethers, probably a result of the short inner chain. The inner chains
for 12-ethoxydodecanethiol and 10-butoxydecanethiol, on the other hand, have at least
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Figure 7.21 Illustration of alkoxyalkanethiols of the same overall chain length adsorbed
on gold substrate.
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Figure 7.22 PMIRS spectra of 12-ethoxydodecanethiol and 8-hexoxyoctanethiol on gold
substrate.
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Figure 7.23 Film thickness for alkoxyalkanethiols of the same overall chain length.
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ten carbons in the inner chain backbone which fulfills the criterion of at least ten
carbons for regular long chain alkanethiol to have crystalline monolayer. Both 12ethoxydodecanethiol and 10-butoxydecanethiol form lquid-like monolayers on gold
substrates due to the presence of the oxygen atoms in the long alkyl chain. The
contribution to the van der Waals force from the alkyl chains are about even for the two
ω-mercapto ethers, even though each is much smaller than that of alkanethiol such as
octadecanethiol. 10-butoxydecanethiol has a longer outer chain so that the van der
Waals forces are stronger than 12-ethoxydodecanethiol, but it makes no significant
difference in that self-assembled monolayers from 10-butoxydecanethiol and 12ethoxydodecanethiol are very close to each other in film thickness.
7.2.3 Wettability
Figure 7.24 shows the contact angles for ω-mercapto ethers of the same overall
chain length. The contact angles of the monolayers should be about equal for the butyl
and hexyl groups outer chains according to the results from ω-mercapto ethers of the
same inner chain. Unfortunately, 8-hexoxyoctanethiol’s short inner chain disrupts the
ability of monolayer to shield the substrate surface. 10-Butoxydecanethiol,
nevertheless, gives higher contact angle than 12-ethoxydodecanethiol in spite of shorter
inner chain. The butyl group in10-butoxydecanethiol is believed to be the contributor
to the difference in contact angle.
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Figure 7.24 Contact angle for alkoxyalkanethiols of the same overall chain length
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7.2.4 Electrochemistry
Figures 7.25 and 7.26 show the measurements of charging current and Faradaic
current for these monolayers in aqueous environments, respectively. Figures 7.27 and
7.28 show the charging current and Faradaic current for the same monolayers in a
nonaqueous environment. The penetration of water molecules into 8-hexoxyoctanethiol
monolayer makes its charging current and Faradaic current again higher than expected.
The double layer capacitance, mass transport, and electron transfer decrease with
longer outer chain for 12-ethoxydodecaenthiol and 10-butoxydecaenthiol as predicted in
alkoxydodecanethiol series.

7.3 Alkoxyalkanethiols of the Same Outer Chain
Because the interesting results obtained from 8-hexoxyoctanethiol were thought
to be the result of short inner chain, the effect of inner chain was further investigated
with the synthesis of three ω-mercapto ethers of the same outer chain, but different
inner chain lengths. All three ω-mercapto ethers in Figure 7.29 have butyl groups as
the outer chains while the inner chains are different in length, changing in increments
of two methylene groups. The same outer group for the ω-mercapto ethers makes it
possible to isolate the outer chain contribution to the measurements of film thickness,
contact angle, and current, respectively.
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Figure 7.25 Charging current for alkoxyalkanethiols of the same overall chain length in
0.1 M aqueous KCl solution swept at 100 mV/S
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Figure 7.26 Faradaic current for alkoxyalkanethiols of the same overall chain length for
the solutions of 0.1 M KCl and 0.002 M potassium ferrocyanide in water swept at 100
mV/S
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Figure 7.27 Charging current for alkoxyalkanethiols of the same overall chain length
with 0.1 M sodium perchlorate in anhydrous acetonitrile swept at 100 mV/S
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Figure 7.28 Faradaic current for alkoxyalkanethiols of the same overall chain length for
the solutions of 0.1 M sodium perchlorate and 0.002 M ferrocene in anhydrous
acetonitrile swept at 100 mV/S
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Figure 7.29 Alkoxyalkanethiols of the same outer chain adsorbed on gold substrate
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7.3.1 Polarization Modulation Infrared Spectroscopy
Figure 7.30 shows the representative ex situ PMIRS spectra for 12butoxydodecanethiol and 8-butoxyoctanethiol. The three ω-mercapto ethers in this
series are liquid under ambient conditions with 12-butoxydodecanethiol having the
longest in overall chain length. Previous studies of alkoxydodecanethiols of the same
inner chain showed that 12-butoxydodecanethiol has a disordered carbon backbone in
its monolayer on gold substrates. The other two ω-mercapto ethers are also disordered
based on the broad C-H stretching peak and peak shoulders in their PMIRS spectra.
7.3.2 Film Thickness
The film thickness for ω-mercapto ether monolayers is found to be proportional
to the inner chain length based on the result shown in Figure 7.31. Because the
attractive van der Waals force of the adjacent outer chain is equal for all three ωmercapto ethers, the inner chain length becomes the only parameter to determine the
monolayer thickness.
7.3.3 Wettability
The major reason to choose the butyl group for the outer chain is that the plot of
contact angles for the alkoxydodecanethiols of the same inner chain begins to roll off at
12-butoxydodecanethiol (Figure 7.7), and because the contact angle for 12butoxydodecanethiol monolayer is only slightly lower than its corresponding straight
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Figure 7.30 PMIRS of 12-butoxydodecanethiol and 8-butoxyoctanethiol on gold
substrate

