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This thesis is an infrared reflection absorption spectroscopy (IRRAS)
investigation of the structure, conformation and orientation of organic films adsorbed at
the surface of gold (111) electrodes.
The first study employed subtractively normalized interfacial Fourier transform
infrared reflection spectroscopy (SNIFTIRS) to examine the adsorption behaviour of
sodium dodecyl sulfate (SDS) as a function of applied voltage. The SNIFTIRS data
confirmed that adsorbed SDS molecules adopt a hemicylindrical film structure at
potentials ranging from −250 to 450 mV. Conversely, the calculated average angle of the
transition dipole contradicted existing models of interdigitated SDS films at potentials
greater than 450 mV. With this new IR data, the structure of the adsorbed SDS film could
be more accurately described as a disordered, tilted bilayer.
The second study examined the effects of cholera toxin B (CTB) protein bound to
the outer surface of a model bilayer lipid membrane supported on the surface of a gold
electrode. The binding of CTB to the membrane surface resulted in ~15o increase in the
average tilt angle of the phospholipid tails with no change in the membrane capacitance.
This increase in lipid disorder suggests that CTB may be forming lipid rafts on the

membrane surface. The orientation of the CTB α-helices showed significant voltagedependent changes. These changes may correspond to voltage-gated opening and closing
of the central pore, supporting the translocation mechanism for cholera toxin infection.
The final work examined the physical properties of self-assembled 2,3-di-Ophytanyl-sn-glycerol-1-tetraethylene

glycol-D,L-α-lipoic

acid

ester

lipid

(DPTL)

monolayers. The goal was to evaluate the candidacy of this molecule in creating tethered
phospholipid bilayers for mimicking biological cell membranes. Polarization modulation
infrared reflection spectroscopy (PM-IRRAS) spectra of the DPTL monolayer showed
that the film is very stable over a wide range of potentials. In addition, the IR spectra
showed that the tetraethylene glycol chains were coiled, disordered and poorly hydrated,
contradicting the original tBLM design.
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CHAPTER 1
INTRODUCTION

1.1

Motivation
Metal surfaces coated with thin organic films are widely used in the fields of

research, medicine, industry and technology. The specific metal and/or organic layer are
selected based on the desired application. These applications may include biomimetics,1-5
nanomaterials,6,
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corrosion inhibition,8-10 paints,11,
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lubricants,8-10 sensors,13

photovoltaics,14 etc. The overall performance of these film-covered metallic systems is
dependent on the chemical composition, surface coverage and packing density of the
aggregate film. Therefore, it is important to determine an accurate structure of the
adsorbed molecular film at the electrode interface to gain a better understanding of the
interactions at the surface as well as to improve their overall effectiveness and efficiency
of these systems.5, 8, 15, 16
The charge density of the substrate plays a crucial role in the adsorption kinetics
of molecules at an interface due to electrostatic interactions between the adsorbate and
the surface. For this reason, electrochemistry is ideal for measuring the surface
concentration and uniformity of an adsorbed film since it allows external control of the
overall charge density of the surface, which in turn alters the kinetics of adsorption and
desorption. The major drawback to electrochemical techniques is that they lack
molecular level resolution and cannot solely be used to extract information about the
overall structure and orientation of the adsorbed film.17, 18 Traditionally, surface sensitive
techniques, such as x-ray diffraction, small angle neutron scattering (SANS), small angle
x-ray scattering (SAXS), neutron, x-ray reflectometry, surface plasmon resonance (SPR)
1

and ellipsometry were used to measure thickness of these films in both air and solution.
The major problem with these methodologies is that the obtained film thicknesses are
typically based on planar models and cannot readily differentiate between a variety of
different aggregate structures such as micelles, cylinders, and hemispheres.19-23 Atomic
force microscopy (AFM) and scanning tunneling microscopy (STM) measurements have
also been used to determine the local surface structure of the adsorbed film.19, 22, 24 These
surface probe methods are capable of differentiating between micellar-like structures and
planar films, but the orientation of individual molecules within the structure of the film
remain elusive. Furthermore, these techniques measure very small, localized regions (i.e.
on the order of a few hundred nanometers to tens of microns) of the substrate and may
not be representative of the entire film25 and tend to be more invasive than radiative
techniques since the probe interacts directly with the film and this can induce changes in
the observed film structure. Therefore, molecular orientation and conformation is
required to provide a more accurate model of the structures of the adsorbed films.
The purpose of this thesis is to implement electrochemical infrared reflection
spectroscopic techniques, specifically, Subtractively Normalized Interfacial Fourier
Transform Infrared Reflection Spectroscopy (SNIFTIRS) or Polarization Modulation
Infrared Reflection Absorption Spectroscopy (PM-IRRAS), to determine the structure,
conformation and molecular orientation of three different thin film systems adsorbed at
the surface of a gold (111) electrode as a function of the applied voltage. The first system
explored in this thesis involves the adsorption process of a model anionic surfactant,
sodium dodecyl sulfate (SDS), at the gold (111) electrode-solution interface. The
previous thesis by Leitch26 investigated the orientation and conformation of the SDS acyl
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chains as a function of the applied voltage. However, the orientation of the anionic head
group was still required before an accurate model of the structure of the two distinct
phases of the adsorbed films could be ascertained. The objective for this particular
system is to determine the orientation of the SDS head groups and calculate the tilt angle
of the molecular chains using SNIFTIRS. This work will be combined with the previous
data obtained by Leitch26 and Burgess et al.20,

22

to accurately model the structure of

adsorbed SDS films as a function of the electrode potential.
The second system examines the behaviour of the cholera toxin B (CTB) subunit
protein on the surface of a model phospholipid membrane adsorbed to the surface of a
gold (111) electrode. CTB has been well-studied in the literature, however, the
mechanism of infection by protein translocation is still controversial.27, 28 Traditionally,
high resolution protein structures have been produced via X-ray diffraction, but, there are
three major issues with this technique. First, it requires that the samples are in a solid
state. Unfortunately, not all proteins can be readily crystallized and water is always
present in natural biological systems. Second, the opening and closing of the CTB
channel is a dynamic process based on the transmembrane potential and thirdly,
biological systems are sensitive to intense radiation and can easily be destroyed. As a
result, PM-IRRAS is an ideal technique for studying these systems because it uses nondestructive radiation, measurements can be performed in solution and changes in the
orientation can be controlled by altering the electric field at the electrode surface. The
goals of this work are:
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1. To demonstrate that supported bilayer lipid membranes (sBLMs) are effective
models for characterizing the structure of voltage-gated extrinsic protein
channels.
2. To monitor the structure and orientation of the sBLM bilayer and prove that
protein translocation is not induced by cracks, defects or pores formed by
lipid-protein phase separation.
3. To determine the orientation of CTB in the opened and closed states to gain a
better understanding of cholera toxin infection in conjunction with existing
biochemical models.
The third system involves the characterization of a gold (111) electrode that has
been chemically modified with a monolayer of 2,3-di-phytanyl-sn-glycerol-1tetraethylene glycol-D,L-a-lipoic acid ester lipid (DPTL). In biomimetic research, solid
supported bilayer lipid membranes are used to model biological membranes since they
result in increased stability and lend themselves to surface sensitive techniques2, 3, 29, 30.
One major disadvantage with these systems is that they lack solution on both sides of the
bilayer. DPTL was created as a candidate for creating tethered bilayer lipid membranes
(tBLMs). This unique archaeal lipid analogue can self-assemble on the electrode surface
and its hydrophilic tetraethylene glycol subunit provides adequate space to create a water
reservoir between the electrode surface and the model membrane31, 32. Electrochemistry
and IR measurements will be performed on this molecule to achieve the following
objectives:
1. Test the stability and uniformity of the self-assembled monolayer (SAM) on
the surface using differential capacitance (DC) measurements.
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2. Determine the surface coverage and packing of the film using LangmuirBlodgett and chroncoulometry (CC) measurements.
3. Determine overall orientation of the DPTL self-assembled monolayer (SAM)
and examine the conformation and relative hydration of the tetraethylene
glycol spacer unit to check if this molecule is a good candidate for creating
future tBLM systems.

1.2

Scope of the Thesis
The thesis has been divided into nine chapters. This Introductory chapter outlines

the motivation and goals of the three individual projects enclosed within this thesis.
Chapter Two is an in-depth literature review that has been divided into two distinct
sections where the first looks at several studies aimed at understanding the adsorption
behaviour and structure of surfactant films at different interfaces. The second section
examines model biomembrane systems (i.e. black lipid membranes, solid supported
bilayer lipid membranes and tethered bilayer lipid membranes) designed to mimic natural
biological cell membranes for studying the structure and interactions of phospholipids
and proteins. Chapter Three presents the fundamental theory behind interfacial
electrochemistry. This chapter discusses the properties of the electrical double-layer,
adsorption of molecules on electrode surfaces and experimental methodologies used to
probe electrochemical phenomena. Chapter Four examines the physical properties of
electromagnetic waves through stratified media and the interactions that occur at the
interfaces of media of differing refractive indices. In addition, the basic principles behind
infrared reflection spectroscopic techniques for studying films at the electrode surfaces
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will also be covered. Chapter Five covers all of the reagents, materials, electrochemical
and spectroelectrochemical (SNIFTIRS and PM-IRRAS) instrumentation used to study
the three different adsorbed films. In addition, technical aspects of both the
electrochemical and spectroscopic techniques as well as data analysis methodologies are
also covered in this section. Chapters 6, 7 and 8 are based on previously published
manuscripts of the research performed during this PhD program. All three chapters have
been divided into three separate parts. The first section briefly summarizes the key
aspects of the published work, while the second part of the chapter proposes potential
future studies based on the knowledge of this work. Physical copies of these scientific
journals are presented in the Appendix of the thesis. The following paragraph presents an
overview of these three chapters.
Chapter Six examines the adsorption behaviour of SDS at the gold (111)
electrode surface and employs in situ SNIFTIRS to obtain the molecular orientation of
the SDS adsorbed film as a function of the applied electrode potential. The average tilt
angle of adsorbed SDS molecules can be complemented with previous AFM and neutron
reflectivity data to provide a more accurate model for the structure of the adsorbed SDS
films. In Chapter Seven, a novel sBLM system, developed by Brosseau et al.33, was used
to study the interactions of the cholera toxin B subunit bound to the surface of the model
bilayer. The orientation of the seven α-helices located within the center of the CTB pore
was measured with PM-IRRAS and used to monitor the opening and closing of the CTB
pore as a function of the applied potential. This information provides insight into the
mode of cholera infection and suggests that the active toxin subunit can be translocated
across the lipid bilayer through the central pore of the B subunit. Chapter Eight employs
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electrochemistry and PM-IRRAS to characterize the structure, conformation, orientation
and relative hydration of DPTL self-assembled monolayers as a function of the applied
voltage. The IR results were used to validate the candidacy of DPTL as an ideal tethering
molecule for creating stable, uniform and reproducible tethered bilayer lipid membranes.
Ideally, the DPTL molecule must provide adequate separation between the biomembrane
and electrode surface to allow for incorporation of transmembrane proteins and to create
an aqueous layer (water cushion) beneath the bilayer to better mimic natural cellular
environments. Chapter Nine summarizes the benefit of quantitative in situ
spectroelectrochemical techniques for characterizing the physical properties, such as
hydration, conformation, orientation, etc., of adsorbed molecular films on electrode
surfaces. By combining the IR data with complementary surface sensitive techniques, it
is possible to accurately model the overall structure of the adsorbed thin film with respect
to the electrode potential.
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CHAPTER 2
LITERATURE REVIEW

The adsorption/desorption of organic molecules at the solid electrode-solution
interface has been widely studied over the past few decades. This chapter reviews the
works of various research groups who have contributed to our current knowledge about
the thermodynamic processes that lead to the adsorption of molecules and have provided
physical models of the various structures of the films formed at the surface of the
electrode. The chapter will be divided into three sections. The first section will examine
the adsorption/desorption of surfactants at the electrode-electrolyte interface. The second
section will examine the structure of physisorbed, insoluble organic films on electrode
surfaces and the third section will explore the structure of chemisorbed films aimed at
developing tethered biomimetic membranes.

2.1

Adsorption of Surfactant Molecules on Electrode Surfaces
Surfactants are among some of the most versatile compounds finding numerous

applications in industrial, pharmaceuticals, food, medicine, agriculture, environmental
and biochemical processes.1-4 These molecules can be used as ore flocculants, detergents,
antifoaming agents, cosmetics, emulsifiers, pesticides, etc. The name surfactant is derived
from surface-active agent. As the name implies, these species are able to adsorb onto the
surfaces or interfaces of a wide variety of different systems (such as liquid-liquid, solidliquid, liquid-gas or solid-gas) and alter the interfacial energies of these surfaces.1 When
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a surfactant adsorbs to the interface of a system, it significantly changes the amount of
work required to expand those interfaces according to the following equation:1
𝑊 = 𝛾 ∙ ∆𝐴𝛾

2.1

where W is the amount of work, 𝛾 is interfacial tension, ∆𝐴𝛾 is the change in the
interfacial area. Typically, a surfactant results in a reduction of the interfacial free energy;
however, in some rare occasions, adding surfactants to a system will increase the overall
interfacial energy.1 In this case, the overall area of the interface will increase, so it is
necessary to understand the adsorption behaviour of different types of surfactant
molecules at various interfaces in order to predict and/or control the properties of
different chemical systems.1, 5

2.1.1. General Structure of Surfactants
The chemical structure of a surfactant consists of two primary structural groups.
One of the groups has a high affinity for the surrounding solvent (lyophilic) and the other
has a weak attraction for the solvent (lyophobic), making the entire molecule amphipathic
in nature.1,

6

When a surfactant is dissolved in an aqueous medium, the lyophobic

(hydrophobic) group disrupts the local hydrogen bonding between water molecules in
their local environment. This distortion forces several surfactant molecules to diffuse to
the interface of the system where the hydrophobic components minimize their contact
with the surrounding water molecules.1 On the contrary, the hydrophilic group prevents
the surfactant from being completely expelled from the aqueous solvent and orients in the
direction of the water at the interface. Typically, the hydrophobic group is composed of a
long-chained hydrocarbon while the hydrophilic segment is composed of a polar or ionic
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group.1, 6 As a result, surfactants can be classified into the four distinct groups shown
below:1, 5, 6
1.

Anionic – negatively charged surfactant.

2.

Cationic – positively charged surfactant.

3.

Zwitterionic – surfactant carriers both negative and positive charges (neutral).

4.

Non-ionic − surfactant consists of a polar group with no apparent ionic
charge, but still possesses a significant permanent dipole moment.

The geometry of a given surfactant molecule is determined by its overall chemical
structure and as a result plays a crucial role in the aggregation and final structure of the
adsorbed film.7, 8 The critical packing parameter, Pc, for a surfactant determines whether
the molecule is conical, cylindrical or wedged in shape and can be calculated using the
expression:7-9
𝑉

1

𝑃𝑐 = 𝑙 𝑙 (𝜋𝑟 2 )
𝑎𝑐

𝑝𝑔

2.2

where Vl is the volume of the alkyl chain, lac is the length of the alkyl chain (assuming
2
that it is all trans) and 𝑟𝑝𝑔
is the radius of the polar group. The following table provides a

summary of the molecular shape and expected aggregate structure as a function of the
critical packing parameter.7-9 The structures described in Table 2.1 are specific to
surfactant aggregates in a solution environment. When a solid is placed in contact with a
surfactant solution, the process and kinetics of surfactant adsorption are influenced by the
specific aggregate formed in solution. In addition, the structure of the adsorbed aggregate
on the surface may differ from those found in the bulk of solution. The following section
discusses the adsorption of surfactants at the electrode solution interface.
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Table 2.1: Expected aggregate structures based on the overall critical packing
parameter of various surfactant molecules.10

Pc

Molecular Structure

< 0.33

Single-chain hydrophobic groups with
large polar head groups (cone shape)

Expected Aggregate Structure
Spherical or ellipsoid micelles

0.33 to 0.5

Single-chain hydrophobic groups with Large cylindrical or rod-shaped
small polar head groups (wedge shape) micelles

0.5 to 1.0

Double-chain, flexible hydrophobic
groups with large polar head groups
(wedge shape)

Vesicles and flexible bilayer
structures

1.0

Double-chain hydrophobic groups
with small polar head groups or rigid
tails (cylinder shape)

Extended planar monolayers or
bilayers

> 1.0

Double-chain hydrophobic tails with
very small polar head groups or very
large and bulky hydrophobic groups

Inverted cylindrical or rod-shaped
micelles; inverted spherical or
ellipsoidal micelles
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2.1.2 Adsorption of Surfactants at the Solid-Solution Interface
The adsorption of surfactants at the solid-solution interface depends on several
factors: (i) the surface polarity (i.e. hydrophilic or hydrophobic) and topography of the
surface; (ii) molecular structure of the surfactant molecule (i.e. charge on hydrophilic
group; length and number of aliphatic or aromatic groups on the hydrophobic chain); (iii)
environment of the aqueous phase, such as pH, electrolyte concentration, temperature,
etc.1 These factors not only influence the kinetics and mechanism of adsorption, but also
determine the overall structure of the aggregate film. Some common aggregates, shown
in Figure 2.1, include: monolayers, bilayers, hemicylinders, cylinders, hemispheres and
spheres.1,

11-14

In general, the adsorption of surfactant molecules onto hydrophobic

surfaces tends to result in the formation of hemimicellar structures, whereas adsorption at
hydrophilic surfaces results in the adsorption of intact micelles.13,

15

When the solid

support is metal, the surface charge can be altered by changing the electrode potential. 16
Therefore, it is possible to control the adsorption kinetics for a wide range of surfactant
molecules making it possible to study the structure of the adsorbed aggregate film. The
following section will explore different studies geared towards elucidating the structure
of adsorbed aggregate films at electrode surfaces.

2.1.3 Adsorption of Zwitterionic Surfactants at the Solid-Solution Interfaces
The adsorption of the zwitterionic dodecyl N,N-dimethylammonio alkanoates
with varying polymethylene intercharge (N1 to N10) arm lengths on silica was previously
studied by Harwigsson et al. using ellipsometry.17 From their ellipsometry data, it was
found that the adsorption of these zwitterionic surfactants on silica occurred at

14

Figure 2.1: The structure of various surfactant aggregates at a solid-solution interface: A)
monolayer, B) bilayer, C) hemispheres, D) spheres (such as vesicles or micelles), E)
hemicylinders and F) cylinders.
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concentrations that were well-below the critical micelle concentration (cmc), which
suggests that surface micelles or admicelles are present on the silicon substrate.17 At
neutral pH, the adsorption of the micellar-film increases in density with increasing bulk
concentration and saturates at the cmc (4.0 mM). When the concentration is further
increased to significantly larger values (1.6% wt), the size of the micellar-aggregate
remains unchanged.17 The apparent surface area per molecule for the adsorbed film is
about 34 Å2 with a mean thickness of approximately 27 Å. The estimated length of a
dodecyl hydrocarbon chain is 16 Å while the head group was estimated at 5 Å. The
length scales of the C12NxCO2 surfactant rule out the existence of a monolayer or
complete bilayer film, however, it is impossible to differentiate whether the structure of
the adsorbed C12NxCO2 film on the silicon surface is composed of surface micelles or a
defective (or incomplete) bilayer.17 Yaseen et al. measured the thickness of an n-alkyl
phosphocholine surfactant using neutron reflectivity and found similar results, citing a
film thickness of 22 Å at the cmc.18 In addition, the film thickness of the film did not vary
when the length of the alkyl chain or bulk solution concentration were altered.18 The
proposed structure for these films was that of a tilted mononlayer, however, this finding
was not conclusive.18 The prime reason for the ambiguity in the structure of the adsorbed
surfactant films is due to the fact that ellipsometry and neutron reflectivity measurements
cannot provide in-plane structural information and therefore, other techniques must be
used to provide additional support.17, 18
Cholewa et al.19 examined the potential controlled adsorption behaviour of Ndodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DDAPS) on the surface of a gold
(111) electrode. It was speculated that adsorption of this surfactant on the electrode
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surface would be greatly influenced by the electric field due to the large dipole moment
of the head group.19 The cmc for DDAPS in an aqueous non-adsorbing electrolyte (0.05
M NaF) was determined to be 2.1 mM. Charge density measurements for DDAPS at
potentials ranging from −0.9 V < E < 0.1 V vs. Ag/AgCl showed similar results to that of
the C12NxCO2 zwitterionic surfactants.17, 19 When the bulk concentration is lower than the
cmc, there is a significant increase in the density of the adsorbed film. However, at
concentrations greater than or equal to the cmc, there is no significant change in the
thickness of the adsorbed DDAPS film. Based on the Gibbs excess data, the surfactant
molecules were assumed to adopt a horizontal, flat-lying monolayer at very low
concentration and evolved into a tilted monolayer, with the hydrocarbon tails directed
towards the metal and the polar head group towards the solution, at the higher bulk
concentrations. In addition, a third structural phase was only observed at higher bulk
DDAPS concentrations when the electrode potential was 0.1 V < E < 0.4 V vs. Ag/AgCl.
From the Gibbs excess data, the film could be modeled as either adsorbed micelles or
hemicylinders.19
In order to elucidate the actual structure, electrochemical scanning tunneling
microscopy (EC-STM) measurements were performed on the more concentrated systems.
The STM images clearly showed the appearance of hemicylindrical aggregates on the
gold surface.20 The STM images also provided insight into the mechanism of adsorption.
The initial stage of aggregation involved the formation of flat-lying, horizontal stripes on
the gold surface, which act as a template for further growth. As the voltage becomes
more positive, a hemicylindrical film was formed on the surface since the bulk DDAPS
micelles fuse onto the stripe-templated surface.20 These studies suggest that it is
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entropically favourable (even at concentrations below the cmc) for zwitterionic
surfactants, with large polar heads and single hydrophobic tails, to form hemimicellarlike structures on the surface of solid-supports. This finding is in good agreement with
the theoretical model since the calculated critical packing parameters for the DDAPS
molecules are less than 0.5.17, 19, 20 In order to test the influence of the polar head group
on the formation of the adsorbed aggregate structures, surfactants with a non-zero net
charge and similar hydrophobic chain lengths were investigated.