132

16

Thickness (angstrom)

14

12

10

8

6

4

2
C4OC8SH

C4OC10SH

C4OC12SH

Monolayers

Figure 7.31 Film thickness for alkoxyalkanethiols of the same outer chain
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long chain alkanethiol. This result indicates that the measurement of contact angle is
only sensitive to the first several layers of atoms beneath the surface. If the inner chain
has no effect on the contact angle for ω-mercapto ethers, the contact angle should
remain the same for all three ω-mercapto ethers. Figure 7.32 demonstrates that the
inner chain length does play a role in the wettability of chemically modified surface in
the case of ω-mercapto ethers. Because one of the three ω-mercapto ethers has less
than ten carbons in the inner chain backbone and the second ω-mercapto ether is on the
threshold of ten carbons in the inner chain. It is still not clear if the contact angle is
independent to the inner chain for longer inner chain length (for example, more than 20
carbons). Future work will focus to investigate this possibility.
7.3.4 Electrochemistry
The double layer capacitance in water according to Figure 7.33 is inversely
proportional to the inner chain length. This could be attributed to the thicker
monolayer pushing the outer Helmholtz plane away from the electrode surface and thus
increasing the distance between the interfacial capacitor plates. Polarity is a less
important factor in the charging current in water since the butyl group is a relatively
bulky terminal group which makes the three ω-mercapto ethers of the same outer chain
largely nonpolar. It is easier for the solvent molecules to penetrate a thinner monolayer
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Figure 7.32 Contact angles for alkoxyalkaenthiols of the same outer chain

135

1500

1000

1000

500

500

Current (uA)

Current (uA)

1500

0
-500

0
-500
-1000

-1000

Blank

-1500
200

100

0

C4OC10SH

-1500
200

-100

1500

1500

1000

1000

500

500

Current (uA)

Current (uA)

100

0

-100

Potential (V vs. Ag/AgCl)

Potential (V vs. Ag/AgCl)

0
-500
-1000

0
-500
-1000

C4OC12SH

-1500
200

100

0

C4OC8SH

-1500
200

-100

100

0

-100

Potential (V vs. Ag/AgCl)

Potential (V vs. Ag/AgCl)

Figure 7.33 Charging current for alkoxyalkanethiols of the same outer chain in 0.1 M
aqueous KCl solution swept at 100 mV/S
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in order to have favorable mass transport and electron transfer. Figure 7.34 shows that
film thickness is a factor in the measurement of Faradaic current.
The charging current and Faradaic current in anhydrous acetonitrile, as shown
in Figures 7.35 and 7.36, indicate that there is no significant difference among the three
ω-mercapto ethers with the same outer chain. The monolayer thickness and polarity
are no longer the factors which control the magnitude of current in this environment,
rather, it is the solution of the ω-mercapto ether monolayer which allows the solvent to
easily penetrate into the monolayer.

7.4 Summary of Alkoxyalkanethiol Monolayers
Alkoxyalkanethiols with the inner chain shorter than dodecyl group are liquid at
ambient conditions. No change in conformation was observed during the course of
adsorption. The adsorption of alkoxyalkanethiols onto gold substrates forms
monolayers of disordered structure. This structural disorder is attributed to the
repulsion from adjacent oxygen atoms, which prevents efficient van der Waals
interactions among neighboring chains.
The presence of an oxygen group at the monolayer-water interface could
improve the solvation of monolayer in water because the oxygen atom is capable of
hydrogen bonding with water molecules. The structural disorder then assists to open a
gateway to solvent permeation and a pathway for mass transport of electrochemically
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Figure 7.34 Faradaic current for alkoxyalkanethiols of the same outer chain for the
solutions of 0.1 M KCl and 0.002 M potassium ferrocyanide in water swept at 100
mV/S
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Figure 7.35 Charging current for alkoxyalkanethiols of the same outer chain with 0.1
M sodium perchlorate in anhydrous acetonitrile swept at 100 mV/S
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Figure 7.36 Faradaic current for alkoxyalkanethiols of the same outer chain for the
solutions of 0.1 M sodium perchlorate and 0.002 M ferrocene in anhydrous acetonitrile
swept at 100 mV/S
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active species to the electrode surface for electron transfer. The longer outer chain
seals the gateway by shielding the polar ether oxygen from the adjacent solvent to
permeate and diminishes Faradaic current.
Unlike alkoxyalkanethiols in water, alkoxyalkanethiol monolayers have no
ability to prevent solvent permeation in acetonitrile. In this case, the monolayer only
acts as a dielectric material to reduce interfacial capacitance. Acetontrile can penetrate
the monolayers because the alkoxyalkanethiols can be solvated by acetonitrile. Once
solvated, the redox couple can freely diffuse into and out of the monolayer. There is
little difference in Faradaic current found at a bare gold surface and that obtained at a
gold electrode modified with alkoxyalkanethiol monolayers.
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Chapter 8