2.1.4 Adsorption of Cationic Surfactants at the Solid-Solution Interfaces
For comparison, model cationic surfactants, such as dodecylpyridinium chloride
(DPC) and cetylpyridinium chloride (CPC) and cetyltrimethylammonium bromide
(CTAB), have also been widely used in industry and research. The adsorption behaviour
of these cationic surfactants is strongly dependent on the pH of the aqueous
environment.21 When the solution pH is lowered below 4.0, these surfactants do not
strongly adsorb to silica-based surfaces due to the presence of adsorbed H+ ions. The
positive net charge on the silica substrate inhibits the adsorption of the cationic surfactant
due to electrostatic repulsion.21 At higher pH values (i.e. lower H+ concentrations), the
strong interaction between the surface and cationic head group leads to the displacement
of the protons and results in an increase in surface charge.21 A linear increase in
adsorption was observed for increasing pH values until reaching a maximum at pH 9. At
higher pH values, the specific interaction between the surface and total surface charge
diminished, suggesting that the interactions between the aliphatic tails play a role in
surfactant adsorption.21 To test the effect of the hydrophobic tail, Goloub et al. studied
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the adsorption of CTAB and a tetramethylammonium bromide (TMAB) salt. The CTA+
surfactant was able to more effectively screen the surface charge compared to the
quaternary ammonium ion implying that the hydrophobic attraction of the surfactant tail
with the surface contributes to the energy of specific adsorption.21 In addition, the
adsorption of the aliphatic tail is more pronounced at lower salt and surfactant
concentrations and as expected, the longer aliphatic tails showed much stronger
interactions with the surface. In order to control the adsorption kinetics of these cationic
surfactants and surface charge of the substrate in neutral conditions, the silica substrate
can be replaced by a metal electrode.
The adsorption of octyltrimethylammonium bromide (OTAB) on a gold electrode
surface was examined using differential capacitance and chronocoulometry at
equilibrium conditions.22-24 The data from these studies showed that both Br− and OTA+
were adsorbed to the surface of the gold over a wide potential region. For most potentials,
the presence of the bromide anions in the electrolyte led to the enhanced adsorption of
OTA+ surfactant molecules.22-24 At more positive potentials, the electrostatic repulsion
between the surface and the adsorbed OTA+ film is mitigated by the co-adsorption of
bromide. This synergistic effect between the surfactant and co-anion was also observed
by examining the adsorption of the bromide anions. The surface coverage of Br−
increases by approximately 25% when OTA+ is added to the aqueous electrolyte.22-24 The
issue with these studies is that it is extremely difficult to decouple the surface interactions
between the surfactants and adsorbing interactions of the anionic species in order to
model the structure of the adsorbed film. Therefore, electrochemical methods can be used
to control the surface charge in the presence of non-adsorbing ions.
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Most halide ions adsorb readily on the surface of stable metal electrodes, such as
gold, silver, copper and platinum.25-27 Therefore, it is imperative to implement novel
surfactant molecules with non-adsorbing counterions in order to effectively study the
adsorption behaviour of cationic surfactant species on the electrode surface. An OTA
triflate (Tf), where the halide (bromide or chloride) counterion has been substituted with
a bulky, non-adsorbing triflate anion, was used to examine the adsorption of the cationic
OTA+ in the absence of adsorbing anions. The adsorption of OTATf occurred at
potentials greater than −600 mV vs. SCE obtaining a maximum surface concentration of
2.6 × 10-10 mol • cm-2 at more positive electrode potentials, which is approximately 3
times lower than that of a densely packed monolayer.22-24 It should be noted that the
shorter eight carbon tail of the OTA+ surfactant would increase the solubility of the
individual OTA+ monomers in the aqueous environment, which would increase the free
energy of micellization (i.e. cmc for OTAB is 230 mM compared to 1 mM for CTAB in
water). As a result, the energy of adsorption at the gold electrode surface may also
increase, which may account for the lower adsorbate surface.28,

29

Therefore,

trimethylammonium cationic lipids with longer hydrophobic tails need to be tested.
Brosseau et al. measured the adsorption behaviour of decyltrimethylammonium
triflate (DeTATf) at the surface of a gold (111) electrode using a combination of STM
and electrochemistry.30 The charge density and differential capacitance measurements
showed that DeTATf exhibited different adsorption behaviours at different applied
voltages for different bulk solution concentrations.30 The charge density curves of the
bare electrode at the more negative potentials indicated that the surface was free of any
adsorbed molecules.30 This finding was confirmed by STM imaging, which revealed a
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characteristic reconstructed gold surface at these potentials suggesting no molecules were
adsorbed.30,

31

When the potential was increased to -550 mV vs. SCE, the DeTA+

molecules begin to adsorb onto the surface forming a stable film for potentials ranging
from -350 mV < E < -100 mV vs. SCE. The STM images in this potential region were
noisy and featureless suggesting that the adsorbed DeTATf monolayer film was mobile
with the lipid chains directed away from the surface in a melted/fluid state.30, 31 As the
potential was increased to more positive voltages (-100 mV < E < 200 mV vs. SCE), the
mobile film formed an ordered layer where the molecules were lying flat on the surface.
Unlike the previously discussed zwitterionic surfactant, the DeTATf molecules do not
progressively transform from the flat-lying into hemicylindrical structures. This was
evident by the constant surface concentration, small vertical film height and the sharp
image of the lipid tails, which would not be visible in hemimicellar-structured films.30, 31
When the applied voltage was further increased above 200 mV, the flat-lying
adlayer became more disordered with no characteristic features and the surface
concentration of adsorbed DeTATf increases by approximately 50%. The final surface
concentration of 2.6 × 10-10 mol • cm-2 is in agreement with the work by Vivek et al.,
which implies that the hydrophobic interactions are not responsible for the final structure
of the film.22-24, 31 The differences in film structures at the higher electrode potentials can
be attributed to the bulky triflate counterion, which likely co-adsorbs with the DeTA+
cationic surfactant and prevents the film from tightly packing. Furthermore, surface
pressure measurements at the air-water interface have revealed that the cmc for DeTATf
in a 0.1 M NaF electrolyte was 0.410 mM.30, 31 This value is two-orders of magnitude
lower than typical decyltrimethylammonium salts (i.e. chloride, bromide and sulfate) in
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0.1 M supporting electrolytes, which further supports the idea that the triflate counterion
and cationic head group are strongly associated with each other since the charge
screening would lead to a reduction in the electrostatic repulsion between neighbouring
molecules.30, 32, 33 Therefore, the structure of the adsorbed DeTATf layer at more positive
electrode potentials (or high bulk concentrations) can be modeled by a disordered film on
top of the striped template, an interdigitated, melted or highly titled bilayer.30

2.1.5 Adsorption of Anionic Surfactants at the Solid-Solution Interfaces
Finally, sodium dodecyl sulfate (SDS) will be used to discuss the adsorption
behaviour of a model anionic surfactant since it is one of the most widely used and
thoroughly studied surfactants.13,

14, 34-44

Typical values for the critical micelle

concentration of SDS in aqueous environments ranges from 8.2 mM in pure water32, 45 to
0.64 mM in 0.1 M NaF electrolyte.5, 46 The addition of salt to the solution minimizes the
electrostatic repulsion between the anionic head groups by screening the charges, which
lowers of the cmc and increases the aggregation number from ~ 65 to ~125 molecules per
micelle.5, 32, 33, 36 Levchenko et al. investigated the effects of the bulk SDS concentration
and surface charge on the adsorption kinetics of SDS aggregated films using surface
plasmon resonance (SPR).13
In this study, cysteamine and undecanethiol were self-assembled onto the gold
SPR substrates to create hydrophobic and hydrophilic substrates, respectively, prior to
SDS incubation. It was found that the structure formed on these two surfaces was
dependent on the bulk SDS concentration. As the bulk concentration was increased, the
rate of adsorption also increased where the maximum rate was observed at the cmc.13 At
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low bulk SDS concentrations (i.e. [SDS] < cmc), the molecules had a greater affinity for
the non-polar undecanethiol surface compared to the polar cysteamine surface. The
driving force for film formation is dictated by the repulsion of the hydrocarbon tail for
the aqueous electrolyte. Therefore, undecanethiol monolayer provides a more
energetically favourable surface to promote aggregation.13 Furthermore, the structure of
the aggregated film was modeled by the adsorption of both hemicylinders (hc) and
hemimicelles (hm) where the adsorption process favours the adsorption of the
hemimicelles (i.e. 𝑘ℎ𝑚 > 𝑘ℎ𝑐 ).13 However, when the bulk SDS concentration was equal
or larger than the cmc, the adsorption of SDS was slightly faster on the polar surface than
the nonpolar film. This suggests that the SDS film was formed by the adsorption of
complete micelles due to the electrostatic attraction between the negatively charged
sulfate head group and the positively charged cysteamine self-assembled monolayer
(SAM).13 Since the surface charge affects the adsorption mechanism and structure of the
adsorbed SDS film, electrochemical methods provide a unique opportunity to study and
control this behaviour.
A typical adsorption isotherm for SDS at the solid-solution interface is presented
in Figure 2.2. The adsorption of SDS is dependent on the concentration of the bulk
solution and displays four distinct phases.47,

48

This adsorption behaviour reported by

Paria et al.47 correlates well with the electrochemical data obtained by Burgess et al.,43, 44,
49

who also demonstrated that the adsorption behaviour of SDS occurred in four distinct

stages. It should be noted that the bulk concentration of SDS in the electrochemical
system is always below the cmc value. Region I of the adsorption isotherm shows a linear
increase in total surface concentration due to the adsorption of SDS monomers when the
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Figure 2.2: Schematic diagram showing a typical adsorption isotherm for sodium dodecyl
sulfate at a surface. Region I is the initial adsorption of the SDS monomers on the surface
creating a more hydrophobic surface layer, region II shows the increased rate of due to
the presence of the conditioning layer, region III displays a decrease in adsorption due to
surfactant aggregation and high surface coverage and region IV shows a plateau for
concentrations that exceed the cmc where the maximum surface concentration has been
obtained.39
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bulk concentration is significantly lower than the cmc.47 This correlates with charge
density measurements where the initial adsorption of SDS monomers on the gold surface
occurs at −350 mV vs. SCE. Upon initial adsorption, a sharp rise is detected in the charge
density for a period of about 50 mV (i.e. 0.04 µC•cm-2 / mV).5,

43, 44, 49

Combining

electrochemistry with surface sensitive techniques, it is possible to elucidate the physical
structures of the adsorbed SDS films within each given region of the adsorption
isotherm.5, 43, 44, 49
AFM images show that upon initial adsorption, the SDS molecules adopt a
striped, flat-lying monolayer on the surface.43, 47, 49 This adsorbed monolayer creates a
more hydrophobic environment and acts as a conditioning layer for improved adsorption
of SDS as denoted by the increased slope in Region II of the adsorption isotherm. This
phenomena was also observed by the rapid increase in charge density between −300 to
−200 mV (i.e. 0.12 µC • cm-2 / mV). The AFM images for this potential window display
an array of randomly oriented hemicylinders on the gold surface. Neutron reflectivity
data helps confirm this model by giving a thickness value of 15.3 Å43,

47, 49

since it

correlates well with the length of an individual SDS molecule (14 to 18.5 Å).17, 50 This
behaviour was also recorded on gold surfaces covered by a 2-aminoethanethiol SAM
using AFM force curves.35 No noticeable changes were observed at bulk SDS
concentration below 0.1 µM in dilute NaCl electrolyte (1 mM) suggesting that SDS
monomers first begin adsorbing to the positively charged surface. At bulk concentrations
greater than 0.1 µM and less than 5 µM, the adsorbed SDS film adopts a hemimicellar
structure as the net surface charge approaches zero.35
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The coverage by the hemicylindrical film causes the decreased slope in the
isotherm within Region III since the kinetics of adsorption are reduced by the high
concentration at the surface.39 The charge density measurements by Burgess et al. also
match this behaviour, however, it is not evident at first glance. The change in voltage
drives the kinetics of adsorption and effectively alters the concentration gradient at the
electrode surface.43, 44 The SDS surface concentration, calculated from the charge density
data, remains constant from −200 to 400 mV before undergoing a sharp rise in surface
concentration from 400 to 500 mV vs. SCE. The total change in charge density for the
potentials ranging from −200 ≤ E ≤ 500 mV is 42 µC • cm-2, which equates to 0.06 µC •
cm-2 • mV-1 and agrees with the decreased slope in the adsorption isotherm.

43, 47, 49

The

surface concentration more than doubles from 3.8 × 10-10 mol • cm-2 to 8.1 × 10-10 mol •
cm-2 when the electrode potential is greater than 500 mV. The SDS surface concentration
then remains constant for all potentials greater than 500 mV. This is in good agreement
with Region IV of the adsorption isotherm where the maximum adsorption is reached at
the cmc concentration and plateaus for all further concentrations.47, 48, 51
The AFM images recorded at the maximum surface coverage do not provide
insight about this new film structure. The observed hemicylindrical film condenses to
create a thicker film, however, the image is featureless. The thickness of the condensed
phase was 20.5 Å according to neutron reflectivity models.43, 44, 49 It should be noted that
according to Equation 2.2, the theoretical packing parameter of SDS is 0.74, which
implies that SDS should form a flexible bilayer structure at the gold (111)-solution
interface.10 Therefore, some proposed models that fit the neutron data include: an alltrans interdigitated film, a tightly packed monolayer stacked on top of the striped
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conditioning layer, a tilted bilayer or a randomly oriented film with the appropriate
average thickness.10, 17, 44, 47, 49 To help eliminate the ambiguity in the modelling of the
condensed film, subtractively normalized fourier transform infrared refection
spectroscopy (SNIFTIRS) measurements can be used to gain information about the
orientation of the adsorbed film. The IR spectra of the condensed SDS film suggest that
the alkyl tails are partially melted and adopt either a random orientation or a film with a
65o tilt angle with respect to the surface normal.5 From this data, it is possible to rule out
the monolayer and interdigitated models, however, these measurements do not provide
enough information to differentiate between the random and tilted bilayer model.5
Chapter 5 will explore the structure and orientation of the anionic sulfate head group to
determine whether the film adopts a random or tilted bilayer structure at the solidsolution interface.
In addition to the previously discussed surfactant studies, surface electrochemistry
lends a unique opportunity to study model biological membranes by creating planar
bilayer films with double-chained lipid molecules. The following sections will focus on
designing model biomembranes on electrodes as biophysical tools for studying
membrane and protein interactions.

2.2

Structure of Biological Membranes on Surfaces
Biological membranes are organized arrays of lipids, proteins (where either of

these can be linked to carbohydrate groups) and sterols that create a barrier between two
different cellular environments.52 All living cells, whether they are eukaryotic or
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prokaryotic, are surrounded by a plasma membrane, which separates the cytoplasm from
the extracellular environment. The plasma membrane is responsible for (i) excluding ions
and molecules from the cell, (ii) acquiring nutrients and (iii) energy transduction. In
addition, the plasma membrane assists in (iv) cell mobility, (v) reproduction, (vi) signal
transduction processes and (vii) interactions with molecules and other cells.52, 53 Figure
2.3 displays a transmission electron microscopy (TEM) image of a lipid vesicle showing
the inner and outer leaflets of the membrane. The image suggests that these membranes
are not rigid or stiff, which has given rise to the fluid mosaic model, shown in Figure 2.4,
proposed by Singer and Nicholson in 1972.52 This model suggests that the phospholipid
membrane is a fluid matrix that essentially acts as a two-dimensional solvent for proteins
where both the membrane lipids and proteins are capable of lateral and rotational
movement.52
Singer and Nicholson also proposed that membrane proteins can be associated
with the surface (“extrinsic” proteins) or embedded into the bilayer at varying degrees
(“intrinsic” proteins) both of which play vital roles in a wide variety of cellular
functions.52 For example, protein receptors relay intra- and intercellular signals,
transport proteins are responsible for moving molecules across the membrane barrier,
enzymes are involved in cellular respiration, molecular hydrolysis, oxidation and
reduction of molecules, etc. and cell adhesion molecules which provide recognition sites
for other cells.52, 53 Extrinsic (or peripheral) proteins are typically hydrophilic in nature.
These proteins do not penetrate into the membrane to any significant degree and tend to
associate with the lipids or other proteins in the bilayer via ionic interactions and
hydrogen bonding.52 Peripheral proteins can be easily dissociated from the surface by
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Figure 2.3: TEM image showing the lipid bilayer of a membrane vesicle in solution.
(Public Domain image via Wikipedia Creative Commons)54

Figure 2.4: Fluid mosaic model showing the complex nature of the plasma membrane.
(Public Domain image via Wikipedia Creative Commons)55
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altering the ionic strength or pH and are typically stable in both the presence and absence
of the bilayer making it easy to study their structure and function.52 Intrinsic (or integral)
proteins possess hydrophobic surfaces that can embed into the hydrophobic core of the
bilayer as well as hydrophilic portions that prefer to remain in contact with the polar
phospholipid head groups and aqueous media. The hydrophobic interactions must be
disrupted in order to separate the proteins from the phospholipid matrix, therefore,
detergents or organic solvents must be used.52 Separating integral proteins from the lipid
can result in protein denaturation and loss of function since they require specific
interactions with the phospholipid molecules in order to properly function. This caveat
makes it extremely difficult to study individual integral proteins since the cell membrane
is a complex mixture of sphingolipids, phospholipids and other membrane proteins.52
Consequently, many researchers have designed simplified model biomembranes for
studying the structure and function of these proteins as well as their interactions with
membrane lipids.

2.2.1

Black Lipid Membranes
Model cell membranes can be assembled from phospholipids in the form of small

vesicles or planar structures, which separate two aqueous phases.56, 57 The amphipathic
nature and shape of typical phospholipids, such as 1,2-dimyristoylphosphatidylcholine
(DMPC) and 1,2-dipalmitoylphosphatidylcholine (DPPC) with packing parameters of ~
0.57 and 0.7, respectively,58-60 allow for spontaneous assembly of self-closed spherical or
oval structures that entrap a portion of the aqueous solvent in its interior.56, 57 Vesicles
can provide structural information about the properties of the membrane using a variety
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of solution spectroscopic techniques, such as DLS, fluorescence, UV-vis, IR, CD, etc.,
and allow for protein incorporation. The major downfall with vesicles as model
membranes system is that their inherent instability and small size make them difficult to
manipulate and perform electrical measurements, which are designed to simulate the
natural cell response to external environmental conditions.57 Moreover, vesicle systems
are limited to symmetric bilayer structures since the phospholipids are homogeneously
mixed in solution. These issues can be remedied by creating planar membrane systems
from black lipid membranes.56, 57
Black lipid membranes (BLM) were introduced as model planar bilayer systems
over 50 years ago. The term BLM was coined from the appearance of the planar bilayer
film spread over the aperture, which separates two aqueous compartments. Initially, the
film reflects many vibrant colours due to interference from the incident and reflected
light through the planar film.61, 62 As time progresses, the lipid film begins to develop
small greyish-black spots in various regions as the thickness of the film thins to levels
that are negligible compared to the wavelength of light. As the film continues to thin,
these spots grow until the whole surface appears black signifying that a single bilayer
with a thickness between 4 to 6 nm is formed over the aperture.61
An example of a typical BLM apparatus is shown in Figure 2.5. This design takes
advantage of a Langmuir trough that is divided in two by a moveable Teflon septum,
which contains a hole (typically 1.0 cm in diameter).56 The desired phospholipid matrix is
then spread at the air-water interface of each individual trough at a desired equilibrium
pressure (Figure 2.5 A).56 The septum is then slowly lowered into the water subphase, so
that the hole begins to pass through the two individual phospholipid layers (Figure 2.5 B).
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Figure 2.5: Schematic diagram of a typical BLM apparatus. (A) The two leaflets are
spread at the air-water interface separated by a Teflon septum; (B) The septum is lowered
allowing the opening to pass through the two phospholipid layers allowing the
hydrophobic tails to interact via capillary forces; (C) the lipid film is submerged into the
aqueous subphase creating the phospholipid bilayer; (D) magnified view of the
assembled phospholipid bilayer.
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As the septum is then further submerged into the aqueous layer, capillary forces cause the
phospholipid tails to point inward towards the center of the hole and interact with the
phospholipid tails from the adjacent trough.56 These hydrophobic interactions are
responsible for creating a single bilayer film as the septum is submerged below the aqueous
subphase (Figure 2.5 C & D). Once the bilayer is completely submerged, conductance
measurements are employed to determine the electrical properties of an ideal membrane.
56

For most BLM systems, the resistance ranges from 106 to 108 Ω • cm2 and the
capacitance values attained are 0.9 ± 0.1 µF cm-2. These values are nearly identical to the
values reported for natural cell membranes suggesting that the BLM is in fact a single
bilayer.56 To provide additional support, gramicidin (0.1 µM) was added to one of the
aqueous compartments. In the presence of a transmembrane ion gradient, the
incorporated gramicidin peptides generate a cationic transmembrane potential and reduce
the overall membrane resistance to 103 Ω • cm-2. This supports the formation of a single
bilayer since it has been well-established that gramicidin will not interact with
membranes thicker than one bilayer.56
These electrical measurements can also provide kinetic information about protein
insertion and channel formation within model membrane systems. Bamberg and Lauger
examined the dimerization of gramicidin monomer units to form the active ion channel.63
The equilibrium constant for the association of the gramicidin peptides, 𝐾 =

𝑘𝐷
⁄𝑘 , to
𝑅

form the active ion channel is 1.3 × 1014 cm2 • mol-1 at 25 oC, where the rate of
association, kR, and dissociation, kD, are 2.0 × 1014 cm2 • mol-1 sec-1 and 1.6 sec-1,
respectively. The reciprocal equilibrium constant suggests that approximately one half of
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the gramicidin peptides within the membrane exist as dimers (i.e. only half of the
channels are open) at neutral pH.63, 64 Additional experiments have been conducted on
succinyl modified-gramicidin peptides to investigate the effect of varying pH levels on
ion channel activity. The channel activities of N-succinyl-, N-O-succinyl- and Opyromellityl-N-succinyl-gramicidin show a strong dependency on the pH of the
electrolyte solution.64 All three N-succinyl derivatives display high activity at low pH (≤
5), however, when the pH is increased above 7, the activity is significantly decreased or
becomes completely inactive. In addition to the pH studies, relaxation conductance
measurements were used to determine the equilibrium constant, K, for the association of
the N-succinyl-gramicidin channel.64 From these experiments, K = 2.7 × 1014 cm2 • mol-1
at 25 oC, which is slightly higher than that of unmodified (natural) gramicidin A. Since
the magnitude of the rate constant remains relatively unchanged, it suggests that the
modification does not alter the primary properties of the gramicidin channel. From the
results of these studies, it is speculated that the hydrogen bonding of the peptide head
groups are key in the formation of the gramicidin helical dimer (active channel) since
substituting the formyl group with a carboxylic acid moiety did not inhibit channel
formation, provided that the carboxyl group is protonated.64 Thus, the double-stranded
helix can be excluded as a possible model for ion transport. This leaves the single
stranded helical channel model, where the carboxyl groups form a head-to-head junction
in the center of the channel, as the most likely candidate.63-65
Other transmembrane protein channels have also been studied using BLM model
systems. Alamethicin is an antimicrobial polypeptide that aggregates on the membrane
surface to form an ion-permeable transmembrane pore.66-70
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66-70

Initially, Mueller and Rudin proposed that these ion channels randomly exist in

either an open or closed state.66, 69 Additional conductance studies have revealed that the
alamethicin pore, which is composed of 4 to 8 monomer units, can exist in seven
different conductance states within the membrane.66, 67,

70

Matsue et al. used the BLM

model to examine the selectivity of the alamethicin channel. Their findings suggested that
the alamethicin pore appears to be weakly selective for cations, but highly selective for
anions.67, 70 The weak selectivity for cations can be simply attributed to their overall size
since the average pore size is only 0.7 nm and relative diffusion coefficients.67,

70

The

anion selectivity is more straight-forward and arises due to the electrostatic repulsion
between the negatively charged ion and carbonyl groups that are aligned within the center
of the pore.66, 67, 70
The major problems with BLM systems as a means for studying protein
incorporation are that these films are typically stable for only a few minutes to several
hours and conductance measurements provide no molecular level information. The
conductance measurements cannot differentiate between the formation of pores or defects
in the membrane. Smejtek et al. introduced pentachlorophenol (PCP), a widely used
herbicide and wood preservative, to a variety of different bilayer lipid membrane
systems.71 The results of their work showed that PCP has the ability to induce electrical
conductivity through the membrane. The increase in conductance is caused by the
transport of a proton, which is attached to the neutral PCP molecule, to the other side of
the bilayer.71 Furthermore, egg lecithin phosphatidylcholine/cholesterol (eggPC/Chol)
bilayers begin to show a sharp increase in total conductance when the amount of
cholesterol exceeds 40% and reach a maximum (6-fold increase) at compositions ≥
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70%.71 According to De Kruijff et al., the excess cholesterol forms a separate crystalline
phase (island formation) within the bilayer, which causes the bilayer to become leaky by
introducing a large number of defects to the film.72 In addition, these results both agree
with the theoretical packing parameter for DPPC/Chol bilayers where Pc ≥ 1.0 when the
mol fraction of Chol exceeds 0.5. To better understand the nature of pore formation in
cell membranes and gain structural information at the molecular level, solid supported
bilayers (sBLMs) have been developed as a means to improve membrane stability and
allow for the application of surface sensitive techniques.

2.2.2

Solid Supported Bilayer Lipid Membranes
Supported bilayer lipid membranes have become popular model systems for

studying biological membrane processes and are finding applications in many biosensor
technologies.73 There are a limited number of substrates that can be used to create high
quality lipid membranes (i.e. minimal defects and high lipid mobility). These substrates
should be smooth, clean and relatively hydrophilic to ensure successful adsorption of a
bilayer film. The most ideal substrates are fused silica, glass and mica; however, these
supports are insulating materials and do not allow for electrochemical measurements. As
a result, attempts have also been made to deposit bilayers on single crystal or thin
metallic films composed of silver, platinum and gold.74 The model bilayer film can be
deposited onto a solid support using one the following methods: (i) vesicle fusion, (ii)
Langmuir-Blodgett and Langmuir-Schaefer depositions and (iii) a combination of
Langmuir-Blodgett monolayer deposition followed by vesicle fusion.73-75 This thesis will
examine the first two deposition methods in more detail.
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The adsorption and fusion of phospholipid vesicles, of varying composition, is
one of the simplest and most versatile techniques for depositing a model bilayer onto the
surface of the desired solid support.73, 74, 76 The mechanism of bilayer formation is shown
schematically in Figure 2.6.58, 73, 74 Initially, small unilamellar vesicles (SUVs) adsorb on
to the solid support from the bulk aqueous solution.58, 73, 74, 76, 77 If the radius of the SUV
is greater than the radius of rupture (𝑅𝑆𝑈𝑉 > 𝑅𝑟 ), then the vesicles rupture and unroll or
slide along a thin water layer (10-20 Å) at the interface to form the bilayer film.73, 74, 76
However, if the radii of the SUVs are less than the rupture radius(𝑅𝑆𝑈𝑉 < 𝑅𝑟 ), then the
adsorbed vesicles must first interact and fuse with other adsorbed vesicles on the surface
to form a larger vesicle.73,

74, 76, 78

If the fusion of two or more vesicles results in the

formation of a sufficiently large vesicle (𝑅𝑆𝑈𝑉 > 𝑅𝑟 ), it will then rupture to form the
desired phospholipid bilayer.58,

73, 74, 76-78

The stability of sBLMs are significantly

improved when compared to the previously discussed BLM systems and allow for the
application of a wide range of surface sensitive techniques. The thickness of egg yolk
phosphocholine (egg-PC) films on mica formed by the fusion of vesicles was measured
by Egawa and Furusawa using AFM.79 To measure the film thickness and kinetics of
vesicle adsorption, a dilute liposome concentration (0.3 µg/mL) was injected into the
aqueous solution. After 60 minutes of incubation, no spherical vesicles were observed,
however, a flat lying, patchy film was present.79 The measured height of this patchy film
was 4.4 nm, which is slightly less than the length of two egg-PC molecules. This implies
that the egg-PC vesicles had fused and formed a single bilayer on the mica surface.79 As
time progresses, the egg-PC vesicles continue to adsorb and rupture on the mica surface.
After 240 minutes, the surface was completely covered by the bilayer film and remained
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Figure 2.6: Proposed mechanisms for creating solid supported bilayer lipid membrane
(sBLM) via vesicle fusion.
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stable throughout the duration of the experiment. Additional injections of egg-PC vesicles
were added to the system; however, no changes in thickness were observed. This suggests
that the formation of a second bilayer cannot occur under any solution conditions.79
To demonstrate that the formation of model phospholipid bilayers could occur on
flat metallic substrates, Li et al. used AFM to measure morphology of adsorbed DMPC
bilayers on single crystal gold (111) terraces.80 The AFM images showed the formation
of a characteristic ripple pattern, which had been previously observed on mica,81-84 after
15 minutes of incubation.80 A film thickness of 3.9 ± 1.0 nm was acquired by taking the
average of ~100 force-distance curves and fitting to a Gaussian distribution. This
thickness value is consistent with the work by Egawa and Furusawa since neutron
reflectivity measurements have shown that hydrocarbon core of supported DMPC and
DPPC bilayers are 2.62 and 3.44 nm, respectively (Note: egg-PC is a mixture of
phospholipids with tail lengths between 16 and 18 carbons).79, 80, 85. The advantage of the
metallic substrate over glass or mica is that it allows for electrochemical characterization
as well as imaging.
For gold electrode potentials ranging from −0.3 to 0.2 V vs. Ag/AgCl, the rippled
bilayer structure was stable and remained unchanged. However, when the voltage was >
0.2 V, the corrugated structure appears smoother as the phospholipid film begins to melt
and become disordered. When the potential is returned to 0.2 V, the corrugated structure
returns suggesting that this transformation is reversible.80 At electrode potentials more
negative than −0.3 V, the corrugated film again begins to disappear and a globular
structured film is formed. As the magnitude of the voltage is increased to more negative
potentials than −0.5 V, the film becomes featureless and very smooth.80 This
39

transformation appears to be irreversible since the corrugated structure is not reformed
after returning to potentials that are more positive than −0.3 V. It should be noted that
after 1 hour, the corrugated structure is restored as new vesicles fuse onto the surface
forming a fresh DMPC bilayer.80 AFM can provide structural information about the
morphology and average thickness of the film, however, it lacks molecular level
information in terms of the orientation and state (melted or gel) of the lipids within the
bilayer. In order to gain more knowledge about the film formed on the solid support,
electrochemical and spectroscopy techniques have been employed.
Bin et al. employed electrochemistry and polarization modulation infrared
reflection absorption spectroscopy (PM-IRRAS) to monitor the structure and orientation
of DMPC phospholipid bilayers formed via vesicle fusion at the gold (111) surface.86
Differential capacitance measurements showed that the bilayer was most stable for
potentials ranging from −0.5 ≤ E ≤ 0.2 V vs. Ag/AgCl,86 which is in good agreement with
the previously discussed electrochemical AFM images collected by Li et al.80 One
concern with these bilayer films, which was not evident from AFM measurements, was
that the recorded minimum capacitance was 8.5 µF cm-2. This value is approximately one
order of magnitude higher than the BLM systems suggesting that these bilayers contain a
number of defects.86 The surface coverage, 𝜃, was calculated using the following
expression:
𝜃=𝐶

𝐶0 −𝐶

0 −𝐶𝐵𝐿𝑀

2.3

where Co, C and CBLM are the capacities of the film-free, film-covered and BLMs,
respectively. With the aid of equation 2.3, the calculated surface coverage from the
differential capacitance measurements equates to 74% suggesting that one-quarter of the
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bilayer film is composed of defects. To gain more information about this particular film,
PM-IRRAS measurements were recorded.86
The average tilt angle of the DMPC lipid tails was 55o, which is close to the
magic angle. This suggests that the DMPC molecules within the bilayer adopt a random
orientation. Furthermore, the PM-IRRAS band positions associated with the lipid tails
can provide insight into the state of the molecules within the film.86 The center positions
of the symmetric (𝜈𝑠 ) and asymmetric methylene (𝜈𝑎𝑠 ) stretching vibrations were located
at ~2851 and ~2920 cm-1, respectively. This implies that the DMPC lipid tails are
primarily in the gel-state since the band positions for an all-trans phospholipid film
appear at 2850 and 2918 cm-1, respectively.87 The rigidity of the lipid tails may result in
long range cracks and defects within the film due to the limited mobility of the lipids in
contact with the solid support.86
This behaviour is not specifically limited to metallic surfaces as previous work by
Leonenko et al. showed that defects will also form on ideal, functionalized mica surfaces.
In these experiments, vesicle solutions of 1,2-dioleoylphosphatidylcholine (DOPC, 0.2
mg/mL) were exposed to the modified-mica for 2 minutes to allow for the formation of a
complete bilayer with no visible defects.88 The AFM cell was then rinsed with ultrapure
deionized water for about 10 minutes before collecting any images to ensure that the
presence of excess vesicles in the bulk solution would not continually mask the formation
of defects by fusing at these sites. Initially, the adsorbed DOPC bilayer was
homogeneous and absent of any defects with an average film thickness of 6.0 ± 1.5 nm.88
After the span of one hour, a small number of tiny defects (< 100 nm in dia.) began to
form within the film. The defects continue to grow in size and number until reaching a
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steady state after 90 minutes where continuous removal and generation of small holes
was observed over a period of 6 hours.88 This behaviour was attributed to variations in
the local density of the DOPC molecules due to an increased lateral pressure, which is
caused by the mobility differences between the two leaflets. This pressure difference
places tension on the bilayer and causes localized regions of the bilayer to rupture in
order to help alleviate the stress when the tension becomes significantly high.88
Therefore, Langmuir-Blodgett and Langmuir-Schaefer depositions can be used to
assemble more ordered films and provide the added flexibility of assembling of both
symmetric and asymmetric bilayers.
The Langmuir-Blodgett technology is based on the particular properties of lipids,
phospholipids or glycolipids. These insoluble molecules spread at the air-water interface
occupying all available sites and minimize their free energy by reorienting into
monolayers between the gaseous and liquid state. This insoluble monolayer is referred to
as a Langmuir film.89 More organized and compact monolayer films can be formed by
compressing two mobile barriers at the air-water interface (i.e. increases the surface
pressure). In order to minimize the surface energy, the molecules begin to reorganize
themselves in an upright, vertical position, where the polar head groups face the aqueous
subphase and the hydrophobic tails are directed towards the air.89 Prior to monolayer
formation, the substrate is submerged into the subphase, so that the surface is oriented
perpendicular to the interface. The substrate is then withdrawn through the air-water
interface depositing the compact monolayer film onto the surface via capillary forces.
This technique is referred to as a Langmuir-Blodgett (LB) deposition.89 To complete the
bilayer, the substrate is first rotated 90o, so that the surface is parallel to the interface. The

42

modified-substrate is then lowered into contact with the water surface allowing the
hydrophobic tails of the substrate and condensed Langmuir film to interact with each
other to form the completed bilayer once the substrate is withdrawn from the surface.
This method is generally referred to as a horizontal or Langmuir-Schaefer (LS) touch.
Since the LB and LS depositions are performed independently of one another, it allows
for additional flexibility over the final bilayer structure as symmetric and asymmetric
bilayers can be assembled onto the substrate surface by merely altering the composition
of the phospholipid monolayers spread at the air-water interface.89
The structure and physical properties of DMPC LB-LS deposited on gold coated
glass slides were compared to the values obtained for the bilayers formed by vesicle
fusion.80 The AFM images for the LB-LS bilayer showed the same characteristic ripple
pattern that was previously observed by vesicle fusion. The LB-LS methodology provides
additional proof that the ripple-structured film is in fact a bilayer and not surface
aggregated cylinders or hemicylinders.80 Visually, the AFM images for both films appear
nearly identical; however, the LB-LS bilayer had a minimum capacitance of ~5 µF cm-2,
which equates to a surface coverage of 86% (See equation 2.3). This 12% increase in
surface coverage suggests that the LB-LS bilayer contained fewer defects than those
formed by vesicle fusion; however, it is still higher than those created using the
traditional BLM methods.80,

90, 91

PM-IRRAS was employed to provide additional

orientation and structural information about the molecules within the LB-LS bilayer.90-92
The IR band position for the 𝜈𝑠 (CH2) and 𝜈𝑎𝑠 (CH2) bands of the LB-LS bilayer
transferred at a pressure of 42 mN m-1 were located at ~2853 and ~2922 cm-1,
respectively. This implies that the LB-LS bilayer has a higher proportion of DMPC
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molecules with melted chains than the vesicle fused bilayers.91 This finding was
unexpected but can be explained by the Langmuir isotherm. Initially, the DMPC
molecules are in a liquid-expanded state at low surface pressures (π < 20 mN m-1). As the
pressure is increased, the molecules enter a liquid-crystalline state at moderately high
surface pressures (π < 40 mN m-1) and finally reach an all gel state at higher surface
pressures not exceeding the collapse pressure (π ≈ 55 mN m-1).91 Since the LB-LS
bilayers were transferred at pressure located between the all gel and liquid-crystalline
phase state, it is not surprising that a higher number of gauche conformers were
observed.91 The average tilt angle for the LB-LS bilayer was ~26o suggesting that these
bilayers are more ordered and uniform. Despite the improvements in the ordering of the
LB-LS films, the major issue with these bilayer films is that the capacitance is still about
5 times larger than BLMs and natural cell membranes. One attempt at trying to improve
the overall quality of the adsorbed bilayer is to introduce cholesterol to the vesicles and
Langmuir films prior to substrate adsorption.93
Cholesterol is a key component of natural cell membranes and is known to
broaden the phase transition temperature of phospholipid films94-96 and increase the
compressibility of the bilayer film.97 Needham et al. measured the tensile strength and
toughness of the giant vesicle bilayers using a standard micromanipulator setup. This
work showed that bilayers composed of ~35 mol% Chol exhibited the highest membrane
toughness over other lipid/Chol ratios. The increased membrane toughness represents an
increase in the membrane stability and may be correlated with a decrease in the overall
free energy of the system.97 The DMPC/Chol mixture reduces the Gibbs excess energy
and increases the cohesive energy, which contribute to the overall stabilization of the
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bilayer.97 Bin et al. incorporated cholesterol (30 mol%) into the DMPC vesicles before
assembly the solid supported bilayers and employed differential capacitance and PMIRRAS measurements to monitor improvements to the membrane system.86 A minimum
bilayer capacitance of ~2.2 µF cm-2 was measured for the vesicle fused DMPC/Chol
bilayer on the gold (111) surface. This value is merely double that of the traditional BLM
systems and gives a surface coverage of 95% suggesting that the incorporation of
cholesterol creates more stable bilayers with minimal defects.90
The calculated tilt angle from the PM-IRRAS measurements of the DMPC/Chol
bilayer showed little improvement over the pure DMPC bilayer with a value of 52 o. This
value is close to the magic angle, which implies that the DMPC/Chol bilayer is randomly
oriented on the gold surface after vesicle fusion.90,

93

These results suggests that

cholesterol is capable of improving the quality of the layer, but has no impact on the
overall orientation of the lipid molecules.90,

93, 98

Zawisza et al. also added 30 mol%

cholesterol to the LB-LS bilayers and monitored the overall impact. The minimum
capacitance showed a slight improvement over vesicle fusion with a value of ~1.7 µF cm2

suggesting the maximum coverage is obtained. The average tilt angle of the LB-LS

DMPC/Chol film was ~25o, which is similar to bilayers assembled in the absence of
cholesterol.99 This suggests that DMPC/Chol bilayers assembled by LB-LS create films
that most closely resemble natural membranes.
One possible issue with sBLMs as model membranes is that the asymmetric
environment (i.e. one leaflet in contact with the solid support and the other is exposed to
the aqueous media) may affect the structure and function of the membrane compared to
natural free floating lipid bilayers. The LB-LS technique also provides a unique
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opportunity to explore the influence of the solid support on the lower leaflet by
constructing asymmetric bilayers where one leaflet contains natural DMPC molecules
while the other is composed of DMPC molecules with completely deuterated lipid tails.92
The average tilt angles for the bottom and top leaflets were ~35o and ~24o, respectively.
This shows that the asymmetric environment of the two leaflets has a significant impact
on the overall orientation of the DMPC molecules. The aqueous leaflet appears to be
more disordered with a higher lateral diffusion (i.e. higher fluidity) than the leaflet in
contact with the solid support.92 Differences in the lateral diffusion coefficients have also
been measured computationally and by fluorescence microscopy.100-102 Sharanov et al.
showed that the translational diffusion coefficient for the solid supported leaflet (Dssl =
0.078 ± 0.001 µm2 s-1) was about 40 times slower than that of the aqueous leaflet (Dal =
3.1 ± 0.4 µm2 s-1).100 These fluorescence microscopy measurements are similar to the
fluorescence recovery after photobleaching (FRAP) results obtained by Schütz et al.,
who observed Dssl and Dal values of 0.072 ± 0.002 µm2 s-1 and 4.4± 0.1 µm2 s-1,
respectively suggesting that the lateral mobility is hindered by the interaction between the
polar head groups and the solid support.100, 102
It has been well established that the translation diffusion of phospholipids in
supported bilayers splits into two distinct populations for bilayers that have been trapped
on modified surfaces.100 This poses a potential problem for studying membraneincorporated proteins as the lack of fluidity in the lower leaflet may affect the natural
structure and function of the transmembrane protein and exposure to the surface may
cause denaturation.103 Despite these drawbacks, solid supported membranes are still
appealing to many researchers since they are very stable, allow for surface sensitive
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techniques and have been thoroughly studied in scientific literature. Chapter 6 will
demonstrate that the sBLM system is still an ideal model for studying the structure and
function of membrane-bound peripheral peptides and proteins. In order to improve upon
the solid supported biomembranes as a tool for gaining a better understanding of the
biophysical behaviour of transmembrane/integral proteins, tethered bilayer lipid
membranes have become a more attractive alternative.

2.2.3

Tethered Bilayer Lipid Membranes
Early concepts of model biological membranes physically adsorbed to solid

supports via vesicle fusion or LB-LS techniques relied on the formation of an aqueous
layer (1-2 nm) between the bilayer and substrate.103 This concept suffers from a number
of fundamental problems, which include: (i) detachment or displacement of bilayer from
surface by other surface species; (ii) phospholipid-substrate interactions alter natural
membrane environment; and (iii) small equilibrium thickness of the water layer generates
steric problems for larger integral proteins causing denaturation and loss of function.103,
104

To solve these issues, tethered lipid bilayer models can be produced.103-106
Tethered bilayer lipid membranes (tBLMs) show great promise as more realistic

model membranes for studying structural changes in transmembrane protein channels,
protein-protein and lipid-protein interactions. In addition, these systems open new doors
in the development of new novel biosensors for medical, industrial and environmental
applications.103-106 A schematic representation of a typical tBLM system is shown in
Figure 2.7. The basic design for any tBLM has the following characteristics: (a) high
mechanical, chemical and biochemical stability (i.e. chemisorption), (b) consists of a
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Figure 2.7: Schematic representation of a tethered bilayer lipid membrane.
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well-defined ionic reservoir on both sides of the membrane and provides sufficient
separation between membrane and surface for incorporation of large integral proteins, (c)
improved fluidity of the membrane bound leaflet, (d) easy to construct and highly
reproducible and (e) accessibility to a wide variety of surface sensitive techniques (i.e.
AFM, spectroscopy, electrochemistry, QCM, etc.).103-106 Like the previously discussed
sBLM systems, tBLMs can be deposited onto the solid support via vesicle fusion,
Langmuir - Blodgett and Langmuir -Schaefer depositions or a combination of both
where the Langmuir-Blodgett monolayer is deposited followed by vesicle fusion.103, 107111

In addition to these methods, tBLMs can be formed by first allowing the inner leaflet

(tethering layer) to spontaneously self-assemble onto the substrate via chemisorption of
the head group and then completing the bilayer either by fusing vesicles or performing a
Langmuir-Schaefer transfer.105, 109 The following section will discuss various attempts at
creating desirable tBLM systems for mimicking natural cell membranes.
Steinem et al. examined the quality, stability and functionality of their tBLM
design by measuring the capacitance and resistance with electrochemical impedance
spectroscopy (EIS). Clean gold substrates were incubated in 1mM solutions of either 1octdecanethiol

(ODT)

or

1,2-dimyristoylphosphatidylthioethanol

(DMPTE)

in

chloroform for 10 hours to allow for the formation of the SAM.109 The capacitance values
for the ODT and DMPTE monolayers were 1.04 ± 0.05 µF cm-2 and 1.21 ± 0.10 µF cm-2,
respectively. This suggests that the 10 hour incubation is sufficient for creating uniform
monolayers with minimal defects onto the gold surface. To complete the outer leaflet of
the tethered lipid bilayers, the modified gold surfaces were incubated in a Tris buffer
containing large unilamellar DPPC vesicles (0.5 mg/mL) for a period of 4 hours and then
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rinsed with clean buffer solution before beginning the experiment.109 The capacitance of
the ODT/ DPPC and DMPTE/DPPC bilayers were similar with values 0.52 ± 0.02 µF
cm-2 and 0.56 ± 0.02 µF cm-2, respectively. To test the effect of the lipid tail in terms of
its length and degree of saturation, Steinem et al. fused vesicles of 1,2dilauroylphosphatidylcholine (DLPC), 1,2-dimyristoylphosphatidylcholine (DMPC), 1,2distearoylphosphatidylcholine (DSPC), 1-palmitoyl-2-oleoylphosphatidylcholine (POPC)
and egg-PC to the ODT surface.109 The capacitance values of the saturated chain
decreased from 0.64 to 0.51 µF cm-2 with increasing chain length as expected since the
capacitance is inversely proportional to the thickness of the film. The highest capacitance
value recorded was 0.68 µF cm-2 for the POPC bilayer suggesting the unsaturated lipid
chains introduce more defects into the film.109 All of these different tBLM systems give
capacitance values resembling those obtained by Mueller et al. in the traditional BLM
methods suggesting that tBLMs create more natural, fluid membranes at the solidsolution interface. The two major advantages of these tBLM models over traditional
BLMs are the vastly improved stability of the film, which allow for the collection of
accurate measurements for more than one day and the solid support allows for the
implementation of other surface sensitivity techniques (i.e. spectroscopy, imaging, etc.)
to gain more information about membrane interactions.109
The concern with the ODT design is that the hydrophobic monolayer does not
promote the formation of an aqueous sub-layer between the gold surface and the bilayer.
The DMPTE version attempts to rectify this issue with the use of a more polar head
group; however, the densely packed monolayer restricts lateral mobility of the bottom
leaflet.109 Therefore, the gold substrate was incubated with vesicle solutions of

50

DMPC/DMPTE for 6 hrs. to improve the overall transverse mobility of the phospholipids
in the lower leaflet by lowering the density of the chemisorbed species.109 The EIS
measurements showed the DMPTE/DMPC bilayers formed by vesicle fusion reached
capacitance values (0.63 ± 0.02 µF cm-2) that were similar to the SAM designed bilayers
and the stability of these films were drastically improved giving accurate result for a
period of 2 to 4 days.109 Three major concerns were still present in the improved
DMPC/DMPTE bilayers created via vesicle fusion. First, the DMPTE content had to be
greater than 50 mol% to form uniform, defect-free bilayers, which would improve the
lateral mobility of the phospholipids in the lower leaflet. However, the diffusion would
still be significantly hindered compared to living cell membranes.109,

111

Secondly, the

tethering region of the DMPTE (thiol group) is attached directly to the phospholipid head
group. This implies that the membrane will be in direct contact with the solid support and
does not provide adequate separation to insert transmembrane proteins or create an ionic
reservoir to simulate natural cell membranes.109, 111 Finally, the DMPTE is not a native
phospholipid found in cell membranes and vesicle fusion does not restrict its presence to
the inner leaflet.111, 112 Having the tethering molecule in the outer leaflet may introduce
additional issues to the system, particularly in the studies exploring protein binding,
signalling and incorporation as these molecules are typically site selective in terms of
chemical and charge recognition.111, 112 Due to the uncontrolled nature of vesicle fusion,
this chapter will focus on various tBLM systems where the inner leaflet was deposited via
self-assembly or Langmuir-Blodgett.
Terrettaz et al. investigated the function of several synthetic ligand-gated ion
channels (SLIC) in tBLM systems. The gold surface was covered with a thiolipid,
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X(ornithine), SAM and the bilayer was completed with a mixed monolayer of 1,2diphytanoylphosphatidylcholine (DPhyPC) and cholesterol in a 9:1 molar ratio.113 The
membrane and double-layer capacitance values obtained from the equivalent circuit used
to model the impedance spectra were 0.67 ± 0.06 µF cm-2 and ~10 µF cm-2, respectively,
suggesting that the lipid bilayer is separated from the electrode surface by an aqueous
reservoir.113 In addition, a membrane resistance of 7 MΩ cm2 was recorded, which is
close to the values obtained for BLMs, suggesting that the film is uniform with minimal
defects. When SLIC was introduced to the system, a drop in bilayer resistance and single
conductance states of 90 pS were observed.113 Furthermore, no changes in membrane
capacitance was monitored at initial SLIC incorporation (i.e. low membrane
concentrations), however, at higher SLIC concentrations, a large increase in the capacity
of the bilayer was observed due to the disruption of the membrane.113 Electrochemical
impedance spectroscopy lacks molecular level detail, so it is difficult to differentiate
whether the decrease resistance is caused by the insertion of the ion channel or the
creation of defects within the film.113 The tBLM designed by Terrettaz et al. was stable,
provided sufficient separation form the surface and formed an aqueous reservoir between
the solid support and the bilayer; however, it lacked lateral mobility in the bottom leaflet
and the molecules used to form the bilayer are not found in nature. Therefore, this system
is ideal for biosensor application, but it is not sufficient for biophysical studies.
Geiss et al. designed a tBLM where the protein itself acts as the tethering
molecule and is responsible for anchoring the bilayer to the surface. The substrates were
first immersed in a solution of dithiobis (N-succinimidyl propionate) (DTSP) for 30
minutes forming a complete monolayer.114 The functionalized solid support was then
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immersed in a His-tagged cytochrome c oxidase (CcO) solution and then rinsed with
buffer to remove any unbound CcO. The tBLM was completed by incubating the CcOfunctionalized substrate in a DPhyPC solution.114 The capacitance of the CcO tBLM was
~ 6 µF cm-2, which is significantly higher than the expected value. This high capacitance
value could be due to the fact that proteins have larger dielectric constants compared to
lipid molecules or that the model did not account for the aqueous reservoir below the
membrane.114 To prove that the reconstituted protein could be activated in the tBLM
conditions, a reduced form of the protein was added to the system and oxygenated.
The EIS spectrum showed a drastic decrease in the resistance (from > 1 MΩ cm2
to 130 kΩ cm2), which indicated that the protein channel was actively transporting
protons across the membrane. In addition, this activation mechanism was reversible as
the membrane returned to its initial conditions after rinsing with phosphate buffer. The
major drawbacks with this design are that the proteins must be chemically modified prior
to use, which may alter the function of the protein channel, and the mobility of the
proteins is drastically reduced.111,

114

As a result, bilayer-forming lipid molecules with

long hydrophilic spacer groups appear to offer the best opportunity for creating ideal
model membrane systems.
The backbone of all peptide and protein molecules relies on the formation of
amide linkages. In specific proteins, linear amide groups can hydrogen bond with
neighbouring chains to form β–sheets, which are typically hydrophilic in nature.53,

112

With this prior knowledge, Song et al. created a peptide-tethered model bilayer to study
membrane-amyloid β– peptide interactions.108 The model membrane was constructed by
first incubating the gold substrate in a solution containing thiol-terminated 19-mer
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peptide (40 µg/mL) for 24 hours to deposit a uniform SAM on the gold surface. The
peptide SAM was activated in a solution containing a mixture of N-hydroxysuccinimide
(NHS) and N-ethyl-N’-(dimethylaminopropyl) carbodiimide (EDC) to ensure that a
covalent bond was formed between the peptide and polar head group of 1,2dimyristoylphosphatidylethanolamine (DMPE).108 Next a monolayer of DMPE was
transferred onto the activated peptide-modified gold surface using a single LB deposition.
The bilayer was then completed via LS transfer with varying phospholipid
compositions.104, 108 Surface plasmon resonance (SPR) measurements indicated that a 4.2
nm DMPE/POPC bilayer was successfully transferred onto the modified-gold surface and
approx. 25% of the DMPE molecules were chemically linked to the substrate after rinsing
with detergent and ethanol.108
Different compositions of lipids and sterols in the outer leaflet of the peptide
tBLM were used to examine the adsorption of fluorescently tagged amyloid β– peptide
(Aβ) to the membrane surface using epi-fluorescence imaging.108 The lowest amount of
adsorbed Aβ was observed in bilayers where the outer leaflet was purely composed of
POPC suggesting that this interaction is very weak. The adsorption of Aβ slightly
improved when the outer leaflet was composed of either POPC/Cholesterol or POPC/25hydroxycholesterol in 50% mol ratios, indicating that sterols play a particular role in Aβmembrane interactions.108 The fluorescence signatures were slightly more enhanced in
systems containing a 1:1 mixture of POPC and sphingomyelin suggesting that Aβ
preferentially binds to sphingomyelin.108 The adsorption of Aβ to the membrane surface
was greatly increased when both sphingomyelin and sterol molecules were added to
POPC (1:1:2) in the outer leaflet. This is consistent with the previous research by
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Mahfoud et al., who found that prion, Alzheimer and HIV-1 proteins were primarily
located in sphingomyelin-rich lipid rafts within the cell plasma membrane.108,
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The

work by Song et al. demonstrates that peptide-tethered lipid membranes are good models
for monitoring peripheral proteins and may also allow for the incorporation of
transmembrane proteins since the amide tethering region should promote the formation of
an aqueous reservoir between substrate and the bilayer. In addition, the peptide linker is
stable over a wide pH range (~ 2 to 13), which makes it useful for studying the effects of
pH on membrane-protein interactions.116 The concern with peptide-tethered bilayers is
that the IR signature for the tethering group would overlap with the characteristic protein
bands.117 As a result, this model system is not ideal for IR studies geared towards
elucidating the molecular structure and conformation of protein channels in model
membranes. Therefore, tethering molecules with hydrophilic polyethylene glycol (PEG)based spacer groups are a more appealing alternative.118
For years, PEGs have been used as a coating on surfaces to prevent nonspecific
adsorption of proteins.118-121 Furthermore, PEGs do not adsorb to the surface of lipid
bilayer, which should allow for lipid mobility on the polymer cushion.121 A mixed
phospholipid/DMPE-PEG2000-triethoxysilane (DPS) monolayer was deposited onto
quartz substrates using a LB transfer. The monolayer was allowed to dry and then
exposed to a buffer solution containing the vesicles of the desired phospholipid
composition.121 The translational mobility of the lipids within the inner and outer leaflet
were monitored using FRAP. The results showed that increasing the amount of DPS
caused an overall decrease in the fraction of mobile phospholipids within both leaflets of
the bilayer (Note: in general, the mobile fraction of the inner leaflet was lower than that