Summary
Interfacial capacitance is a major limitation to electroanalytical measurements.
Two of the parameters which control the double layer capacitance are the dielectric
constant of the interface, and the distance from the electrode surface to the outer
Helmholtz plane. The interfacial capacitance is inversely proportional to the distance
between two parallel plates and directly proportional to the dielectric constant for the
material sandwiched between the plates. By controlling these parameters one can
influence the sensitivity of electroanalytical measurements.
Carbon monoxide is an excellent probe molecule to study the properties of the
electrochemical interface. Carbon monoxide forms a saturated monolayer on platinum
electrode surfaces. The position of the carbon monoxide absorption peak is a function
of applied electrode potential. The shift of the CO peak frequency under the influence
of the electrode potential is in good agreement with the prediction of the
electrochemical Stark effect, where the peak position is directly proportional to the
applied electrode potential. The dielectric constant of the double layer capacitance is
changed by lowering the system temperature. The change in double layer properties
are sensed by the carbon monoxide probe molecules, and calculated in terms of the
Stark tuning rate. It was found that the natural logarithm of the Stark tuning rate is
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proportional to the system temperature. This is because the natural logarithm of the
dielectric constant is a linear function of system temperature.
Self-assembled alkoxyalkanethiol monolayers are introduced to a gold electrode
surface as a dielectric material to reduce the interfacial capacitance. The capacitance is
further reduced by the alkoxyalkanethiols whose monolayer thickness increases the
distance from the electrode surface to the outer Helmholtz plane. The monolayers
prepared from alkoxyalkanethiols with equal to or less than twelve carbons in the inner
chain are disordered in structure. All the alkoxyalkanethiols are liquid both in their
natural state and in the monolayer. The structural disorder in the monolayer makes it
easier for solvent penetration into the monolayer. The polar monolayer enhances the
solubility of alkoxyalkanethiols in water. This is made possible with the presence of
the oxygen group of ω-mercapto ether at the monolayer-water interface. The ability to
interact with water molecules vanishes and the monolayer behaves like a regular long
chain alkanethiol when the outer chains in alkoxydodecanethiols are longer than or
equal to a butyl group.
When the interaction with water is not possible with a butyl group or longer
alkyl chain as the outer portion, then the determining factor for Faradaic current size
becomes the monolayer film thickness. The Faradaic current is inversely proportional
to the monolayer thickness from the fact that it is more difficult to pass the redox
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couple through a thick monolayer to electrode surface for electron transfer than
transporting electrochemically active species into a thin monolayer.
Acetonitrile nullified the advantage of the oxygen group at the monolayeracetonitrile interface, while it still honors the contribution to the low interfacial
capacitance from the monolayers. None of the alkoxyalkanethiol monolayers has the
ability to block Faradaic current in this environment. No matter what
alkoxyalkanethiol monolayer is adsorbed on the gold substrate, acetonitrile always
solvates the monolayer. The Faradaic current measured from an electrode modified
with any alkoxyalkanethiol could not be distinguished from the Faradaic current of a
bare gold electrode. This evidence strongly suggests that the solvation of the
monolayer is the criterion to maintain full analytical signal without lost in sensitivity.
The capacitance at the electrochemical interface interferes with electroanalytical
measurements. This interfacial capacitance can be reduced by increasing the distance
from the electrode surface to the outer Helmholtz plane or using material of low
dielectric constant. 12-Methoxydodecanethiol forms self-assembled monolayers of low
interfacial capacitance on gold substrate. The solvation of this monolayer in water is
improved by the oxygen at the interface and the structural disorder also enhances the
mass transport.
Alkoxyalkanethiols of long inner chain are the direction of future work. Inner
chains exceeding a certain length might be able to form partially ordered and partially
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disordered sections in the monolayer structure. Faradaic current then will be blocked
by the ordered part of inner chain and the normal long chain alkane behavior is
restored. The influence of the inner chain on the contact angle may therefore
eliminated.
With the adsorption of carbon monoxide on a platinum electrode, the
fundamental of electrochemistry are explored, and the properties and parameters of
interfacial capacitance are better understood. This understanding in fundamental
electrochemistry improves our ability to perform electrochemical analysis with a better
signal to noise ratio for lower limit of detection. The application of self-assembled
monolayers to chemically modified electrodes certainly benefits from the results of the
CO adsorption in the characterization of interfacial capacitance. Self-assembled
monolayers of ω-mercapto ethers offers an implementation to significantly minimize
interfacial capacitance from their low dielectric constants. The mass transport is
preserved and the structural information for the monolayer can help us to design selfassembled monolayers with better properties.
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