55

of the outer leaflet).121 The diffusion of the cytochrome b5 (Cb5) protein within these
PEG tBLMs showed two distinct diffusion coefficients of 1.4 × 10-8 cm2 s-1 and 2.0 × 1010

cm2 s-1. The fast diffusion component corresponded to about 27% Cb5, which is

comparable to that of the phospholipid molecules within the bilayer. The slow component
accounted for approximately 50 − 60% Cb5 and the remaining 13 – 23% Cb5 was
immobilized within the recorded time scales.121 This is a significant improvement over
bilayers directly deposited on quartz where approximately 80% of the Cb5 proteins were
immobile over a 30 minute time scale.121 The PEG tBLMs show great promise in terms
of stability, however, the incorporation of proteins led to several major concerns in this
work. First, DPS in the brush conformation (> 9 mol %) caused the bilayer to segregate
into microscopic stripes that orient perpendicularly to the dipping direction.121 This
suggests that there are lateral heterogeneities in the inner leaflet, which could lead to
mismatch between the lipids in the inner and outer layer. Secondly, there is restricted
lateral diffusion of proteins due to the viscous coupling between the protein and PEG.121
Thirdly, the thick PEG cushion may influence the overall structure of the membrane by
changing the morphology and increasing the lateral roughness of the bilayer film. Finally,
any unbound PEG polymer has the potential to penetrate and translocate through the
bilayer film disrupting and destabilizing the membrane.121 To circumvent these
shortcomings, tethering molecules with less than 12 repeating PEG units have been
developed.
A number of short PEG-thiol lipids have been used to create biomimetic
membranes.105, 107, 122, 123 In addition to the hydrophilic PEG spacer group, archaeal lipid
analogs, where the saturated hydrocarbon tails are substituted with phytanyl chains, have
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been implemented due to their increased stability under extreme condition and propensity
to form membranes with fewer defects.124 Atanasov et al. synthesized two novel tethering
molecules,

2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene

glycol-(3-trichloropropyl-

silane)ether lipid (DPTTC) and 2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-(3chloro-dimethylpropyl-silane) ether lipid (DPTDC), to construct tBLMs on silicon
substrates.107 DPTDC and DPTTC monolayers were assembled on p-doped silicon (100)
wafers over a period of 24 hours. The outer leaflet was formed by the fusion of DPhyPC
vesicles in buffer solution.124 EIS was employed on these two systems in order to
characterize their electrical properties. The capacitance and resistance for the DPTDC
bilayers were 0.89 ± 0.04 µF cm-2 and 1.45 ± 1.06 MΩ cm2, while and the values for
DPTTC were 0.78 ± 0.03 µF cm-2 and 0.5 ± 0.3 MΩ cm2, respectively. The difference in
the resistance values for the two systems is due to the fact that the dimethylsilane group is
able to pack tighter than the dichlorosilane version.124 Despite their differences in
resistance both model films were very stable and robust since accurate measurements
could be still be recorded for more than a week and after multiple rinsing cycles.
To test the functionality of transmembrane proteins within this tBLM system,
valinomycin, a K+ transport carrier protein, and gramicidin, a K+ and Na+ ion channel
peptide, were introduced to the preformed bilayers.124 When valinomycin was added to
the channel, the capacitance of the tBLM remained fairly constant for all K+
concentrations suggesting that the protein did not alter the thickness of the bilayer film,
however, the resistance decayed exponentially with increasing in K+ concentration, where
a minimum value of 7 kΩ cm2 was reached at high K+ concentrations.124 Moreover,
altering the Na+ concentration had no effect on the membrane resistance, which implies
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that valinomycin has integrated itself into the bilayer and not simply increased the
number of defect sites within the film. Since the gramicidin ion channels do not
discriminate between the transport of Na+ or K+ ions, the resistance was measured in
terms of the gramicidin concentration and also displayed an exponential decay in the
membrane resistance.124 To ensure that the decrease in resistance did not result from the
formation of cracks and fissures in the film, the electrolyte was exchanged with NCH4Cl.
The resulting resistance of the gramicidin-DPTDC model membrane increased to a value
of 1.8 MΩ cm2, which further supports that the gramicidin peptides are incorporated into
the film.124 This work demonstrates that the DPTDC and DPTTC tBLMs appear ideal in
terms of creating stable model biomembranes that have aqueous reservoir between the
bilayer and solid support with a sufficient separation to allow for the incorporation of
protein channels.124 However, the silane-terminated tether molecule can only selfassemble on silica-based surfaces. This creates problems when trying to quantify the
voltage drop across the biomembrane due to the inherit Schottky barrier at the metalsemiconductor interface and the ohmic drop across silicon oxide interface at the solution
side (i.e. the actual applied voltage of the silicon surface is unknown).125, 126 To remove
this uncertainty from the measurements, thiol lipid versions of this archaeal analog lipid
can be self-assembled onto gold electrode surfaces.
Schiller et al. synthesized 2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycolD,L-α-lipoic

acid ester (DPTL), where the anchoring silane group is replaced by a

dithiol.127 SPR measurements showed that the thickness of the self-assembled monolayer
was 4.7 nm, which is equal to the length of a single, fully extended molecule. The
thickness of the film increases to 8.5 nm after spreading DPhyPC vesicles onto the
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modified gold surface denoting the completion of the bilayer.124,

127

The membrane

capacitance and resistance of the DPTL tBLM were acquired via EIS giving values of
0.49 µF cm-2 and 4.35 MΩ cm2, respectively. The electrical properties are superior
compared to those obtained from the DPTDC and DPTTC bilayers suggesting that a
tightly packed, uniform and highly ordered bilayer was present on the gold surface.124, 127
The effect of valinomycin on the bilayer properties in the presence of K+ ions was also
measured. The capacitance (0.64 µF cm-2) remained relatively unchanged, while the
membrane resistance decreased significantly to a value of 2.2 kΩ cm2. After washing the
bilayer with NaCl, the resistance increases to 0.31 MΩ cm2, but it does not return to the
original value as seen in the DPTDC bilayers.107, 124, 127 This may be due to the fact that
some of the valinomycin ion channels become trapped in the densely packed DPTL
monolayer forming numerous defects.124 Two issues that arise with the DPTL tBLMs are
that the densely packed tetraethylene glyol (TEG) spacer is only effective for small ion
channels, such as gramicidin and valinomycin, the lack of lipid mobility in the inner
leaflet. This problem can be remedied by diluting the tethering molecules using mixed
SAM solutions.105,

122

From examination of the current data, DPTL tBLM systems

appears to be the most promising route for creating model biomimetic membranes for
studying changes in the structure and conformation of transmembrane protein channels.
As previously mentioned, SPR and EIS do not provide molecular level
information; therefore, it is difficult to know whether the TEG group effectively
promotes the formation of an aqueous reservoir and if the changing electric field induces
structural and orientational changes in the DPTL layer. Chapter 7 will examine the
influence of the changing electric field on the structure, orientation and relative hydration
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of DPTL molecules within self-assembled monolayers on gold (111) electrodes using
PM-IRRAS.
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CHAPTER 3
INTERFACIAL ELECTROCHEMISTRY

This chapter provides relevant theory pertaining to the electrical double-layer and
interfacial electrochemistry. The chapter is divided into two main sections. The first
section introduces the physical structure of electrified interfaces in the absence and
presence of organic molecules. The second part deals with the fundamental theory behind
the various electrochemical techniques used to study adsorption of organic molecules at
the electrode surface.

3.1

Physical Electrochemistry
Electrochemistry is an extremely old science that was first used by the Parthans

between 250 B.C. to 250 A.D. There is evidence that the Parthans had developed their
own electrochemical cell to perform electroplating reactions.1 By definition,
electrochemistry is the study of reactions, processes and adsorbed molecular structures
that occur at solid-liquid or liquid-liquid conductive interfaces.1 A wide variety of solid
materials, such as metals, alloys, semiconductors and nanomaterials, have been used as
electrical conductors while liquid conductors primarily include electrolyte solutions, ionic
liquids and conductive solids like in solid oxides fuel cells. The experiments in this thesis
explore electrochemical processes at solid-solution interfaces; therefore, all theory will
pertain to these systems.1
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3.1.1

Structure of Solid-Solution Interfaces
Electrochemical systems are found all around us in our daily lives. The studies of

electrochemical phenomena span a wide range of scientific disciplines from biology to
the physical sciences.1-4 Some examples of these studies include biosensor development,
biochemical reactions, ion transport across biological membranes, corrosion, fuel cells
and batteries, electroplating, anodization, hydrolysis, etc. Since all of these
electrochemical reactions occur at the solid-solution interface, it is important to gain a
better understanding of the structure at a metal-solution interface.1, 3, 4
When a metal electrode is placed in contact with an electrolyte, the system will
establish an equilibrium state where the charge on the metal surface is balanced by the
ions in solution. A schematic diagram of the structure for a typical metal-electrolyte
interface is shown in Figure 3.1.1-3 The solvent molecules, typically water, generally
carry a net dipole moment as demonstrated by the arrow within the sphere. The cations
and anions are represented by the red and black spheres, respectively. This model is
referred to as the electrical double-layer (EDL) and can be described by a series of
parallel plate capacitors. Today, the Gouy-Chapman-Stern model is most commonly used
to represent the structure of the EDL.1-4 The various components of the electric doublelayer will be described in more detail in the following sections.

3.1.2

The Electrical Double-Layer
The surface charge on the metal is due to either an excess or deficiency of

electrons at the metal surface. This change in electron density at the surface can result
from the application of an external voltage to the metal electrode or charge transfer
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Figure 3.1: Schematic diagram for the Gouy-Chapman-Stern Model of the
electrical double-layer for a positive electrode polarization. The charge at
the metal, Helmoltz and diffuse layer is shown above.
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reactions/processes due to various redox species present in solution.2 The charge density
at the metal surface, σM, is located in a two-dimensional plane and resides within a layer
of atoms at the metal surface.2 The potential where σM = 0 is referred to as the zero charge
potential (pzc or Epzc). The charge density of the metal surface can be modified by
altering the electrode potential. If a positive potential with respect to pzc is applied to the
electrode, it will result in a deficiency of electrons at the surface meaning that 𝜎𝑀 > 0.
Conversely, a negative potential with respect to the pzc will result in a surplus of
electrons at the metal surface suggesting that 𝜎𝑀 < 0 at the metal surface.2
In 1879, Helmholtz proposed that the electrical double-layer consisted of two
parallel plate capacitors in close proximity to the metal electrode, which is referred to as
the Helmholtz layer.1-3 The Helmholtz (or inner) layer is composed primarily of solvent
molecules as well as other neutral species. In addition, a small fraction of ions (usually
anions) that are capable of removing their solvation shell can also adsorb to the metal
surface. The imaginary plane that passes through the center of these specifically adsorbed
ions is known as the Inner Helmholtz Plane (IHP).2, 3 Specific adsorption can only occur
if the attractive force between the metal and ion is significantly large to allow for
desolvation of the ion. Some examples of ions that specifically adsorb to the metal
include chloride, iodide, bromide, sulfate, and phosphate.3
The imaginary boundary or Outer Helmholtz Plane (OHP) denotes the distance of
closest approach for solvated ions that are unable to remove their solvation shell and not
specifically adsorbed to the surface.1, 3, 5 This distance can be roughly estimated at the
radius of the solvated ion. Some examples on non-adsorbing ions include fluorides,
perchlorates, sodium, potassium, and lithium.1, 3 The IHP and OHP can be considered as
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rigid plates of a simple parallel plate capacitor, 𝐶𝐻 , since a higher concentration of the
specifically adsorbed ions reside at the IHP and a higher concentration of the nonadsorbing ions of opposing charge are present at the OHP.1, 3, 5 This original Helmholtz
model would be correct for electrochemical measurements recorded at absolute zero.
Unfortunately, this model does not account for the fact that ions are able to move and
form ionic clouds at ambient temperatures, which screen the total charge of the metal and
specifically adsorbed ions at distances that extend beyond the outer Helmholtz plane. 1, 3, 5
Therefore, further modifications were necessary to accurately portray the electrical
double-layer.
In 1910, Louis Georges Gouy and David Chapman proposed the idea of a diffuse
layer where the charge density of the metal decreases exponentially away from the
surface.1, 3 The charge at the metal surface causes an increase in the concentration of the
electrostatically attracted ions near the surface creating a ion gradient that decays with
distance until reaching an equilibrium state in the bulk of solution. The thickness of the
diffuse layer is dependent on the Debye length, which can be calculated according to the
following expression:1, 3

𝜅 −1 = (

𝜀𝜀𝑜 𝑘𝐵 𝑇 1/2
2𝑁𝐴 𝑒 2 𝐼

)

3.1

where 𝜅 −1 is the Debye length, I is the ionic strength, 𝜀 and 𝜀𝑜 are the values for the
dielectric constant and permittivity of free space, respectively, T is the absolute
temperature, e is the elementary charge, 𝑘𝐵 is the Boltzmann constant and 𝑁𝐴 is
Avogadro’s number. Table 3.1 shows the Debye lengths for a 1:1 aqueous electrolyte of
varying concentrations.1 Since the excess charge on the metal is balanced by the spacecharge diffuse layer, it will exhibit an interfacial capacity, C, which is described by:3
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Table 3.1: Debye length of a 1:1 aqueous electrolyte solution at room temperature

Concentration
/ (mol L-1)

10-5

10-4

10-3

10-2

10-1

Debye Length
/ nm

96

30.4

9.6

3.04

0.96
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𝐶=

𝜀𝜀𝑜
𝜅−1

3.2

Like the Helmholtz model, the double-layer capacity resembles a parallel plate
capacitor where the thickness is given by the Debye length. The major issues with the
Gouy-Chapman model is that it is limited to low electrolyte concentrations (< 10−3 𝑀)
since the capacitance would become extremely high at very small Debye lengths (i.e.
𝜅 −1 < 30 nm) and it is only valid for small excess charge densities at the metal surface.
These issues were remedied by Stern in 1924 when he combined the Gouy-Chapman and
Helmholtz layers to give what is now referred to as the Gouy-Chapman-Stern (GCS)
model.
In the GCS model, the OHP acts as the boundary that separates the inner layer and
the diffuse layer. The diffuse layer extends from the OHP to the bulk solution and is
responsible for balancing the overall charge at the metal surface.1, 3, 5 Since the electrical
double-layer must be electrically neutral, the charge density of the solution region, which
consists of the Helmholtz layer (𝜎𝐻 ) and diffuse layer (𝜎𝐷 ) must be equal in magnitude to
the charge density of the metal surface (𝜎𝑀 ). The electroneutrality of the electrical
double-layer is given by:3
𝜎𝑀 = −(𝜎𝐻 + 𝜎𝐷 )

3.3

As previously mentioned, both the Helmholtz layer and diffuse layer can be represented
as parallel capacitors. Therefore, the total capacitance of the double-layer region, 𝐶𝑑𝑙 , can
be modeled with the two capacitors in series.1, 3
1
𝐶𝑑𝑙

=

1
𝐶𝐻

+

1
𝐶𝐷

3.4

The total capacitance of the GCS double-layer is dependent on the electrode potential and
electrolyte concentration. At high electrolyte concentrations and/or large electrode
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polarizations, the capacitance of the diffuse layer is very large. Therefore, the diffuse
layer has a negligible contribution on the total double-layer capacitance (i.e. the total
capacitance of the system is controlled by the inner layer).1 Conversely, at low
concentrations and small electrode polarizations, which are close to the potential of zero
charge, the diffuse layer capacitance becomes very small in magnitude and therefore,
dominates the total capacity of the double-layer.1, 3 The Epzc correlates with the electronic
densities of the interface and will be discussed in more detail in the next section.1

3.1.3

The Potential of Zero Charge
The potential of zero charge (Epzc) is a characteristic potential for a given interface

(i.e. depends on both the electrode and electrolyte). In a non-adsorbing electrolyte, a
minimum in the double-layer capacity is observed at the potential of zero charge of the
electrode at low electrolyte concentrations. Figure 3.2 shows a decrease of the capacity of
the double-layer at the Epzc as the electrolyte concentration is decreased.1,

3

The Epzc

coincides with the maximum surface tension, which can be measured directly for liquid
metal electrodes, such as mercury.1
The work function (𝛷) of the metal is correlated to its Epzc in a particular solution.
When a metal (M) is placed in contact with an inert, non-adsorbing electrolyte, and
connected to a standard reference electrode [platinum/hydrogen reference electrode (II)]
via a platinum wire (I), a Volta potential, 𝜓, will be generated.1, 3 If we assume that the
two platinum wires have the same work function, then their surface potentials are equal.
The electrode potential of zero charge, 𝐸𝑝𝑧𝑐 , can be derived accordingly:1, 6
𝐸𝑝𝑧𝑐 = 𝐸𝐼 − 𝐸𝐼𝐼 = 𝜓𝐼 − 𝜓𝐼𝐼 = (𝜓𝐼 − 𝜓𝑀 ) + (𝜓𝑀 − 𝜓𝑠𝑜𝑙 ) + (𝜓𝑠𝑜𝑙 − 𝜓𝐼𝐼 )
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3.5

Capacitance

Epzc

Potential
Figure 3.2: Total capacitance decreases at the pzc of the electrode when
the electrolyte concentration is lowered. The diffuse layer capacitor
dominates at low concentrations near the pzc.
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Equation 3.5 can be rewritten in terms of the work function by substituting the (𝜓𝐼 −
𝜓𝑀 ) and (𝜓𝑠𝑜𝑙 − 𝜓𝐼𝐼 ) terms with the differences in work function; however, the second
term (𝜓𝑀 − 𝜓𝑠𝑜𝑙 ) cannot be substituted since this interface is not at electrochemical
equilibrium:1, 6
1

𝐸𝑝𝑧𝑐 = 𝑒 (𝛷𝑀 − 𝛷𝑃𝑡 ) + (𝛷𝑃𝑡 − 𝛷𝑟𝑒𝑓 ) + (𝜓𝑀 − 𝜓𝑠𝑜𝑙 )
𝑜

1

= 𝑒 (𝛷 − 𝛷𝑟𝑒𝑓 ) + (𝜓𝑀 − 𝜓𝑠𝑜𝑙 )
𝑜

3.6

To evaluate the last term in Equation 3.7, one must assume that a test charge moves from
the metal to the metal-solution interface, then to the bulk solution and finally back to the
metal to give:1, 6
𝜓𝑀 − 𝜓𝑠𝑜𝑙 = −𝜒𝑀 + 𝜒𝑑𝑙 + 𝜒𝑠𝑜𝑙

3.7

where 𝜒𝑑𝑙 , 𝜒𝑀 and 𝜒𝑠𝑜𝑙 are the surface potentials at the metal-solution interface. The
presence of the solvent changes the electron distribution at the surface and the interaction
between the solvent and surface.1 This leads to a specific orientation of the solvent dipole
moment, which modifies the surface potential. Therefore, Equation 3.7 can be modified
to account for changes in the surface potentials of the metal, 𝛿𝜒𝑀 , and solvent, 𝛿𝜒𝑠𝑜𝑙 , to
give1, 6
𝜓𝑀 − 𝜓𝑠𝑜𝑙 = 𝛿𝜒𝑀 − 𝛿𝜒𝑠𝑜𝑙

3.8

Therefore, the electrode potential at pzc can be expressed as:1, 6
𝐸=

1
𝑒𝑜

(𝛷𝑀 − 𝛷𝑟𝑒𝑓 ) + 𝛿𝜒𝑀 − 𝛿𝜒𝑠𝑜𝑙

3.9

The potential generated by the changes in surface dipoles is typically small, on the order
of a few tenths of a volt, while the work functions of the metal are on the order of a few
volts. Thus, if we keep the solution and work function of the reference fixed and vary

77

only the metal electrode, the potential of zero charge will be roughly proportional to the
work function of the metal in contact with a non-adsorbing electrolyte.1, 6

3.1.4

Adsorption of Molecules on Electrode Surfaces and the Electrocapillary Equation
When an electrode is placed into a solution containing an adsorbing species, the

system will achieve electrochemical equilibrium. If the concentration of the adsorbate at
the surface is larger than that expected for a purely electrostatic attraction, then specific
adsorption is said to have occurred. Specific adsorption can occur via chemical
interaction between the adsorbate and electrode (chemisorption) or van der Waals
interactions (physisorption).1 The amount of the adsorbed species can be expressed in
terms of its coverage on the electrode surface. Some organic molecules will change their
orientation as a function of the surface concentration. For example, some molecules will
lay flat on the electrode surface at low coverage and stand up at higher coverage values.
Therefore, understanding the structure and orientation of an adsorbed film has become an
interest of many researchers.1
The surface concentration (excess or deficiency) of an adsorbed species at the
interface can be described by the Gibbs adsorption isotherm. The Gibbs adsorption
isotherm for multicomponent systems can be used to relate the change in the surface
tension, 𝑑𝛾, with respect to a change in the chemical potential, 𝑑𝜇, of a species i and
expressed by the Gibbs equation:3, 5, 6
−𝑑𝛾 = ∑𝑖 Γ𝑖 𝑑𝜇𝑖

3.10

where Γ is the Gibbs excess/surface concentration. Equation 3.10 suggests that increasing
the concentration of the adsorbate at the surface has a negative effect on the surface
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tension. The composition/concentration at the interface can be affected by a number of
different influences, which cause the adsorbate to move near the surface or to the bulk of
solution.5, 6
The Gibbs adsorption model does not take into account the effects of charge on
the adsorption of a molecule at the electrode-solution interface. Therefore, the
electrocapillary equation, derived by Lippman in 1883, can be applied.7
−𝑑𝛾 = 𝑠𝑑𝑇 − 𝜏𝑑𝑃 + 𝜎𝑀 𝑑𝐸 + ∑𝑖 Γ𝑖 𝑑𝜇𝑖

3.11

where 𝑠 is the surface excess of entropy of unit area at the interface, 𝜏 is the thickness or
excess volume of unit area at the interface, P is the external pressure, E is the applied
potential and   is the charge density of the metal. Assuming that the pressure and
temperature are both held constant, the expression can be simplified to:5, 6
−𝑑𝛾 = 𝜎𝑀 𝑑𝐸 + ∑𝑖 Γ𝑖 𝑑𝜇𝑖
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By definition, the chemical potential is related to the activity of the absorbing species i:6
𝑑𝜇𝑖 = 𝑅𝑇𝑑 ln 𝑎𝑖

3.13

where 𝑎𝑖 is the activity of the adsorbing species, R is the gas constant and T is the
temperature of solution. In a typical electrochemical experiment, the solvent contains an
excess inert electrolyte (such as NaF, KClO4). As a result, the activity coefficient can be
assumed to be constant and therefore, the change in activity is equal to the change in
concentration of the adsorbate. By applying these conditions, the electrocapillarity of the
system can be defined as:3, 5, 6, 8
−𝑑𝛾 = 𝜎𝑀 𝑑𝐸 + 𝑅𝑇Γ𝑖 𝑑 ln 𝑐𝑖
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3.14

With the aide of the electrocapillary equation, it is possible to calculate the Gibbs excess
for an adsorbed film by taking the derivative of the surface tension with respect to the
natural logarithm of the bulk analyte concentration.3, 5, 6

Γ=−

1

(

𝜕𝛾

)

𝑅𝑇 𝜕 ln 𝑐 𝑇,𝐸,𝑃

3.15

Traditionally liquid mercury electrodes were used to measure the absolute values of the
surface tension at each potential. However, in the case of solid electrodes, it is physically
impossible to measure the absolute surface tension of the interface. To solve this issue,
the charge density in from equation 3.12 can be integrated with respect to potential at
constant pressure, temperature and electrolyte composition/concentration to give the
interfacial tension at a potential Ei.5, 9
𝐸

𝛾(𝐸𝑖 ) = − ∫𝐸 𝑖 𝜎𝑀 𝑑𝐸 + 𝛾(𝐸𝑑𝑒𝑠 )
𝑑𝑒𝑠

3.16

The integration constant, 𝛾(𝐸𝑑𝑒𝑠 ), of the surface tension is not known, however, its value
is independent of the presence or absence of the adsorbing molecule since the initial
interval of the integral is selected at a potential, Edes, where no molecular adsorption will
occur.9 In addition, by setting the lower limit of the integral a potential where there is no
molecular adsorption, the surface pressure, π, can then be expressed by:9
𝜋 = 𝛾0 − 𝛾Γ

3.17

where 𝛾0 and 𝛾Γ represent the interfacial tension of the electrode surface in the absence
and presence of the adsorbing species in the bulk supporting electrolyte. By substituting
the interfacial tensions with equation 3.16, the surface pressure can be rewritten as:9
𝐸

𝐸

𝜋 = ∫𝐸 𝑖 𝜎𝑀Γ 𝑑𝐸 + 𝛾(𝐸𝑑𝑒𝑠 ) − ∫𝐸 𝑖 𝜎𝑀0 𝑑𝐸 − 𝛾(𝐸𝑑𝑒𝑠 )
𝑑𝑒𝑠

𝑑𝑒𝑠

𝐸

𝐸

𝜋 = ∫𝐸 𝑖 𝜎𝑀Γ 𝑑𝐸 − ∫𝐸 𝑖 𝜎𝑀0 𝑑𝐸
𝑑𝑒𝑠

𝑑𝑒𝑠
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3.18

The relative Gibbs excess values for each potential can be obtained by differentiating the
surface pressure with respect to ln 𝑐.9

Γ=

1

(

𝜕𝜋

)

𝑅𝑇 𝜕 ln 𝑐 𝑇,𝐸,𝑃

3.19

Note the similarities between equations 3.15 and 3.19 for the liquid and solid electrodes,
respectively where:

−(

𝜕𝛾

)

𝜕 ln 𝑐 𝑇,𝐸,𝑃

=(

𝜕𝜋

)

𝜕 ln 𝑐 𝑇,𝐸,𝑃

3.20

A family of surface pressure curves versus the natural logarithm of the bulk analyte
concentration can then be generated for each measured electrode potential. By
differentiating each of these curves at a constant bulk concentration, it is possible to
obtain the Gibbs surface excess of the adsorbed species at the solid electrode-solution
interface as a function of the changing electric field strength.

3.1.5

Electrosorption Valency
The charge distribution on an adsorbate has a significant role on the charge at a

metal surface and dictates whether the nature of the adsorbed bond is primarily ionic or
covalent.1,

8

The fundamental problem with determining the charge distribution of an

adsorbate is that there are no direct ways to directly measure this quantity. This is due to
the fact that it is impossible to separate the charge associated with the adsorption bond
from the reorientation of the solvent molecules and distribution the electrostatic potential
at the interface.1,

8

As a result, DFT calculations of the adsorbate and solvent on the

surface of the electrode must be used to provide additional information about the
adsorption bond.1
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When an analyte species, 𝑎 𝑧 , diffuses from the bulk of solution, chemisorption of
the species may occur. In some cases, depending on the electrode material and nature of
the adsorbate, the chemisorption process may be accompanied by a partial charge transfer
(pct) from the adsorbate to the metal substrate:8
𝑧+𝜑

𝑧
𝑎𝑠𝑜𝑙
⇌ 𝑎𝑎𝑑𝑠 + 𝜑𝑒−

3.21

where 𝜑 is the partial charge transfer coefficient. This partial charge arises from the idea
that the adsorbing ion and metal orbitals share electrons when in close proximity
resulting in either a polar or non-polar covalent bond. The partial charge on the adsorbed
species is ill-defined since the plane separating the electronic densities cannot be
physically measured.10 In addition, pct cannot be estimated using purely thermodynamic
models, but requires the introduction of quantum states to explain the phenomenon.10 To
rectify this issue, Vetter and Schultze proposed that the electrosorption valency could be
used to estimate the extent of pct at the interface.8,

11

The electrosorption valency is a

thermodynamic quantity that involves the total surface excess and not only the species
that are specifically adsorbed.1 For an ionic species of charge z, the electrosorption
valency, 𝑙 , is defined as8

𝑙 = 𝑧(

𝜕𝜎𝑀

)

𝜕𝜎Γ 𝐸

3.22

where 𝜕𝜎M and 𝜕𝜎Γ are the charge density of the metal and that due to specifically
adsorbed species at the applied potential. This equation is only valid when an excess of a
non-adsorbing electrolyte. However, if these conditions are not met, then the electrode
potential term must be replaced by the potential difference across the Helmholtz layer.8
This can be explained by proposing the following: if chemisorption of a species at
constant potential results in a flow of electrons of equal, but opposite charge to the
82

external circuit, then the electrosorption valency directly coincides with the charge
number of the species.8 To account for the change of the inner potential, the
electrochemical potential of the adsorbed species, 𝜇̅𝑖𝑎𝑑𝑠 , can be expressed as:
𝜇̅𝑖𝑎𝑑𝑠 = 𝜇𝑖𝑎𝑑𝑠 + (𝑧 + 𝜑)𝑒0 𝐸𝑎𝑑𝑠

3.23

where 𝐸𝑎𝑑𝑠 is the potential of the adsorbate and 𝜇𝑖𝑎𝑑𝑠 is the chemical potential of the
adsorbed species.1 The adsorption reaction is in equilibrium, the electrochemical
potentials must balance. By setting the electrostatic potential in the solution to zero, the
equation can be written as:1
𝜇̅𝑖𝑠 = 𝜇𝑖𝑎𝑑𝑠 + (𝑧 + 𝜑)𝑒0 𝐸𝑎𝑑𝑠 − 𝜑𝑒0 𝐸𝑀

3.24

where 𝐸𝑀 is the potential of the metal. Differentiating with respect to the electrode
potential, E, the electrosorption valency can be determined as:
𝑙 = 𝑔𝑧 − 𝜑(1 − 𝑔)
𝜕𝐸𝑎𝑑𝑠
) .
𝜕𝐸 Γ

where 𝑔 = (

3.25

It should be noted that this equation is qualitative in nature,

however, it can be used to explain the following cases:1
1. Total discharge: 𝜑 = −𝑧; 𝑙 = 𝑧
2. Incorporation/amalgamation into the electrode: 𝐸𝑎𝑑𝑠 = 𝐸𝑀 ; 𝑔 = 1; 𝑙 = 𝑧
3. No charge transfer: 𝜑 = 0; 𝑙 = 𝑔𝑧
From equation 3.25, the electrosorption valency depends on the electrode potential and
the amount of adsorbed analyte. By applying the electrocapillary equation, the
electrosoption valency can be rewritten in terms of surface charge or pressure as a
function of the concentration or electrode potential, respectively.12
1 Δ𝜎𝑀

𝑙= (
𝐹

ΔΓ
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) =
𝐸

1

𝜕π

( )

FΓ 𝜕𝐸 Γ

3.26

Some typical electrosorption valency values for ions on mercury and silver
electrodes are presented in Table 3.2. From the table, it is evident that the values for the
cations are lower than the values from the halides species.1 This suggests that the
adsorption of the cation is not accompanied by partial charge transfer, whereas the
adsorption of the halide species may involve partial charge transfer of an electron to the
metal surface and leads to incorporation into the electrode.1 The basis of electrosorption
valency and partial charge transfer has led to the development of the reductive desorption
model, which is used to explain the chemisorption of thiol molecules on solid gold
electrodes.1, 8

3.1.6 Oxidative Adsorption and Reductive Desorption Model
As previously discussed, a molecule in close proximity to an electrode may
chemisorb to the surface. In particular, it has been well-established that organosulfur
molecules bind strongly to a wide variety of metals, such as iron, copper, silver and
gold.13 Additionally, many groups have extensively studied the electronic properties,
structure, orientation and permeability of alkanethiol monolayers on gold electrodes.13-16
Surface enhance Raman spectroscopy (SERS) on silver electrodes has demonstrated that
adsorption of an organothiol results in the formation of a sulfur-silver (S-Ag) covalent
bond suggesting that the hydrogen is lost from the thiol group.13, 17 This phenomenon has
also been observed on gold electrodes, however, due to weaker Raman enhancement of
the gold surface, the reductive desorption method has become more widely used to study
the chemisorption of self-assembled monolayers (SAM).13
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Table 3.2: The electrosorption valency values for various ions adsorbed to
mercury and silver electrode surfaces.

Electrode

Ion

l

Hg

Rb+

0.15

Hg

Cs+

0.18

Hg

Cl−

− 0.20

Ag

Cl−

− 0.44

Hg

Br−

− 0.34

Ag

Br−

− 0.65

Hg

I−

− 0.45

Ag

I−

− 0.86

Ag

S2−

− 0.85
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The proposed mechanism of an adsorbed organothiol monolayer at the gold
surface involves the cleavage of the S-H bond and formation of a Au-S, which is believed
to be primarily covalent in nature with some ionic characteristics. The proposed oxidation
reaction occurs as the following:12, 17
𝑅𝑆𝐻 + 𝐴𝑢 ⇌ 𝐴𝑢𝑅𝑆 + 𝐻 + + 1𝑒 −

3.27

The chemisorption reaction implies that monolayer formation involves the transfer of an
electron from the thiol molecule to the bulk metal.12 Therefore, applying a linear voltage
sweep from a potential where the gold is covered by a SAM to a negative potential where
the molecules are desorbed from the gold will generate a measurable current. Integration
of the voltammogram will provide the total charge density corresponding to desorption of
the organosulfur molecule.
𝐸

𝐽

Δ𝜎𝑅𝑆 = ∫𝐸 𝑑𝑒𝑠 𝜐 𝑑𝐸
𝑎

3.28

where J is the current density, 𝐸𝑎 is a potential where the film is adsorbed and 𝜐 is the
sweep rate of the voltammogram. It is important to note that the reductive desorption
model makes the assumption that one electron must be supplied from the gold to each
thiol molecule in order to desorb it from the gold surface.12, 18 The reduction reaction can
be described by the following:
−
𝑛−
𝑅𝑆(𝑠) + 𝑛𝑒(𝐴𝑢)
⟶ 𝑅𝑆(𝑎𝑞)

3.29

From equations 3.28 and 3.29, the coverage of the thiol monolayer, Γ𝑅𝑆 , can be calculated
using Faraday’s Law:12, 13, 18

Γ𝑅𝑆 =

Δ𝜎𝑅𝑆
𝑛𝐹

3.30

There are two major flaws with the reductive desorption method. First, the charging of
the double-layer is equal to zero. Therefore, equation 3.28 for the SAM-covered electrode
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can be expressed in terms of its electrosorption valency and double-layer
𝐸

charging(∫𝐸 𝑑𝑒𝑠 𝐶∞ 𝑑𝐸 = 0):12, 13, 17, 18
𝑎

𝐸

𝐽

𝐸

0

Δ𝜎𝑅𝑆 = ∫𝐸 𝑑𝑒𝑠 𝜐 𝑑𝐸 = ∫𝐸 𝑑𝑒𝑠 𝐶∞ 𝑑𝐸 − 𝐹 ∫Γ 𝑙 𝑑Γ𝑅𝑆
𝑎

𝑎

𝑅𝑆

3.31

𝐸

Equations 3.30 and 3.31 are only equal if ∫𝐸 𝑑𝑒𝑠 𝐶∞ 𝑑𝐸 = 0 and |𝑙| = 𝑛, however, the
𝑎

double-layer charging is never equal to zero, which leads to packing densities that are
systematically too large.12, 14, 18 The second issue with the reductive desorption method is
that the electrosorption valency is dependent on the electrode potential, as shown by
Krysinski et. al.19, and l does not need to be an integer that is equal to the number of
electrons (i.e.|𝑙| ≠ 𝑛), as demonstrated by Schneider and Buttry.20 Therefore, the
reductive desorption method can be merely used as a rough estimate for the coverage of a
self-assembled monolayer film.
Knowing the actual packing density of a self-assembled monolayer is important
when trying to model the structure of the chemisorbed film at the interface. Kunze et al.
developed a thermodynamic approach to model the true packing density of chemisorbed
organothiol molecules at the electrode surfaces.12, 18 Equation 3.27 is an oversimplified
version of the processes that occur at the electrode surface when the thiol molecule is
desorbed. In reality, this desorption process is a substitution between the chemisorbed
film and the surrounding water molecules. To account for this Equation 3.27 can be
rewritten as:
−
+
𝑅𝑆𝑛 (𝑠) + 𝑛𝑒(𝐴𝑢)
+ 𝑥𝐻2 𝑂(𝑎𝑞) + 𝑛𝐻3 𝑂(𝑎𝑞)
⇌ 𝑅𝑆𝑛 𝐻𝑛 (𝑎𝑞) + 𝑥𝐻2 𝑂(𝑠) + 𝑛𝐻2 𝑂(𝑎𝑞)

3.32

This reaction assumes that the adsorbed thiol is completely deprotonated and that the
protonation occurs in the desorbed state when molecule resides outside of the double-
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layer region.12 As previously discussed, the idea of partial charge transfer can be
considered in the adsorption process suggesting that partially protonated thiols can also
adsorb on to the surface of the electrode.21,

22

In this case, Equation 3.33 can be

expressed in the following manner:12
𝜑−𝑛

−
+
𝑅𝑆𝑛 (𝑎𝑞) + 𝜑𝑒(𝐴𝑢)
+ 𝑥𝐻2 𝑂(𝑎𝑞) + 𝑛𝐻3 𝑂(𝑎𝑞)
⇌ 𝑅𝑆𝑛 𝐻𝑛 (𝑎𝑞) + 𝑥𝐻2 𝑂(𝑠) + 𝑛𝐻2 𝑂(𝑎𝑞)

3.33

Since it is impossible to calculate the partial charge on a species is more convenient to
express the electrochemical process by the electrosorption valency as shown below:12
1 𝜕π

𝑙=− ( ) =
𝐹 𝜕𝐸 Γ

(𝐶0 −𝐶1 )
𝐹Γ𝑅𝑆𝑛

0
(𝐸 − 𝐸𝑝𝑧𝑐
)−

𝐶1 𝐸𝑁
𝐹Γ𝑅𝑆𝑛

− 𝑛𝑔 − 𝜑(1 − 𝑔) 3.34

1
0
where 𝐶0 and 𝐶1 are the differential capacities of the interface, 𝐸𝑁 = 𝐸𝑝𝑧𝑐
− 𝐸𝑝𝑧𝑐
denotes
0
1
the shift in the pzc due to the formation of the SAM and 𝐸𝑝𝑧𝑐
and 𝐸𝑝𝑧𝑐
are the potentials

of zero charge for the film-free and SAM covered electrodes, respectively. In the case of
a long chained alkane thiol, 𝑔 ≈ 1, therefore, Equation 3.34 simplifies to:

𝑙=

(𝐶0 −𝐶1 )
𝐹Γ𝑅𝑆𝑛

0
(𝐸 − 𝐸𝑝𝑧𝑐
)−

𝐶1 𝐸𝑁
𝐹Γ𝑅𝑆𝑛

− 𝑛𝑧

3.35

As a result, the partial charge transfer cannot be distinguished from the total charge of the
system regardless if the protonation occurs at the surface or outside of the double-layer
region. In addition, the model proposed by Kunze et al. solves the previous issues that are
inherent in the reductive desorption model.12,

18

The only drawback with this new

methodology is that the calculation first requires prior knowledge about the charge
density of the chemisorbed monolayer with a known surface concentration, however, this
value can be attained experimentally by depositing a Langmuir-Blodgett film.12, 18
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3.2

Electrochemical Techniques
The electrochemical behaviour of a system can be characterized by monitoring

the current at different potentials. This can be accomplished by either sequentially
stepping to different potentials and recording the current as a function of time or linearly
sweeping the potential with time and recording the current as a function of the potential. 1,
3, 4, 9

The following sections describe various electrochemical techniques and provide

insight into the physical meaning behind these measurements.

3.2.1

Linear Sweep and Cyclic Voltammetry of an Adsorbed Species
Linear sweep voltammetry (LSV) is one of the quickest methods of probing the

electrode-molecule interface. The technique relies on applying a linear, dc voltage ramp
with a sweep rate of υ, which usually ranges from 10 to 100 mV s−1.3 An example of the
LSV voltage ramp and corresponding current response are shown in Figure 3.3 A and B,
respectively. An initial voltage, Ei, is first applied to the electrode before altering the
voltage at the desired sweep rate.3 During the potential scan, the current response is
monitored at the surface of the electrode. As the voltage approaches the potential of
adsorption, the current begins to rapidly rise as the surface concentration at the metal
surface is changing.3 At higher electrode potentials, the current response reaches a
plateau as the surface layer becomes saturated with the analyte molecules. Once the
surface is completely covered by the molecular film, the current begins to decrease as the
concentration at the electrode surface remains constant.3 In a typical linear sweep
voltammogram, the initial potential is set to a value where no molecules are adsorbed to
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the surface of the electrode and as the current is scanned in the anodic direction, a current
peak will appear at the potential of adsorption. However, this measurement does not give
insight on the reversibility of the adsorption process or the potential of desorption.
Therefore, the linear sweep can be reversed and scanned in the cathodic direction and the
negative current response can also be recorded. This technique is commonly known as
cyclic voltammetry (CV).3 Figure 3.3 C shows the linear waveform of the dc voltage
applied to the electrode surface as a function of time. The corresponding cyclic
voltammogram for this waveform is presented in Figure 3.3 D. The potential can be
continuously cycled between a maximum anodic (Ea) and cathodic (Ec) potential while
recording the current response.3 If the adsorption and desorption process are completely
reversible, then the integrated area of the anodic and cathodic currents should be equal. In
addition, a hysteresis between the anodic and cathodic peak can be observed in Figure 3.3
D. This shift is due to the differences in the reorientation of the film, diffusion rate and
the energy associated with the transfer of an electron to/from the analyte film in the case
of chemisorption.3 It is important to note that the current recorded in voltammograms of
adsorbing/desorbing organic molecules results from non-faradaic processes, which can be
associated primarily with the charging or discharging of the electrical interface.3
Therefore, it is more convenient to express the electrochemical behaviour of the analyte−
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Figure 3.3: Schematic representations of the potential waveforms of a linear
sweep (A) and (C) cyclic voltammogram as function of time. The
corresponding current responses for the LSV and CV waveforms in (B) and
(D), respectively, are displayed as a function of the electrode potential.
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electrode interface in terms of its total capacitance.
The current can be expressed as a function of the charge, Q, at the electrode
interface:3
𝑖=

𝑑𝑄
𝑑𝑡

3.36

The charge can be written in terms of the capacitance3
𝑄

𝐶=𝐸

3.37

By substituting equation 3.36 into 3.37, the capacitance can be rewritten in terms of the
charging current according to equation 3.38.3
𝑑𝑡

𝐶 = 𝑖 𝑑𝐸

3.38

In a typical linear sweep voltammogram, the voltage is changed as a function of time
according to the sweep rate (i. e. 𝜐 =

𝑑𝐸
𝑑𝑡

) and can be expressed by 3.39:3

𝐶=

𝑖
𝜐

3.39

Therefore, the capacitance of the electrode interface can be directly measured from the
voltammogram provided the sweep rate is known.3 Cyclic voltammetry provides a very
fast and qualitative method of probing the capacitance of the electrical interface,
however, major problems with this technique is that there is ambiguity on where to apply
the baseline current with respect to the voltammogram and it is extremely difficult to
resolve charging currents from faradaic currents. Therefore, it is more convenient to
directly measure the capacitance using Differential Capacitance (DC).
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3.2.2

Differential Capacitance of Adsorbed of Organic Molecules
Differential capacity measurements can also be used to measure the capacitance

of an adsorbed molecular film. A linear potential sweep is applied to the surface of the
electrode while a simultaneous AC perturbation (around 5 to 10 mV) is superimposed on
top of the voltage ramp.9 This perturbation causes the interface to charge and discharge
around the potential of interest. With the aid of a lock-in amplifier and knowing the
frequency of the perturbation, it is possible to directly measure the capacitance of the
interface by monitoring the in-phase and out-of-phase current signatures.9 The following
section describes the significance of measuring the capacitance of an adsorbed organic
film.
When a film is adsorbed to the metal surface, it can be treated as a capacitor
provided that no redox reactions are present. Therefore, the total capacitance, C, of the
interface can be modeled by placing the capacitor, 𝐶Γ , of the film and the double-layer
capacitance in series:3
1
𝐶

=

1
𝐶Γ

+

1

3.40

𝐶𝑑𝑙

According to equation 3.2, the current associated with the charging and discharging of
the interface can be used to directly obtain the capacitance of the adsorbed molecular
layer since the dielectric for an organic film (e.g. dodecane = 2.0) is less than that of
water (80.4).9 However, this assumption may not be correct if the electrochemical system
does not remain at equilibrium. The capacitance of an adsorbed film is composed of two
individual effects as shown in the following equation:4

𝐶Γ = (

𝜕𝜎𝑀
𝜕𝛤

)

𝜕𝛤
𝐸 𝜕𝐸
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+(

𝜕𝜎𝑀
𝜕𝐸

)

Γ

3.41

𝜕𝜎

𝜕𝛤

where the first term, ( 𝜕𝛤𝑀 )

𝐸 𝜕𝐸

, is referred to as the pseudo capacitance and the second

𝜕𝜎

term of the equation, ( 𝜕𝐸𝑀 ) is the true capacitance. The pseudo capacitance component
𝛤

is related to a change in the surface concentration with respect to the electrode potential,
𝜕𝛤
,
𝜕𝐸

and encompasses all of the kinetic effects that occur at the interface.4
Figure 3.4 shows the differential capacity curves for a bare (dotted blue curve)

and film-covered (solid red curve) gold(111) electrode. At the electrode potentials
ranging from -0.60 to 0.35 V, the surface coverage of the adsorbed film remains relatively
constant, the pseudo capacitance approaches zero. In this case, the total capacitance of the
system is predominantly controlled by the true capacitance of the film where the value of
this capacitor is much lower than the double-layer capacitance of the bare electrode. For
example, the capacitance of film-covered electrode is 1 µF cm−2 while the bare gold
electrode has a value of 44 µF cm−2 at 0.30 V in the same supporting electrolyte solution.
For the potentials ranging from −1.10 to −0.90 V, the capacitance value of the filmcovered electrode merges with that of the bare electrode, which implies that the film has
been completely lifted from the surface, so that the interface can be described purely by
the double-layer capacitor. However, as the potential is decreased below −0.90 V, the
capacitance of the film-covered electrode becomes larger than the bare electrode where a
maximum of 26 µF cm−2 is obtained at a potential of −0.85 V. This increase corresponds
to a rapid change in surface concentration due to the adsorption of the molecular film.
Therefore, the total capacitance of the film is dominated by the pseudo capacitance for
𝜕𝛤

𝜕𝜎

the potentials ranging from −0.90 to −0.70 V since 𝜕𝐸 ≫ 0 and as a result 𝐶Γ ≠ ( 𝜕𝐸𝑀 ) .
Γ
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Figure 3.4: Differential capacitance curves for a bare gold (dotted blue)
and film-covered electrode (solid red) as a function of the electrode
potential.
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Therefore, differential capacitance can be used as a fast, semi-qualitative tool for
measuring the true capacitance of the adsorbed layer and qualitatively provide insight
into the potential of adsorption/desorption of the organic molecules and the range of
potentials where the adsorbed film is stable on the electrode surface. Furthermore, the
capacitance value of the film can provide additional information about the quality and
uniformity of the film, where a low value capacitance signifies a well-ordered, defect-free
film while a large capacitance value suggests that the film has numerous defects due to a
mixed water-lipid dielectric constant. In order to accurately obtain quantitative
information about the adsorbed film, the system must attain electrochemical equilibrium.
Therefore, the true capacitance of the charging/discharging of the capacitor can be
measured more accurately using chronoamperometric methods.

3.2.3

Charge Density Measurements of Adsorbed Organic Molecules
Charge density measurements of the metal interface can be used to quantitatively

determine the true capacitance and surface concentration of the adsorbed film. The total
capacitance of the interfacial film can be determined by differentiating the charge density
with respect to potential according to the following expression:3, 9
C

d M
dE

3.38

where 𝑑𝜎𝑀 is the change in the charge density of the electrode surface. The total
capacitance of the interface obtained from chronocoulometry is essentially equal to the
true capacitance (i.e. 𝐶 = 𝐶Γ ) of the adsorbed film. This is due to the fact that the
chronocoulometry experiments allow the system to reach electrochemical equilibrium
before acquiring the current response. This is accomplished by first stepping to a desired
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voltage where the surface concentration and structure of the adsorbed analyte molecules
remains stable.3,

5, 23

This voltage is referred to as the base potential, Edes, and can be

determined from a DC curve where the capacitance remains constant. The potential is
then stepped to the desired sample potential, Ei, and held constant for ample time to allow
the adsorbed film to reach electrochemical equilibrium (i.e. the film adopts a stable
structure and the capacitor is completely charged).5, 23, 24 Finally, the potential is stepped
to a voltage where the capacitor for the analyte film is completely discharged and the
corresponding current transient is recorded. Figure 3.5 A and B schematically portrays
the potential stepping waveform and corresponding current transients, respectively, as a
function of time for a typical chronocoulometry experiment.5, 24
The total charge density of the interface is determined by integrating the current
transient with respect to time and the resulting charge density can then be plotted as a
function of the electrode potential as shown in Figure 3.6. By taking the differential of
the chronocoulometry (i.e. charge density) data, an accurate measurement of the true
capacitance of the adsorbed layer can be obtained since the measurements are obtained at
equilibrium conditions, which eliminates the pseudo capacitive contributions. In addition,
the charge density curves in Figure 3.6 can also be used to determine the surface
concentration as function of the electrode potential for physisorbed molecules by
calculating the surface pressure via equation 3.18 or for a chemisorbed film via equation
3.31. Therefore, the major advantage to chronocoluometry over CV and DC is that it
provides a quantitative method for analyzing the electrode interface; however, the charge
measurements are much more time consuming (i.e. several hours versus minutes) and
require prior knowledge (i.e. Edes, Ea, and Eb) about the system to ensure that the
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Figure 3.5: The potential step waveform (A) and corresponding current
transients (B) for a typical chronocoulometry experiment.
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Figure 3.6: Charge density curves for a bare gold (dotted blue) and filmcovered electrode (solid red) as a function of the electrode potential.
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charge measurements are accurate. As a result, all three electrochemical techniques
provide complementary information to gain a better understanding about the mechanism
of adsorption and structure of the adsorbed organic film.
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CHAPTER 4
INFRARED SPECTROSCOPY: PHYSICAL PROPERTIES, FUNDAMENTAL
THEORY AND APPLICATIONS

This chapter covers the underlying theory with respect to the infrared reflection
spectroscopic techniques used in this work. The chapter is divided into four distinct
sections. The first section provides relevant theory pertaining to the physical properties of
electromagnetic waves through stratified media and the interactions that occur at the
interfaces of media of differing refractive indices. The second part will introduce the
principles of Fourier transform infrared spectroscopy for chemical analysis and species
identification. The third section will explore various infrared reflection spectroscopic
techniques for monitoring thin films at the electrode surface. The final section will focus
on the methodology pertaining to the spectral simulations using Fresnel layer models and
tools used to assist in the data analysis of the experimental spectra.

4.1

Physical Properties and Interactions of Light within Stratified Media

4.1.1

Physical Properties of Electromagnetic Radiation
All types of electromagnetic (EM) radiation (i.e. x-rays, ultraviolet, visible,

infrared, radio, etc.) can be described by a transverse, electromagnetic wave propagating
through a specific medium. The wave consists of two equal orthogonal components
(electric and magnetic fields) that oscillate in a direction that is perpendicular to the
direction of the propagation.1, 2 EM radiation can be non-polarized, circularly polarized
such that the two perpendicular electric field vectors are equal in magnitude and rotate in
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360o, elliptically polarized, where the two orthogonal electric field vectors are unequal in
magnitude while rotating in a clockwise or counter clockwise manner, and linearly
polarized, where the electric field vector is located in a single plane. An example of a
linearly polarized EM wave propagating in the x-direction at an arbitrary moment of time,
t, is shown in Figure 4.1 and can be described by the wave equation:1-3
𝐸(𝑥, 𝑡) = 𝐸0 cos(𝜔𝑡 − 𝑘𝑥 + 𝜑0 )

4.1

where ω and 𝜑0 are the angular frequency and the phase shift, respectively, and k is the
wave vector, which is related to the wavelength of the wave equation and expressed as: 1,
2, 4, 5

𝑘=

2𝜋

4.2

𝜆

The following sections will demonstrate how to derive the wave equation from first
principles.
An EM wave in vacuum can be described by Maxwell’s equations as shown
below:3-6

∇∙𝑬=0
𝜕𝑩
∇×𝑬=−
𝜕𝑡

∇∙𝑩=0
𝜕𝑬
∇×𝑩=−

4.3

4.5

𝜕𝑡

4.4
4.6

By applying curl theorem, the magnetic field vector can be decoupled from the electric
field vector to give the following second order equations:4-6

∇2 𝐸 = 𝜇0 𝜀0
∇2 𝐵 = 𝜇0 𝜀0

𝜕2 𝐸
𝜕2 𝑡
𝜕2 𝐵
𝜕2 𝑡

4.7

4.8

where 𝜇0 and 𝜀0 are the permeability of free space and vacuum permittivity. Since
𝑐=

1
√𝜇0 𝜀

= 2.998𝑥108 𝑚/𝑠, this implies that the EM wave propagates in vacuum at the

0
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Figure 4.1: A schematic representation of a linearly polarized EM wave
propagating in the x-direction. The direction of propagation, electric (blue)
and magnetic (red) fields are all orthogonal. The dotted line represents a wave
that has phase shifted by 𝜑𝑜
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speed of light.2, 4, 5 For simplification, only the electric field component of the EM wave
will be used for further discussion of their physical properties.1, 2
For monochromatic and linearly polarized waves propagating in the x-direction,
solutions from Maxwell’s equations can be rewritten in terms of the complex function
shown below:2, 3, 5, 7

𝐸̂ (𝑥, 𝑡) = 𝐸̂0 𝑒 𝑖(𝑘𝑥−𝜔𝑡+𝜑0)

4.9

where 𝐸̂0 is the complex amplitude of the electric field, 𝐸̂ , of the electromagnetic wave
and x is the direction of propagation. By substituting equation 4.9 into equation 4.7, it can
be shown that

𝑐=

𝜔
𝑘

4.10

Equation 4.9 describes an EM wave, which is propagating in vacuum and thus no
absorption (𝜅 = 0) takes place. However, as light travels through isotropic, condensed
absorbing media, the velocity of the wave will slow down and the electric field of the
propagated wave will be damped. To account for the dampening of the electric field, the
following expression is derived:2, 3, 6

𝐸(𝑥, 𝑡) = 𝐸0 𝑒 𝑖(𝑛𝑘𝑥−𝜔𝑡+𝜑0) 𝑒 (−𝜅(𝑘𝑥))

4.11

where κ is the attenuation coefficient, which is greater than zero, and n is the refractive
index for the medium. The refractive index is a measure of the optical density of a given
material compared to the speed of light in vacuum and can be expressed as: 2, 3, 6

𝑛=

𝑐
𝑣

4.12

where v is the velocity of light propagating through the condensed media. For vacuum,
the speed of light is equal to c, therefore, the refractive index is equal to 1 (𝑛 = 1).
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To simplify the equation 4.11, it is convenient to express the optical properties of the
medium in terms of a complex refractive index (𝑛̂ = 𝑛 ± 𝑖𝜅), where 𝜅 = 0 for a nonabsorbing medium and 𝜅 ≠ 0 for absorbing media). Therefore, equation 4.11 can be
rewritten as:2, 3, 6

𝐸(𝑥, 𝑡) = 𝐸0 𝑒 𝑖(𝑛̂𝑘𝑥−𝜔𝑡+𝜑0)

4.13

The electromagnetic wave equation defined by 4.13 describes the interaction of a
single linearly polarized electromagnetic wave as it propagates through an optical media
and will be used to discuss the interaction of this wave at the interface between media
with different optical properties.1, 2, 6

4.1.2

Interactions of Light at the Interface of Two Non-Absorbing Media
When an electromagnetic wave is incident at the interface between two different

non-absorbing media, a certain percentage of the initial beam is transmitted (or refracted)
while the rest is reflected8 as shown in Figure 4.2. The relative proportion of light that is
reflected or transmitted depends on the angle of incidence and the refractive indices of
the two media. As expected, the angle of the reflected radiation (𝜃1 ) is equal to the angle
of incidence (𝜃𝐼 ), however, the angle of the refracted light (𝜃2 ) is different since the
optical densities of the two materials are not equal. The relationship between the angles
of the incident and refracted beams are described by Snell’s Law:8, 9
𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2

4.14

where 𝑛1 and 𝑛2 are the refractive indices of the two different media and 𝜃1 and 𝜃2 are the
angles of reflection and refraction, respectively. In a system consisting of two different
optical media, there are three possible outcomes.5, 8, 9 Case I: If the refractive indices of

105

Figure 4.2: The reflection and transmission of an incident beam at the interface
of two different optical media with differing refractive indices where 𝑛1 > 𝑛2 .
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the two different media are equal (𝑛1 = 𝑛2 ), then the angles of reflection and refraction
must be equal (𝜃1 = 𝜃2 ). Case II: the refractive index of material 1 is larger than that of
material 2 (i.e. 𝑛1 > 𝑛2 ). As the radiation impinges on the interface from the higher
refractive index (𝑛1 ) medium to the surface of the medium of lower refractive index (𝑛2 ),
the refracted beam will bend away from the normal of the interface, so that the angle of
refraction is larger than the angle of reflection (𝜃1 < 𝜃2 ). As the angle incidence is
increased, the angle of refraction will also increase until it reaches the boundary condition
where the transmitted light travels along the interface of the two media such that the
angle of refraction is 90o with respect to the normal. The angle of incidence at which this
boundary condition occurs is known as the critical angle (𝜃𝑐 ) and can be calculated using
the following expression8-10:
𝑛

sin 𝜃𝑐 = 𝑛2
1

4.15

When the incident angle is larger than the critical angle, the light will be totally reflected
(i.e. no transmission of light into the second optical medium) at the interface. This
phenomenon is known as total internal reflection.10 Figure 4.3 displays the reflectivity
curve of the CaF2-air interface as a function of the incidence angle where the critical
angle can be observed at 47.6o.
Despite the fact that the entire incident wave is reflected back into its origin
medium, a small evanescent wave is generated at the point of reflection, which penetrates
into the second medium. The evanescent wave travels along the interface of the two
materials and decays exponentially as it progress along the normal of the second medium.
The distance this evanescent wave penetrates into the second medium, Dp, depends on the
angle of incidence (𝜃𝐼 ), the refractive indices of the two media and wavelength of
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Figure 4.3: The reflectivity curve of the CaF2-air interface as a function of the
angle of incidence. The frequency of the incident beam was 2900 cm-1 and the
critical angle is denoted by the dotted line at 47.6o.
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interest, 𝜆, as shown in equation 4.16:11, 12

𝐷𝑝 =

𝜆
2 )
2𝜋𝑛1 √(sin2 𝜃𝐼 −𝑛21

4.16

where 𝑛1 is a high refractive index prism and 𝑛21 is the ratio of refractive indices of the
sample and the prism (𝑖. 𝑒. 𝑛2⁄𝑛1 ).12 If the less dense medium above the prism is
absorbing, then the reflected beam will be attenuated by the absorption of the evanescent
wave by the sample. This is the foundation of attenuated total reflection (ATR)
spectroscopic techniques, which are beyond the scope of this thesis.
In the final case, assume that the incident radiation is moving from the less dense
medium 1 to the more optically dense medium 2 (𝑛1 < 𝑛2 ). According to Snell’s law, a
proportion of the incident radiation will be the transmitted into the second medium since
the light will bend toward the normal of the second medium such that the angle of
transmission would be less than the angle of reflection (𝜃1 > 𝜃2 ). However, the fraction
that is reflected or transmitted is also dependent on the polarization of the incoming light,
which is not accounted for using Snell’s law.
As previously mentioned, circularly polarized radiation can be divided into its two
linear, orthogonal components, which have been denoted as s- and p-polarizations. When
the electric field vector is parallel to the plane of incidence, the linear wave is said to be
p-polarized (parallel).8 If the direction of the electric field vector is perpendicular to the
plane of incidence, the radiation is said to be s-polarized (from the German word
senkrecht meaning perpendicular).8 Knowing the direction of the electric field with
respect to the plane of incidence is crucial since the interaction of the wave with the
surface dipoles is not equal for each polarization. This can be explained by assuming that
the incident radiation is first absorbed by the surface species at the interface and then re109

radiated by the oscillating electric dipoles, such that the emitted light is perpendicular to
the dipole moment.3,

10, 13, 14

Therefore, if the angle of the incident radiation (𝜃𝐼 ) is

adjusted such that the reflected angle (𝜃1 ) is equal to the angle of the surface dipoles
(90𝑜 − 𝜃2 ), then no light will be reflected from the surface (i.e. no light is reflected
if 𝜃𝐼 + 𝜃2 = 90𝑜 ).3, 10, 13, 14 This phenomenon is only observed for p-polarized radiation
since the electric field vector is in the plane of incidence, while the direction of the
electric field vector of the s-polarized light is parallel to surface allowing for specular
reflection at all angles of incidence. This special angle is known as Brewster’s angle (𝜃𝐵 )
and can be derived according to Snell’s Law:3, 10, 13, 14
𝑛1 sin 𝜃𝐵 = 𝑛2 sin(90𝑜 − 𝜃2 ) = 𝑛2 cos(𝜃𝐵 )
𝑛

𝜃𝐵 = tan−1 (𝑛2 )
1

4.17
4.18

For example, Brewster’s angle for a 2900 cm-1 wave at the air (𝑛1 = 1) -water (𝑛1 =
1.41) interface is 54.7°. This can be observed by examining the reflectivity curves of sand p-polarized light shown in Figure 4.4.
It is also important to note that if the incident radiation is unpolarized at
Brewster’s angle, then the reflected beam will be perfectly polarized (s-polarized), while
the refracted light will be slightly polarized (higher contribution from p-polarized light).3,
13, 14

Therefore, Brewster’s angle can also be referred to as the polarization angle. As

shown in the example presented in Figure 4.4, the direction of the electric field vector
plays an important role on the fraction of light that is reflected or transmitted at the
interface. Since Snell`s law does not account for these differences, it is more convenient
to use the Fresnel equations to describe the behaviour of light at the interface.3, 13, 15
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Figure 4.4: The reflectivity curve of p- and s-polarized light (2900 cm-1) at the airwater interface. Brewster`s angle is denoted by the dotted line at 54.7o.
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4.1.3

The Fresnel Equations and the Mean Squared Electric Field Strength
The Fresnel equations were derived by Augustin-Jean Fresnel in 1821 and are an

extension of Snell`s Law. These equations describe the fraction of incident intensity that
is reflected or transmitted at the interface between two media of differing refractive
indices assuming that the boundary between each layer is isotropic, homogeneous and
infinitely parallel.3,

13, 15

The fraction of linearly polarized light that is reflected and

transmitted at the interface can be expressed by the reflection, R, and transmission, T,
coefficients, respectively. If the unpolarized radiation is circular (i.e. equal contributions
from both s- and p-polarizations), the reflection coefficient can be described by:3, 15

𝑅=

𝑅𝑝 +𝑅𝑠

4.19

2

where Rp and Rs are the coefficients of the p- and s-polarizations. As previously
mentioned, the transmittance and reflectivity are dependent on the direction of the
electric field vector for the polarized incident beam3. Therefore, the Fresnel equations for
s-polarized light are given by:
𝑛̂ cos 𝜃𝐼 −𝑛̂2 cos 𝜃2 2
|
𝑛1 cos 𝜃𝐼 +𝑛̂2 cos 𝜃2

𝑅𝑠 = | ̂ 1

4.20

and for p-polarized, Rp is given by:
𝑛̂ cos 𝜃2 −𝑛̂2 cos 𝜃𝐼 2

𝑅𝑝 = | ̂ 1

𝑛1 cos 𝜃2 +𝑛̂2 cos 𝜃𝐼

|

4.21

Note: the refractive index has been substituted with the complex refractive index to
account for both absorbing and non-absorbing optical media. From these reflectivity
coefficients, the fraction transmitted can also be calculated using equations 4.22 and 4.23
shown below:

𝑇𝑠 = 1 − 𝑅𝑠
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4.22

𝑇𝑝 = 1 − 𝑅𝑝

4.23

These equations are sufficient for describing a Fresnel layer model with a single interface
(Figure 4.5A), however, the optical matrix method is a more ideal approach for solving
more complicated systems involving multiple phase boundaries since the Fresnel
equations can be readily solved using computation methods. The characterization matrix
equations for s- (𝑀𝑗𝑠 ) and p-polarized (𝑀𝑗𝑝 ) radiations at each layer are described by
equations 4.24 and 4.25:3, 13, 15

𝑀𝑗𝑠 = [

cos (

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛
𝜆

𝜆

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛

𝑀𝑗𝑝

=[

̂𝑗 𝑐𝑜𝑠𝜃𝑗
𝑛

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛

̂𝑗 cos 𝜃𝑗 sin (
−𝑖𝑛

cos (
−𝑖

̂𝑗 cos 𝜃𝑗
𝑛
𝑛̂𝑗2

𝜆

)

𝜆

sin (

cos (

−𝑖𝑛̂𝑗2

)

̂𝑗 𝑐𝑜𝑠𝜃𝑗
𝑛

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛

sin (

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛

−𝑖

)

𝜆

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛
𝜆

cos (

𝜆

4.24

)

𝜆

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛

)

]

̂𝑗 𝑐𝑜𝑠𝜃𝑗
2𝜋𝑑𝑗 𝑛

sin (

)

)

)

]

4.25

where dj is the thickness and 𝑛̂𝑗 is the complex refractive index at each intermittent layer.
Therefore, it is possible to determine the characterization matrix for the entire layer
model (M) by multiplying each individual phase within the system.
𝑗=𝑁−1

𝑀 = ∏ 𝑀𝑗
2

4.26

where N is the number of phases with N-1 boundaries. The character matrix provides
information on the angle of refraction, 𝜃𝐼 , relative to the surface normal and the fraction
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Figure 4.5: Fresnel layer models of a single (A) and multilayer interface (B).
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of light transmitted/reflected at each phase boundary, however, it does not take the
amplitude of the EM wave into account.
The tangential fields at the first interface can be denoted by 𝐴1 and 𝐵1 where the
position, z, which is normal to the surface at the first interface is given as 𝑧1 = 𝑧 = 0. As
a result, the fields at the final interface, 𝐴𝑁−1 and 𝐵𝑁−1 , can be calculated using the
character matrix where the 𝑧 = 𝑧𝑁−1 according to equation 4.27:3
[

𝐴1
𝐴
] = 𝑀 [ 𝑁−1 ]
𝐵1
𝐵𝑁−1

4.27

For the s-polarized radiation, 𝐴𝑗 = 𝐸𝑦 and 𝐵𝑗 = 𝐻𝑥 while in the case of p-polarized light
𝐴𝑗 = 𝐻𝑦 and 𝐵𝑗 = 𝐸𝑥 where E and H denote the direction of the electric and magnetic
fields, respectively.
For the work performed in this thesis, it is important to know the precise mean
squared electric field strength (MSEFS) at the surface of the metal electrode and how it
decays throughout the thin layer cavity.3, 16 Therefore, it is more convenient to express
these Fresnel layers as a function of the distance away from the surface. As a result, the
reciprocal matrix, 𝑀−1 , can be substituted for matrix M such that 𝑀𝑀−1 = 𝐼, where I is
the unity matrix. If 𝑀−1 = 𝑁, then multiplying equation 4.26 by the reciprocal gives the
following expression:3, 16
[

𝐴𝑁−1
𝐴
] = 𝑁 [ 1]
𝐵𝑁−1
𝐵1

4.28

This expression relates the amplitude of the electric and magnetic fields at the electrode
surface (N-1) to the first phase boundary from the reflection and transmission coefficients
for s- and p-polarized radiation. In order to find the electric field at any point within the
stratified medium, the tangential fields, 𝐴𝑘 (𝑧) and 𝐵𝑘 (𝑧) can be expressed by multiplying

115

the reciprocal matrices at each layer3
2

𝐴 (𝑧)
𝐴
[ 𝑘 ] = 𝑁𝑘 (𝑧) ∏ 𝑁𝑗 [ 1 ]
𝐵1
𝐵𝑘 (𝑧)

4.29

𝑗=𝑘−1

𝑁𝑗 can be determined for the s- and p-polarized radiations by applying equations 4.24 and
4.25, respectively. In order to solve expression 4.29 for the experimental conditions, the
explicit expressions for 𝐴1 and 𝐵1 may be defined in terms of the reflectivity of each
polarization.3
For s-polarized light:
𝑡
𝑟
𝐸𝑦1
+ 𝐸𝑦1
𝐸𝑦1
1 + 𝑅𝑠
𝐴1
𝑡
[ ]=[
]=[ 𝑡
]=[
] 𝐸𝑦1
𝑟
𝐵1
(1
)
̂
𝑛
𝑐𝑜𝑠𝜃
−
𝑅
𝐻𝑥1
𝐻𝑥1 + 𝐻𝑥1
1
2
𝑠

4.30

while in the case of p-polarized light:
1 + 𝑅𝑝
𝑡
𝑟
𝑛̂1 (1 + 𝑅𝑝 )
𝐻𝑦1
+ 𝐻𝑦1
𝐻𝑦1
𝐴1
𝑇
]
=
𝑛̂1 𝑐𝑜𝑠𝜃2
𝐻
=
[ ]=[
]=[ 𝑡
[
]
[
] 𝐸𝑡
̂
𝑛
𝑐𝑜𝑠𝜃
𝑦1
1
2
𝑟
𝐵1
(1 − 𝑅𝑝 )
𝐸𝑥1
(1 − 𝑅𝑝 ) 𝑥1
𝐸𝑥1 + 𝐸𝑥1
2
2
𝑛̂1

4.31

𝑛̂1

From these expressions, the position (𝑧 − 𝑧𝑘−1 ) of the electric field within the thin layer
cavity can be calculated according to the following expressions:3
𝑁𝑘𝑠 (𝑧) = [

𝑁𝑘𝑝 (𝑧)

cos (

̂𝑘 𝑐𝑜𝑠𝜃𝑘 (𝑧−𝑧𝑘−1 )
2𝜋𝑛

̂𝑘 cos 𝜃𝑘 sin (
𝑖𝑛

=[

cos (

̂𝑘 𝑐𝑜𝑠𝜃𝑘
𝑖𝑛
̂𝑘
𝑛

𝜆

2

𝜆
̂
2𝜋𝑛𝑘 𝑐𝑜𝑠𝜃𝑘 (𝑧−𝑧𝑘−1 )

sin (

cos (
̂𝑘
𝑖𝑛

)

𝜆

̂𝑘 𝑐𝑜𝑠𝜃𝑘
𝑛

)

̂𝑘 𝑐𝑜𝑠𝜃𝑘 (𝑧−𝑧𝑘−1 )
2𝜋 𝑛

sin (

̂𝑘 𝑐𝑜𝑠𝜃𝑘 (𝑧−𝑧𝑘−1 )
2𝜋 𝑛

𝑖

)

𝜆
̂𝑘 𝑐𝑜𝑠𝜃𝑘 (𝑧−𝑧𝑘−1 )
2𝜋 𝑛

̂𝑘 𝑐𝑜𝑠𝜃𝑘
𝑛

)

]

)

𝜆

4.32

̂𝑘 𝑐𝑜𝑠𝜃𝑘 (𝑧−𝑧𝑘−1 )
2𝜋𝑛

sin (

cos (

)

𝜆
̂𝑘 𝑐𝑜𝑠𝜃𝑘 (𝑧−𝑧𝑘−1 )
2𝜋𝑛

𝜆
(𝑧−𝑧
̂
2𝜋𝑛𝑘 𝑐𝑜𝑠𝜃𝑘
𝑘−1 )
𝜆

)

)

]

4.33

where 𝑐𝑜𝑠𝜃𝑘 is the angle of refraction at each interface. Once the position of the electric
field is known, the amplitude of the reflection coefficients, rs and rp, must be calculated
according to the following:3
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𝑟𝑠 =
𝑟𝑝 =

𝑡
𝐻𝑦1
𝑡
𝐻𝑦1

=

𝑡
𝐸𝑦1
𝑡
𝐸𝑦1

=

𝑛̂1 cos 𝜃1 −𝑛̂2 cos 𝜃2
𝑛̂1 cos 𝜃1 +𝑛̂2 cos 𝜃2

𝑛̂22 (𝑛̂1 cos 𝜃1 )−𝑛̂12 (𝑛̂2 cos 𝜃2 )
𝑛̂22 (𝑛̂1 cos 𝜃1 )+𝑛̂12 (𝑛̂2 cos 𝜃2 )

4.34

4.35

With the addition of the reflection coefficients and making the assumption that the
electric field strength of the incident beam is unity, then the MSEFS for the s-polarized
radiation is given by:3
1

〈𝐸𝑦𝑠𝑘 2 〉 = |𝐴𝑘 (𝑧)|2
2

4.36

The magnitude of the MSEFS for p-polarized light can be broken down into two separate
component vectors oriented along the x- and z-components and calculated according to
equation 4.37 and 4.38
2

1

〈𝐸𝑥𝑝𝑘 〉 = |𝐴𝑘 (𝑧)|2

4.37

2

2

2
̂ 1 cos 𝜃1
1 𝑛
(𝑧)|
𝐴
𝑘
̂𝑘
2
𝑛

〈𝐸𝑧𝑝𝑘 〉 = |

4.38

2

𝑝
and the total MSEFS for the p-polarized radiation, 〈𝐸𝑘 〉, is then determined by summing

these two electric field vectors according to equation 4.39.3
2

2

2

〈𝐸𝑘𝑝 〉 = 〈𝐸𝑥𝑝𝑘 〉 + 〈𝐸𝑧𝑝𝑘 〉

4.39

With the aid of optical constants (n and 𝜅) and thicknesses for each Fresnel layer,
the optical matrix method is able to calculate the MSEFS at each position throughout the
complex multilayer system using the equations discussed above. The MSEFS is used to
optimize our experiments prior to setup. These calculations provide a quantifiable method
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of maximizing the signal intensity at the metal electrode surface to ensure that the IR
signal from the adsorbed thin films is distinguishable from the noise level. In addition,
these matrices can be used to generate theoretical reflectivity or transmittance spectra to
model the infrared reflection absorption spectra obtained experimentally and provide
quantitative information about the orientation of the adsorbed molecules at the surface.
This will be discussed in more detail later in thesis chapter.

4.2
4.2.1

Fundamentals of Infrared Spectroscopy
Interaction of EM Radiation with Absorbing Media
Infrared (IR) spectroscopy is a common technique used to identify the structure of

organic molecules in solution by identifying specific chemical bonds.17, 18 The absorption
of the IR radiation results from the fact that the frequency of the IR radiation matches the
frequency of vibration for the chemical bond, which is also known as vibronic
coupling.10,

17, 18

These resonant frequencies can be approximated as a harmonic

oscillator, and are therefore related to the strength of the bond and to the masses at each
end of the chemical bond, as shown in the following equation:10, 17, 18

𝜐=

1

√𝐾
2𝜋𝑐

𝑚1 +𝑚2
𝑚1 𝑚2

4.40

where 𝜐 is the wavenumber of IR absorbance in cm-1, K is the spring constant for the
covalent bond, and 𝑚1 and 𝑚2 are the masses of the corresponding atoms.
A vibrational mode is only IR active if the vibration undergoes a change in its
permanent dipole moment. The number of vibrational modes is determined by the
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degrees of freedom within the molecule and thus depends on its geometry.17,

18

Linear

molecules, such as CO2, have 3N  5 vibrational modes, whereas non-linear molecules,
such as H2O, have 3N  6 degrees of freedom. Diatomic molecules contain a single
degree of freedom and therefore, only have one vibrational mode. If the diatomic
molecule is symmetrical (e.g. H2, N2, O2), then the molecule is not IR active and as a
result will not be observed in the IR spectrum (Note: These molecules are Raman active).
However, asymmetrical diatomic molecules (e.g. CO, NO, CN) are strong IR
absorbers.17, 18
Typically, the molecules within a sample will contain more than one bond, which
makes the IR absorption spectrum much more complex since the various molecular bonds
will give rise to a number of distinct IR absorption bands. For example, a typical IR
transmission spectrum for a simple surfactant molecule is shown in Figure 4.6. Typical
surfactant molecules are primarily composed of CH2 groups, which contain six different
vibrational modes. These modes consist of symmetric (A) and asymmetric (B) stretching,
scissoring (C), rocking (D), wagging (E) and twisting (F) vibrations, as shown in Figure
4.7, and are located at 2855, 2926, 1465, 725, 1350, and 1290 cm-1, respectively. As a
result, the specific characteristic bands of an IR spectrum can be used to identify the
different functional groups within the molecule and aid in the final identification of
unknown organic molecules when coupled with mass spectrometry and NMR. Some of
the common IR absorption frequencies and their corresponding functional groups are
listed in Table 1.
In all spectroscopic techniques, the incident radiation involves a collection of
photons and not a single EM wave. Therefore, it is more convenient to describe the
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Figure 4.6: Typical IR transmission spectrum of a SDS solution in D2O.
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A)

B)

C)

D)

E)

F)

Figure 4.7: The six different vibrational modes of a CH2 functional group.
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Table 4.1: List of some common molecular functional groups and their
corresponding IR absorption peaks18
Functional

Frequency

Group

(cm-1)

Range
Band Assignment

Intensity

2850-3300

C-H stretching

strong

1450-1470

CH2 scissoring

medium

1350-1390

CH2 & CH3 wagging

medium

720-725

CH2 rocking

weak

Alkenes

1630-1680

C=C symmetric

variable

Alkynes

2180-2240

C≡C symmetric

medium

Aromatic

1600 & 1500

C=C (in ring)

medium

Alkanes

O-H stretching
3000-3500

strong
(broad peak)

Alcohols
1320-1450

O-H bending

medium

2690-2730

C-H stretching

medium

1720-1740

C=O stretching

strong

1710-1720

C=O stretching

strong

Aldehydes

Ketones

N-H stretching (1o amines)
3400-3500

weak
2 bands
N-H stretching (2o amines)

Amines
3300-3400

weak
1 band

Nitriles

1550-1650

NH2 scissoring (1o amines)

medium

2240-2260

C≡N stretching

medium
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absorption of the electromagnetic radiation in terms of the overall intensity of the
incident beam. As a result, equation 4.11 can be rewritten as1, 2, 13
𝐼
𝐼𝑜

= 𝑒 (−2𝜅𝑘𝑏)

4.41

where 𝐼0 and 𝐼 are the initial and transmitted intensities of the radiation source,
respectively, 𝜅 is the attenuation coefficient and b is the optical path length of the beam
within the absorbing medium. Note that equation 4.41 is identical to the Beer-Lambert
Law and therefore, can be calculated in terms of the overall absorbance of the
electromagnetic radiation according to the following:2, 13, 17
𝐼

4𝜋𝜅

𝐼0

𝜆

𝐴 = −𝑙𝑛 ( ) =

𝑏

𝐴 = 𝜖𝑙𝑐

4.42
4.43

where A is the absorbance, 𝜖 is the molar absorptivity and c is the concentration of the
absorbing media/analyte. This equation implies that the absorbance of the incident
radiation responds linearly with the concentration of the absorbing media/analyte.
However, this is not the case, as this equation begins to deviate from linearity when the
concentration of the solution becomes too high due to scattering of the incident radiation,
shadowing effects by absorbing species (i.e. one molecule blocks the absorption of
another species) and complete absorption of incident beam. As a result, solution
concentrations must be controlled in order to obtain an accurate measurement.

4.2.2

Infrared Reflection Spectroscopy
Prior to 1975, it was believed that IR spectroscopy was only useful for identifying

and quantifying gas, pure liquid or solid species due to the strong IR adsorption by the
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solvent, particularly water.2 However, due to recent technological advancements within
the past 35 years, IR spectroscopy has also become an ideal method for monitoring redox
reactions or adsorption of molecules at the electrode-solution interface. These
improvements in sample diversity have been accomplished through isotopic substitution
and implementation of modern IR techniques that are capable of probing very thin
solution where the path lengths are less than 10 µm. Two of the more common techniques
in this field are in situ infrared reflection absorption spectroscopy (IRRAS) and
attenuated total reflection (ATR) spectroscopy.6 The choice of solvent minimization
relies on the nature of the experiment as the optical arrangements of these two techniques
are quite different.
In a typical ATR experiment, there are two possible optical geometries that can
be used. The first arrangement is known as the Otto or Otto-ATR setup and is shown in
Figure 4.8 A.6, 19 This setup consists of an infrared transparent window followed by the
electrolyte solution, and then the solid substrate. The angle of incidence is set above the
critical angle in order to establish an evanescent wave at the window-solution interface.6,
19, 20

One of the major drawbacks with performing ATR in an Otto configuration is that

the distance between the electrode and the prism must be less than 1 µm to achieve a
good signal since the evanescent wave decays as a function of the distance from the
surface. This can be quite problematic since the lateral roughness or tilt on a large
electrode (i.e. > 0.5-cm in diameter) is usually larger than the thickness of the thin-layer
of electrolyte. In addition, the species desorbed in the bulk electrolyte have also higher IR
absorbance than the species adsorbed onto the metal surface since the evanescent wave
decays exponentially with distance, which makes quantification of the adsorbed species
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Figure 4.8: Schematic diagrams of the A) thin-layer geometries used in the in situ
infrared absorption reflection spectroscopy (IRRAS) and Otto-ATR spectroscopy
and B) the Kretschmann ATR geometry.
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more difficult. Therefore, most electrochemical ATR experiments rely on the
Kretschmann configuration.6, 19
The optical geometry for the Kretschman assembly is shown in Figure 4.8 B. In
this configuration, the angle of incidence remains above the critical angle of the prismsolution interface, however, a thin metallic film (< 100 nm) is deposited directly onto the
surface of the optical window.6,

19

The key to these experiments is to ensure that the

substrate film is much smaller than the wavelength of the incident radiation in order to
allow for good coupling between the prism and aqueous medium above the metallic
substrate. This arrangement takes advantage of the decaying evanescent wave as species
close to the surface will show more adsorption compared to the species remaining in the
bulk. The major drawback with this set-up is that it is impossible to create single crystal
electrodes on the surface on the prism since electroless and sputter deposition methods
form rough, polycrystalline films.6, 19, 20 As a result, the IR absorbance at the surface is
not uniform across the film and may not be representative of the average adsorbed
molecular film across the surface of the electrode since specific rough patches (hot spots)
will result in surface enhancement that is capable of increasing the IR absorbance by a
factor of 101 to 102.6,

19

This enhancement results primarily from the increased local

electric field due to the oscillating plasmonic electrons at the grain boundaries of the film.
This increased sensitivity is the foundation behind Surface Enhanced Infrared Absorption
Spectroscopy (SEIRAS) and was not used in the experiments described in this thesis.
The optical geometry of an in situ IRRAS experiment, shown in Figure 4.8 A, is
identical to the thin-layer cavity setup for the Otto-ATR experiment, however, the angle
of incidence is adjusted slightly below the critical angle. This allows the source radiation
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to become incident on the surface of the metal electrode upon transmission through the
thin layer of electrolyte. The incident beam is then reflected from the metal surface back
through the thin-layer and optical window to the IR detector.

6

In order to minimize the

IR absorbance by the solvent species, the thickness of the thin-layer of electrolyte
between the prism and electrode must be less than 10 µm, which is much more
manageable than that of Otto-ATR arrangement, and therefore, can be used to study films
adsorbed to the surface of large (diameter > 0.5 cm) single crystal electrodes.1, 13
There are two major difficulties with in situ IRRAS setups. The first problem is
that the thickness of the electrolyte, despite being relatively small, is still about 100-1000
times larger than that of the films deposited directly onto the electrode surface. This
means that the IR bands from the bulk electrolyte will mask those of the desired surface
species. This issue can be remedied by substituting the solvent with either D2O or H2O
depending on the vibration of interest. The second challenge is trying to obtain a
reference spectrum (Io) with an identical optical alignment (i.e. same angle and thin-layer
cavity thickness) as the experimental spectrum (I) in order to accurately remove the
background absorbing species. The background IR absorbance can be removed from the
analyte spectrum by either modulating the polarization of the incident IR radiation or the
potential of the metal electrode. These two techniques are commonly referred to in the
literature as polarization modulation infrared reflection absorption spectroscopy (PMIRRAS) and subtractively normalized infrared reflection spectroscopy (SNIFTIRS),
respectively.1, 3, 6, 13
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4.2.3

Fundamentals of PM-IRRAS and SNIFTIRS
To properly remove the background species from the experimental film the IR

beam must first be linearly polarized. This can be accomplished by simply placing a wire
grid polarizer in the path of the radiation. When linearly polarized light is incident on an
isotropic metal surface, such as a metal, the EM wave will undergo a phase shift upon
reflection.8 At the point of incidence, s-polarized radiation (Is) will undergo a phase shift
of 180o, such that the electric field vectors of the incident and reflected waves are
oriented in opposing directions. This results in the cancellation of the electric field of the
s-polarized frequencies (i.e.𝐸𝑠 = 0) at the metal surface, which is demonstrated in Figure
4.9 a.1 As a result, the incident IR radiation cannot be absorbed by any chemical species
adsorbed (or in close proximity) to the surface of the electrode. Therefore, the s-polarized
radiation is only sensitive to the molecules that are located in the bulk of the solution.
Conversely, the electric field vector of p-polarized radiation undergoes a very small shift
in the phase provided that the angle of incidence is less than 80.7 o.1 The sum of the
electric fields of the incident, 𝐸𝑝𝑖 , and reflected, 𝐸𝑝𝑟 , p-polarized waves at the point of
reflection exhibit an electric field enhancement in the direction normal to the surface,
E pz0 , as depicted in Figure 4.9 b.1 Therefore, the p-polarized spectrum contains

information about the species located at the metal surface and in the bulk of solution.1
The cancellation and enhancement of the electric field vectors for the s- and ppolarizations at the metal surface are referred to as the surface selection rules.1
PM-IRRAS spectroscopy is used to characterize either soluble or insoluble
molecules adsorbed at the surface of the metal electrode. This technique relies on the
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Figure 4.9: Phase shift of the electric field vector for a) s-polarized and b) p-polarized
radiation upon reflection at an isotropic metal surface.
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surface selection rules to extract the IR spectrum for the species adsorbed at the surface
from the background species in the bulk of solution. This is accomplished by first
collecting the background spectrum using s-polarized radiation. Next, the p-polarized IR
spectrum, containing the background and surface species, is collected. The PM-IRRAS
absorption spectrum, ΔS, of the adsorbed film is attained by taking the difference of the sand p-polarized spectrum and dividing by the average of the two polarizations to give the
following expression:1

∆𝑆 = 2 (

𝐼𝑠 −𝐼𝑝
𝐼𝑠 +𝐼𝑝

)

4.44

The resulting PM-IRRAS spectrum contains the IR spectrum of only the species adsorbed
on the surface of the metal and can be used to quantitatively determine the average
orientation of the molecules within the film.1
SNIFTIRS is a second method of performing in situ background correction. In
order for this technique to be feasible two criteria must first be met: (i) the molecules of
interest must be soluble in the electrolyte solution and (ii) the adsorption and desorption
processes for this molecule must be reversible. This technique uses only p-polarized
radiation to limit the IR absorption from the bulk of solution and removes the signature of
the solvent species by altering the potential at the electrode surface. First, the electrode is
stepped to a desorption potential, 𝐸𝑑𝑒𝑠 , where all of the analyte species are removed from
the surface of the electrode. After collecting a desired number of spectra, the electrode is
stepped to a desired potential, 𝐸𝑎𝑑𝑠 , where the analyte molecules begin to adsorb to the
electrode surface. This cycle can be repeated until the spectra of all desired potentials are
collected. The SNIFIRS spectra for each of the potentials can be plotted as:1, 3, 13, 21, 22
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∆𝑅

(𝑅)

𝑆𝑁𝐼

=

𝑅𝐸𝑑𝑒𝑠 −𝑅𝐸𝑎𝑑𝑠

4.45

𝑅𝐸𝑑𝑒𝑠

where 𝑅𝐸𝑑𝑒𝑠 and 𝑅𝐸𝑎 are the IR reflectivity curves for the bare and absorbate covered
electrode surfaces, respectively. According to equation 4.44, the SNIFTIRS spectrum
contains the IR signature from the adsorbed species and the changing concentration of the
bulk analyte in the thin layer cavity. In order to gain quantitative information about the
adsorbed film, IR contribution from the concentration change in the bulk of solution must
be decoupled from the SNIFTIRS spectrum to reveal the true spectrum of the adsorbed
film.1, 3, 13, 21
Decoupling the IR absorption of the desorbed species from the SNIFTIR spectra
requires prior knowledge about the molar absorptivity of the molecules that are changing
in the bulk of solution. With the aid of optical constants, obtained from previous
transmission spectra, a theoretical IR absorption spectrum can be generated for the
changing concentration of the analyte molecules within the thin layer cavity at each
∆𝑅

applied potential. The spectrum for the desorbed species, ( 𝑅 )

𝑑𝑒𝑠

, calculated according to

the following expression:1, 13, 21
∆𝑅

(𝑅)

𝑑𝑒𝑠

=

𝑅𝑜 −𝑅𝑑𝑒𝑠
𝑅𝑜

≈

𝑅𝑜 −𝑅𝑑𝑒𝑠

4.46

𝑅𝑑𝑒𝑠

where 𝑅𝑜 and 𝑅𝑑𝑒𝑠 are the simulated reflectivities of the pure electrolyte and desorbed
analyte species in the bulk of the thin layer cavity, respectively. The calculated spectrum
of the desorbed species can then be subtracted by the experimental SNIFTIRS spectrum
∆𝑅

to give the IR absorption spectrum of the film-covered electrode, ( 𝑅 ) , as described in
Γ

equations 4.47 to 4.49.1, 3, 13, 21, 23
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∆𝑅

∆𝑅

(𝑅) =(𝑅)
Γ

∆𝑅

𝑑𝑒𝑠

∆𝑅

(𝑅) =(𝑅)
Γ

∆𝑅

𝑑𝑒𝑠

∆𝑅

−( )
𝑅

4.47

𝑆𝑁𝐼

∆𝑅

− [( )
𝑅

𝑑𝑒𝑠

∆𝑅

−( )
𝑅

𝑎𝑑𝑠

]

∆𝑅

(𝑅) =(𝑅)
Γ

4.48

4.49

𝑎𝑑𝑠

After obtaining the background corrected spectrum for the film-covered electrode
surface, the orientation of the molecules within the film can be quantified.1, 3, 13, 23

4.2.4

Calculating the Average Transition Dipole Angles of Adsorbed Molecules
The absorbance of polarized electromagnetic radiation by a molecule can be

calculated from the ensemble average of the square of the dot product of the unit vectors
of the transition dipoles, u, of the IR active groups and electric field vector as shown in
the following equation:12

𝐴 = 𝐴𝑚𝑎𝑥 [

〈𝜖∙(𝑢∙𝐸)2 〉
〈𝜖〉

]

4.50

where Amax is the maximum absorbance if the direction of the transition dipoles in the
sample are parallel to the electric field vector. Since the absorption of the IR radiation is
related to the direction of the transition dipole moment, the average angle of the transition
dipole moment, 𝜃𝑣 , of a functional group can be calculated at the surface of the electrode
by integrating the IR absorbance according to the following expression:24
2
∫ 𝐴𝑒𝑥𝑝 𝑑 𝜐̅ ∝ |𝑢|2 〈𝐸 〉 cos2 𝜃𝜐

4.51

where Aexp is the absorbance for a particular IR vibrational mode (e.g. CH asymmetric
stretching), dv is the change in wavenumber and  is the angle of the transition dipole
moment with respect to the normal.24 If the direction of the dipole moment for the IR
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mode is perpendicular to the metal surface, there is an additive absorption effect between
the dipole for the adsorbate and an image dipole that appears near the metal surface. On
the other hand, if the dipole moment is parallel to the gold surface, the absorption by the
molecular vibrational mode is cancelled by the image dipole on the metal surface. This
phenomenon is illustrated in Figure 4.10. Despite this knowledge, a problem that arises
still is that equation 4.50 has three unknowns. Therefore, the contributions from the
dipole moment and electric field must be removed before the transition dipole angle can
be obtained.12
The Fresnel equations can be used to simulate the infrared absorption spectrum
for randomly adsorbed molecules on the metal surface using the experimental conditions.
From magic angle spinning experiments, the angle of the transition dipole moment for
randomly oriented molecules has been measured at 54.7o.25 Therefore, the integrated
absorption for the randomly calculated film is calculated as:3, 24
∫ 𝐴𝑐𝑎𝑙𝑐 𝑑 𝜐̅ ∝ |𝑢|2 〈𝐸 2 〉 cos2 54.7

4.52

By taking the ratio of equation 4.51 and 4.52, the angle of the transition dipole moment
with respect to the surface normal of a given vibration for an adsorbed species can be
determined by:1, 3, 13, 23
∫ 𝐴𝑒𝑥𝑝 𝑑𝑣̅
∫ 𝐴𝑐𝑎𝑙𝑐 𝑑𝑣̅

|𝑢|2 〈𝐸 2 〉 cos2 𝜃𝜐

= |𝑢|2〈𝐸2〉

cos2 54.7

4.53

This expression can be simplified to:

cos2 𝜃𝜐 =

∫ 𝐴𝑒𝑥𝑝 𝑑𝑣̅
3 ∫ 𝐴𝑐𝑎𝑙𝑐 𝑑𝑣̅
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4.54

Figure 4.10: Example of an image dipole formed in the metal surface due to
adsorption of carbon monoxide. The infrared absorption by the molecule is
canceled by the image dipole when the molecule is parallel to the surface (left)
and enhanced by the image dipole when the molecule is perpendicular to the
metal surface (right).
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Once the average angle of the transition dipole moment with respect to the surface
normal is determined, it is possible to determine the angle of molecular axis if the angle
of the dipole with respect to the molecular axis is known. For example, the angles of the
transition dipole moments for the symmetric, 𝜃𝑠 , and asymmetric, 𝜃𝑎𝑠 , methylene
stretching vibrations are known to be orthogonal to each other as well as to the trans
fragment of the molecular chain. Using basic geometry for three orthogonal vectors, it is
possible to calculate the tilt angle of the molecular chains within the adsorbed film
according to equation 4.55:
cos2 𝜃𝑡𝑖𝑙𝑡 +cos 2 𝜃𝑎𝑠 + cos 2 𝜃𝑠 = 1

4.55

It should be noted that equation 4.55 is only useful for functional groups with two
orthogonal stretching vibrations, which must also be orthogonal to the molecule.
For all other cases, the angle of the transition dipole moment with respect to the
helical axis must be known before the tilt angle of the molecule can be determined. First,
the angle of the transition dipole moment must be calculated using equation 4.54. The
angle of the transition dipole moment can be used to calculate the IR order parameter, 𝑆𝜐 ,
for the transition dipole moment12, 26
1

𝑆𝜐 = 2 (3 cos2 𝜃𝑣 − 1)

4.56

From the IR order parameter for the transition dipole, the order parameter for the
molecular axis, 𝑆𝑡𝑖𝑙𝑡 , can be calculated using the following:12, 26

𝑆𝑡𝑖𝑙𝑡 = (3

2𝑆𝑣
cos2 𝛼−1)
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4.57

where 𝛼 is the angle between the molecular axis and the transition dipole moment. Using
the order parameter of the molecular axis, the average tilt angle, 𝛾, of the molecule can be
calculated according to equation 4.57:12, 26
1

𝑆𝑡𝑖𝑙𝑡 = 2 (3 cos 2 𝛾 −1)

4.58

The calculated tilt angle of the molecular film can be used to characterize the structural
changes on adsorbed films as a function of the applied electrode potential and can be
applied to research of biomembranes and protein interactions, corrosion inhibitors, selfassembled monolayers, surfactant aggregation, etc.

4.3

Identification and Peak Analysis of Complex IR Bands
Vibrational spectroscopic techniques, such as IR and Raman spectroscopy, can

display complex spectral profiles with numerous overlapping components. The increasing
importance of measuring these individual components has led to a number of different
numerical deconvolution methodologies.27-30 Mathematical modelling of a particular
spectral band into its individual vibrational peaks has become popular in analytical and
physical chemistry since the intensity or integrated area of a specific peak can be directly
related to the concentration and/or orientation of a particular chemical species.30,

31

However, the deconvolution fitting procedures (i.e. modelling spectral bands with
individual overlapping Gaussian or Lorentzian peaks) can be hindered by poor signal-tonoise and/or complex spectra with a high degree of peak overlap. Furthermore, the leastsquared fitting method, which is typically used to obtain the best fit, requires prior
knowledge about the number peaks that are present within the vibration region in order to
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produce an accurate fit.30,

32

To address these issues and improve the accuracy of the

curve fitting procedures, several numerical methods have been developed to determine
the shape, number of components, peak position and widths.30 The following sections
will focus on

three different statistical methods for determining the number of

overlapping peaks within an IR stretching region.

4.3.1

Second Derivative Method
Typically, least-squares curve fitting is used to provide quantitative information

about the collected IR or Raman spectra. This method requires that the spectra are first
baseline corrected to eliminate the spectral contributions of background species,
scattering or improper alignment. Next the number of peaks must be pre-determined for
accurate results.30 One approach to removing the contribution due to a slowly changing
baseline in the spectrum and increase the resolution of small or subtle absorption features
for peak identification purposes is to apply an even-order derivative. The drawback to
higher order derivatives is that the signal-to-noise ratio rapidly decreases. Therefore, peak
identification is typically performed using the second derivative.30
The second derivative method removes the contributions of peak offset and slope
in the original absorption spectrum. The shape of a single infrared absorption line can be
approximated with a Lorentzian function:30, 33
𝐴=

∆𝑣1/2 ⁄2𝜋
2

(∆𝑣1/2 ⁄2) +(𝑣−𝑣𝑜 )2

4.59

where A is the absorbance, 𝑣𝑜 is the frequency at peak maximum, 𝑣 is the frequency and
∆𝑣1/2 is the width at half-maximum. The second derivative of this function can be
calculated from:33
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1

𝐴" = − (2𝜋∆𝑣

1/2

2𝑎(1−3𝑎(𝑣−𝑣𝑜 )2 )

)(

(1+𝑎(𝑣−𝑣𝑜 )2 )3

)

4.60

where 𝑎 = 1⁄∆𝑣1/2 2 . The peak frequency of the second derivative is identical to the
original line frequency; however, the peak center for the frequency is displayed as a
negative peak according to Equation 4.60.33 An example of a typical IR vibrational band
for the amide I region and corresponding second derivative are shown in Figure 4.11. In
principle, the second derivative spectrum can be used for semi-quantitative analysis of
the system by simply comparing the resulting band intensities. To improve the quality of
the IR measurement and allow for more accurate quantification, deconvolution of the IR
band from the original spectrum can be performed with the aid of curve-fitting
methodologies. For this purpose, the second derivative method is strictly used for peak
identification.30 The second derivative method is not always ideal for identifying the
number of peaks within a spectral band particularly when the signal-to-noise ratio (S/N)
of the IR spectra is relatively low and when IR bands are extremely broad.29 In spectra
with poor S/N, the second derivate method will overestimate the number of vibrational
bands, while in cases where spectral band is broad; there will be an overall loss in the
spectral resolution due to the lack of sensitivity. As a result, the Fourier selfdeconvolution method has become the preferred method of peak identification.

4.3.2

Fourier Self-Deconvolution
Fourier self-deconvolution (FSD) is a computation method of resolving

overlapped spectral lines that cannot be separated instrumentally by performing Fourier
transforms (FTs) on the acquired signal. The IR interferogram, I(x) and corresponding IR
absorption spectrum, A(𝑣̅ ), are given by:28, 29, 34, 35
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Figure 4.11: Absorbance spectrum of the amide I stretching band (top) and the
corresponding second derivative spectrum (bottom).
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∞

𝐼(𝑥) = ∫−∞ 𝐴(𝑣̅ ) exp(−2𝜋𝑖 𝑣̅ 𝑡)𝑑𝑣̅ = ℱ −1 {𝐴(𝑣̅ )}
∞

𝐴(𝑣̅ ) = ∫−∞ 𝐼(𝑥) exp(−2𝜋𝑖 𝑣̅ 𝑡)𝑑𝑡 = ℱ{𝐼(𝑥)}

4.61
4.62

where ℱ and ℱ −1 are the Fourier and inverse Fourier transforms, x has units of
centimeters and 𝑣̅ is the frequency in wavenumbers.28, 29, 35 The experimental spectrum
can be expressed as a convolution of a line shape function, 𝐺(𝑣̅ ), such that
∞

𝐴(𝑣̅ ) = ∫−∞ 𝐺(𝑣̅ ′)𝐴′(𝑣̅ − 𝑣̅ ′) 𝑑𝑣̅ ′

4.63

To deconvolute 𝐺(𝑣̅ ) from 𝐴(𝑣̅ ) the inverse Fourier transform of both sides of Equation
4.63 is performed giving
𝐼(𝑥) = ℱ −1 {𝐺(𝑣̅ )} ⋅ 𝐼′(𝑥)

4.64

which means that the resulting interferogram can be defined by:28, 34
1

𝐼′(𝑥) = ℱ −1 {𝐺(𝑣̅)} ⋅ 𝐼(𝑥)

4.65

The deconvolution operation in FT space requires a particular form of the apodization
function, 𝐷𝑔 (𝑥), to obtain the Fourier self-deconvoluted interferogram, 𝐼′(𝑥), which can
be expressed as34
𝐷𝑔 (𝑥)

𝐼′(𝑥) = ℱ −1 {𝐴

̅ )}
𝑜 (𝑣

⋅ 𝐼(𝑥)

4.66

where 𝐴𝑜 (𝑣̅ ) is the line shape function centered at x = 0. The spectral line width of the
FSD interferogram can be obtained by applying a factor K, which is given by28, 34

𝐾=

2𝜎
𝑎
( )
2𝐿

=

4𝜎𝐿
𝑎

4.67

where 2𝜎 is the half-width of the original line shape 𝐴𝑜 (𝑣̅ ) and 𝑎⁄2𝐿 is the half-width of
the line shape of ℱ{𝐷𝑔 (𝑥)}. The parameter a depends on the shape of the apodization. In
this thesis, a triangular apodization function was applied to the Fourier self-deconvoluted

140

interferogram since it provides the highest spectral improvement and can be expressed by
the following equation:28, 34
|𝑥|

𝐷(𝑥)⋅[1− ]

𝐼′(𝑥) = ℱ −1 {𝐴

𝐿

̅ )}
𝑜 (𝑣

⋅ 𝐼(𝑥)

4.68

where L is the length of the truncated interferogram. The deconvoluted spectrum 𝐴′(𝑣̅ ),
can finally be obtained by taking the Fourier transform of 𝐼′(𝑥).28, 34
An example of a typical IR absorbance spectrum for the amide I stretching region
and five corresponding FSD spectra where K is equal to 1.0, 1.5, 2.0, 2.5, and 3.0 are
shown in Figure 4.12 A. It should be noted that the S/N of the amide I spectrum was 160
before applying the FSD function to the data. This figure shows that the value of K can be
used to increase the sensitivity of the overlapping peaks, however, like the previously
discussed derivative methods,28, 29, 34 the FSD enhancement is still limited by noise in the
spectrum. To demonstrate the effect of S/N on the resulting FSD calculation, Figure 4.12
B compares the FSD spectra (K = 3.0) obtained from the amide I band. In the top FSD
spectrum, the S/N of the original absorbance spectrum was ~20000 versus S/N = 160 in
the bottom FSD spectrum. Figure 4.13 shows the original IR spectrum and compares the
resolution of the FSD and second derivative method.28, 29, 34 This data shows that the FSD
methodology can accurately separate the individual vibrations of overlapping IR
absorption lines provided that the spectra have moderate S/N and provides superior
resolution when compared to the spectrum obtained from the second derivative.28, 29, 35 To
overcome the ambiguity of noisy vibrational spectra, two-dimensional correlation
spectroscopy can be applied to assist in spectral line identification.
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Figure 4.12: A) Absorbance spectrum of the amide I stretching band (top) and the
corresponding FSD spectra attained when K is 1.0, 1.5, 2.0, 2.5 and 3.0,
respectively. B) The resulting FSD spectra (K = 3.0) obtained from an amide I
absorbance band where S/N > 2000 (top) and S/N = 160 (bottom).
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Figure 4.13: IR absorbance spectrum of the amide I region, 𝐴(𝑣̅ ), with a signalto-noise ratio of 160, The FSD spectrum where K = 2.5 and second derivative,
𝐴"(𝑣̅ ), spectrum [Note: for comparison, a K value of 2.5 is nearly equivalent to
the second derivative spectrum].
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4.3.3

Two-Dimensional Correlation Spectroscopy
Generalized two-dimensional correlation spectroscopy (2D-COS) is a data

analysis technique based on the cross-correlation between variations in spectral band
intensities due to the presence of an external perturbation (i.e. electrical, magnetic,
mechanical, chemical, optical, thermal, etc.) applied to the system.36,

37

This technique

originated from 2D nuclear magnetic resonance (NMR) used to studying both the
structure and dynamics of molecular systems, such as protein folding and unfolding;
however, these time scales can range from femtoseconds to hours. For reactions that
occur over long time scales, structural information can be readily obtained from NMR
measurements. However, for fast-time scales, the technique has been adapted to optical
probes, such as UV-vis, IR, Raman and x-ray, for studying these molecular processes.38,
39

In more recent years, 2D IR and Raman correlation spectroscopy have gained

popularity due to their ability to provide structural information at a wide variety of time
scales that are relevant to chemical or biochemical reactions. It also allows for increased
spectral resolution by providing a method of separating overlapping spectral bands into
their individual vibrational components.36-38 The following section will explore the
background theory pertaining to 2D IR correlation spectroscopy where the perturbation
will be the changing electric field.
2D-COS is a purely mathematical method of analyzing a series of spectra over a
specific period of time. A series of spectra, 𝐴 (𝑣̅𝑖 , 𝑡𝑗 ), are measured in a system under an
external electric field, which induces a change in the collected IR spectral intensities at
frequency, 𝑣̅𝑖 , for a given sampling time, 𝑡𝑗 , where 𝑗 = 1, 2, … , 𝑚 represents the effect of
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the applied perturbation.36,

37

These spectra can only be correlated if the dataset is

collected sequentially for the interval 𝑡1 to 𝑡𝑚 . The dynamic spectrum is defined as: 36, 37
𝐴 (𝑣̅𝑖 , 𝑡𝑗 ) − 𝐴̅ (𝑣̅𝑖 )
𝐴̃ (𝑣̅𝑖 , 𝑡𝑗 ) = {
0

for 1≤𝑗≤𝑚
otherwise

4.69

where 𝐴̅ (𝑣̅𝑖 ) is the reference spectrum. Typically, the reference spectrum is a timeaveraged spectrum between 𝑡1 and 𝑡𝑚 . The synchronous, Φ(𝑣̅1 , 𝑣̅2 ), and asynchronous,
Ψ(𝑣̅1 , 𝑣̅2 ), 2D correlation spectra can be expressed as: 36, 37
𝑚

1
Φ(𝑣̅1 , 𝑣̅2 ) =
∑ 𝐴̃ (𝑣̅1 , 𝑡𝑗 ) ∙ 𝐴̃ (𝑣̅2 , 𝑡𝑗 )
𝑚−1

4.70

𝑗=1

𝑚

𝑚

𝑗=1

𝑘=1

1
Ψ(𝑣̅1 , 𝑣̅2 ) =
∑ 𝐴̃ (𝑣̅1 , 𝑡𝑗 ) ∙ ∑ 𝑁𝑗𝑘 𝐴̃ (𝑣̅2 , 𝑡𝑗 )
𝑚−1

4.71

where 𝑁𝑗𝑘 is the Hilbert-Noda transformation matrix defined as: 36, 37
𝑁𝑗𝑘 = {

0
1

𝜋(𝑗−𝑘)

if 𝑗=𝑘
otherwise

4.72

The synchronous spectrum Φ(𝑣̅1 , 𝑣̅2 ) represents the in phase or simultaneous
changes of the spectral intensities at two different frequencies, 𝑣̅1 and 𝑣̅2 , for the
perturbation 𝑡𝑗 . The autocorrelation peaks are represented along the diagonal line in
Figure 4.14 A. The cross-correlation peaks visually display the relationship between the
intensity of two different wavenumbers in the series.36-38 If the intensities of the two
wavenumbers occur in the same directions (i.e. both increase or decrease together), then
the intensity of the correlation spectra will be positive. Conversely, if the two different
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frequencies change in opposite directions, then the sign of Φ(𝑣̅1 , 𝑣̅2 ) becomes negative.3638

The asynchronous spectrum Ψ(𝑣̅1 , 𝑣̅2 ) represents the out of phase or sequential
changes in the IR spectral peaks. If Ψ(𝑣̅1 , 𝑣̅2 ) = 0, then the variations in the two
wavenumbers are completely synchronized, hence no peaks lie along the diagonal
autocorrelation line.36-39 If the signs of Φ(𝑣̅1 , 𝑣̅2 ) and Ψ(𝑣̅1 , 𝑣̅2 ) are the same, then the
overall intensity of variation at 𝑣̅1 occurs prior to 𝑣̅2 . If the signs of the synchronous and
asynchronous spectra are different, then 𝑣̅2 occurs before to 𝑣̅1. Finally, if Φ(𝑣̅1 , 𝑣̅2 ) = 0,
then the sequential order of two vibrational peaks cannot be measured. 36-39
The synchronous spectrum in Figure 4.14 A, clearly shows that the asymmetric
and symmetric methylene stretches are centered around 2924 and 2853 cm-1,
respectively. The shoulder peaks corresponding to the asymmetric and symmetric methyl
vibrations can be observed in the cross-correlation region at 2960 and 2870 cm-1,
respectively. In addition, correlation spectra are all positive suggesting that the surface
concentration of the adsorbed molecules is increasing as the electrode potential becomes
more positive. The asynchronous spectrum in Figure 4.14 B shows that the methyl and
methylene vibrations occur first followed by the appearance of the Fermi resonance
bending vibrations at 2936 and 2904 cm-1. The autocorrelation and cross-correlation
peaks of the synchronous and asynchronous spectra can be used to help identify the peak
positions of the individual bands as well as provide sequential order.36,

37

The

combination of 2D-COS and FSD methods allows for more accurate peak deconvolutions
since it helps eliminate the innate uncertainty that accompanies peak identification within
a spectral band.
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Figure 4.14: The synchronous (A) and asynchronous (B) two-dimensional IR
correlation spectra for the methylene region of an adsorbed monolayer where the
spectra were perturbed by the changing electric field. The red coloured contour
lines correspond to positive going peaks while blue denotes negative intensities.
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CHAPTER 5
MATERIALS, EXPERIMENTAL METHODS & DATA ANALYSIS

This chapter describes the materials, methods and procedures that were
implemented to characterize the film adsorbed onto the gold (111) surface. The chapter is
divided into three major sections. The first part focuses on the chemicals used in the
various experiments. Section two deals with the cleaning procedures used to ensure that
the electrochemical and spectroelectrochemical experiments are free of chemical
impurities. The third part of the chapter describes the electrochemical and
spectroelectrochemical instrumentation, experimental design and methodology. This third
section is divided into three sub-sections: 1) electrochemical methods, 2) SNIFTIRS and
3) PM-IRRAS. The final section will focus on new developments in background
correction, data analysis and peak deconvolution of the acquired spectra to extract
quantitative information, which was not previously possible.

5.1

Materials

5.1.1

Reagents and Solutions
All aqueous electrolyte solutions used in this study were prepared using either a

Milli-Q UV-Plus 18.2 MΩ resistivity water system (Millipore, Bedford, MA, US) or
deuterated water (Cambridge Isotope Laboratories Inc., Andover, MA, USA). Suprapur
sodium fluoride (EM Industries, Hawthorne, NY, US) was cleaned in an UV-ozone
chamber (Jelight, Irvine, CA, US) for twenty minutes to remove unwanted organic
impurities prior to use.
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Sodium dodecyl sulfate, 99% purity, (Fluka, St. Gallen, CH) was twice-filtered
and recrystallized in ethanol to remove impurities and degradation products. The purified
SDS powder was dissolved into the desired 0.1 M NaF electrolyte to give a final SDS
concentration of ~ 5.0 mM.
2,3-di-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-a-lipoic acid ester lipid
(DPTL) was synthesized at the Max Planck Institute for Polymer Research (Mainz, DE)1
or at the University of Guelph (Guelph, ON, CA)2 and deuterated DPTL (DPTd16L) was
synthesized at the University of Guelph (Guelph, ON, CA).3 The DPTL and DPTd16L selfassembly solutions were prepared by dissolving in HPLC grade methanol (SigmaAldrich, Mississauga, ON, CA), while the Langmuir-Blodgett (LB) solutions were
prepared by dissolving in HPLC grade chloroform (Sigma-Aldrich, Mississauga, ON,
CA) to give a final concentration of 1 mg/mL.
1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (Sigma-Aldrich, Mississauga,
ON, CA), cholesterol (Sigma-Aldrich, Mississauga, ON, CA) and GM1 (Avanti Polar
Lipids Inc., Alabaster, AL, US) were used as purchased. The LB solutions were prepared
by dissolving the powders in a 95:5 mixture of HPLC grade chloroform (Sigma-Aldrich,
Mississauga, ON, CA) and methanol (Sigma-Aldrich, Mississauga, ON, CA) according to
the desired molar ratios. Cholera toxin B (CTB) subunit (Sigma-Aldrich, Mississauga,
ON, CA) was used as purchased and dissolved in Milli-Q or deuterated (Cambridge
Isotope Laboratories Inc., Andover, MA, US) water.
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5.2

Cleaning Procedures & Sample Preparation

5.2.1

Gold (111) Working and Counter Electrodes
The gold (111) single crystal working electrodes were grown from 99.999% pure

gold rods (Alfa Aesar, Ward Hill, MA, US), oriented, cut and polished in our laboratory.4,
5

The resulting surface areas of the gold (111) electrode faces were 0.648, 0.127 and

0.864 cm2 for the SNIFTIRS, electrochemical and PM-IRRAS electrodes respectively.
The electrodes were cleaned by placing the (111)-face into the flame of a torch until a
reddish glow was observed. The flame-annealed electrode was allowed to slowly cool
under the plume of the flame before quenching in Milli-Q water to prevent stress or
damage to the 111-crystal by rapid cooling. This procedure was repeated a minimum of
three times before placing the electrode, under the protection of the water droplet, into the
electrochemical cell.
The counter electrode for the electrochemical cell was made by coiling the end of
a 0.5-mm diameter gold wire, 99.999%, (Alfa Aesar, Ward Hill, MA, US). The counter
electrode was flame-annealed using a Bunsen burner and immediately quenched with
Milli-Q water to prevent the adsorption of any contaminants. This procedure was
repeated at least three times before either modifying the gold electrode or placing it into
the electrochemical or SNIFTIRS cell.

5.2.2

DPTL-Modified Gold (111) Electrode Surfaces
Prior to all DPTL experiments, the gold electrodes were first functionalized with a

DPTL (or DPTd16L) monolayer. The single crystal surface of the gold electrode was
submersed in the DPTL self-assembly solution for at least 12 hours. The electrode was
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removed from the solution and rinsed with methanol to remove any excess DPTL
molecules. The electrode was dried under argon and then rinsed with Milli-Q water to
remove

residual

methanol

before

placing

it

into

the

electrochemical

or

spectroelectrochemical cell.

5.2.3 Langmuir-Blodgett & Langmuir-Schaefer Deposition of the CTB Biomembrane
The combination of Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS)
techniques were used to deposit the phospholipid-CTB bilayer onto the surface of the
gold (111) electrode. The subphase of the Teflon Langmuir trough was filled with MilliQ water and heated to 28 oC using a water circulator in order to improve the homogeneity
and fluidity of the compressed monolayer.6, 7 The gold (111) electrode was oriented at
90o with respect to the water surface and then submerged below the subphase. The mixed
DMPC and Cholesterol (Chol) solution, 70:30 mol % ratio, was carefully spread onto the
water surface. After allowing the chloroform to evaporate for 20 minutes, the monolayer
was compressed to a surface pressure of 40 mN m-1. The surface pressure was monitored
●

via a Wilhelmy balance equipped with a filter paper plate.6, 7. The monolayer was
transferred onto the Au(111) surface by vertically withdrawing the electrode through the
compressed film (LB method) at a speed of 25 mm min-1. The transfer ratio was 1.0 ±
●

0.1.6, 7 The LB transfer results in a DMPC+Chol monolayer (cytosolic leaflet) with the
head groups in contact with the Au(111) and the alkyl tails directed towards the air as is
shown in Figure 5.1. After the LB deposition, the monolayer-covered electrode was
allowed to dry for 1.5 hours and the compressed DMPC+Chol layer was removed from
the surface of the water subphase.6, 7

154

Figure 5.1: Schematic representation of the Langmuir-Blodgett and LangmuirSchaefer depositions used to create a sBLM with the bound cholera toxin B subunit
onto the gold (111) electrode surface.
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After drying, the electrode was reoriented so that the face of the electrode was parallel
with the water surface. Cholera toxin B (CTB) is very expensive and therefore to make
these experiments more cost effective, a method that was originally proposed by Torok et
al.8 has been modified in order to expose the protein to the membrane surface. A small
Teflon well (1.7 mL volume) was immersed into the subphase of the Langmuir trough
beneath the gold (111) electrode6. The second monolayer (extracellular leaflet), which
consisted of DMPC, Cholesterol and GM1 in a 60:30:10 mol % ratio, was deposited at
the air-water interface. After allowing the chloroform to evaporate, this monolayer was
again compressed to 40 mN m-1.6 The Teflon cup was then raised through the compressed
●

monolayer using an external lab jack. This resulted in a floating monolayer that remained
compressed on the small Teflon well. The surface pressure was monitored within the
Teflon well and showed that the pressure did not vary by more than ± 2 mN m-1 from the
●

pressure measured in the Langmuir trough. At this point, the extracellular leaflet was
ready for incubation CTB.6
A small volume (~ 20 µL) of an aqueous CTB solution (1 mg mL-1) was injected
●

beneath the monolayer into the water subphase of the Teflon well using a 100-µL glass
syringe. The CTB subunit was allowed to incubate with the extracellular leaflet in the
Teflon trough for eight hours to provide adequate time for the toxin to interact with the
GM1 antigen.6 Following the incubation period, he DMPC+Chol-modified electrode was
horizontally touched (LS technique) to the alkyl tails of the compressed monolayer on the
Teflon cup. The electrode was then withdrawn from the air-water interface of the Teflon
cup to complete the supported bilayer lipid membrane (sBLM) with bound CTB on the
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gold (111) electrode surface.6, 9 The electrode with this model biological membrane was
then transferred to either the electrochemical or PM-IRRAS cell.

5.2.4

Glassware and Teflon Components
All glassware was cleaned in a hot acid bath (1 part conc. HNO3 and 3 parts conc.

H2SO4) while all Teflon pieces were soaked in fresh piranha solution (1 part conc. H2O2
and 3 parts conc. H2SO4). These components were then thoroughly rinsed with ultrapure
Milli-Q water. The Teflon and glass pieces were then soaked in Milli-Q water overnight
and rinsed again on the following day to remove any remaining residual acid species
before use.

5.3

Experimental Instrumentation, Design and Methodology

5.3.1

Electrochemical Cell & Instrumentation
The electrochemical measurements were recorded in an all-glass, three-electrode

cell using a computer-controlled system consisting of a potentiost/galvanostat (HEKA PG
590, Lambrecht/Pfalz, DE), a lock-in amplifier (DSP 7265, EG&G instruments, Cypress,
CA, US), a plug-in data acquisition board (RC Electronics, Santa Barbara, CA, US) and
in-house control software.2,

10

The working electrode (WE) was placed in a hanging

meniscus configuration to ensure that only the single crystal gold (111) face was in
contact with the electrolyte. A coiled gold wire with a large surface area, compared to
that of the working electrode, was selected as the counter electrode (CE). The
electrochemical cell was connected to an external reference electrode (RE) containing a
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saturated calomel electrode (SCE) in a saturated KCl solution (+244 mV vs. SHE) via a
salt bridge. A schematic representation (or picture) of the electrochemical setup is
depicted in Figure 4.2. The cell was filled with approximately 50 mL of 0.1 M NaF
electrolyte solution and the solution was de-aerated with argon (Linde Canada, Guelph,
ON, CA) for at least 25 minutes to remove residual oxygen from the system. A constant
flow of argon was maintained above the electrolyte throughout the experiment to prevent
the diffusion of parasitic oxygen back into the electrochemical system while performing
differential capacitance (DC) and chronocoulometry (CC) measurements.

5.3.2

Differential Capacitance
Differential capacitance is a semi-quantitative technique that measures the

capacitance of the electrode interface for a wide range of potentials and provides a
generalized picture of the adsorption behaviour of organic molecules at the solid-solution
interface as a function of the electrode potential. A direct current (dc) voltage ramp of 5
mV s-1 and a sinusoidal alternating current (ac) perturbation of 25 Hz and 5 mV rms
amplitude were applied to the working electrode. The ac current response was input into
a lock-in amplifier and the in-phase and out-of-phase components were recorded.2, 10, 11
If the electrode interface is modeled as a simple RC circuit, then the differential
capacitance curves can be extracted from the total current according to the following
expression:
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WE
CE
RE

Figure 5.2: Schematic diagram of the electrochemical cell used in the differential
capacitance and chronocoulometry measurements.
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𝐼𝑎𝑐 =

𝑉𝑎𝑐 𝑖𝜔𝐶
1+𝑅2 𝜔2 𝐶

+
2

𝑉𝑎𝑐 𝑅𝜔2 𝐶 2
1+𝑅2 𝜔2 𝐶 2

5.1

where R is the resistance of the solution, Iac is the ac current, ω is the angular frequency
of the applied ac voltage (Vac), and C is the capacitance of the double-layer.10, 11 The inphase and out-of-phase components can be independently measured using a lock-in
amplifier. Therefore, the capacitance can be rewritten as:

𝐶=

𝐼𝑖𝑚
𝑉𝑎𝑐𝜔

[1 + (

𝐼𝑟
𝐼𝑖𝑚

2

) ]

5.2

where Ir is the real component and Iim is the imaginary component of the current as a
function of the applied voltage.10, 11 Since the potential is constantly changing throughout
the DC experiment, the system does not have sufficient time to reach electrochemical
equilibrium. Therefore, it is impossible to separate all kinetic currents from those
pertaining to the true capacitance (i.e. caused by changing and discharging of the
electrochemical interface). Therefore, the differential capacitance results were used
primarily for initial characterization (i.e. desorption potential, potential of initial
desorption and phase transitions) of the adsorbing analyte before obtaining quantitative
data via chronocoulometry experiments.

5.3.3

Chronocoulometry
Chronocoulometry (CC) determines the total charge density of the electrode

interface at electrochemical equilibrium by measuring the difference in charge density
between two different potentials. The program used to measure the charge density of the
electrode interface is shown in Figure 5.3 A. Initially, a base potential (Ebase), where the
film remains stable, was applied to the electrode surface for a given period of time
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(typically between 60 and 180 seconds) to allow the system to reach equilibrium. The
base potential was determined by selecting a region where the capacitance remained
constant, as shown by the differential capacitance curve for the film-covered electrode
(see Figure 3.4), prior to any CC experiments. Next, the voltage was stepped to a variable
potential (Ei) and held constant for several minutes until the system reached equilibrium.
Lastly, the potential was then stepped to a large desorption potential (Edes), which was
determined from the voltage region where the capacitance values of the bare and filmcovered electrodes merged on the DC curves. The desorption potential was applied for
only 0.20 seconds to allow the film to lift off of the electrode surface and prevent the
reduction of hydrogen.
The change in electrode potential from Ei to Edes resulted in a current transient due
to discharging of the capacitive layer at the interface, which was recorded as a function of
time as shown in Figure 5.3 B. This current transient, Ii, was integrated with respect to
time to obtain the charge of the electrode interface, 𝜎𝑖 , at Ei . Figure 5.3 C shows the
resulting charge, which was calculated from the following expression:
𝑡

𝜎𝑖 = ∫0 𝐼𝑖 𝑑𝑡

5.3

The relative charge of the interface, 𝜎𝑟𝑒𝑙 , was then determined by extrapolating to zero
time as shown in Figure 5.3 D. The potential was then stepped back to the base potential
to re-establish a stable, uniform film at the electrode surface. The above sequence was
repeated to collect the relative charge density at each variable potential. The absolute
charge density could finally be obtained by correcting the relative charge density for the
potential of zero charge (Epzc) of the bare gold (111) electrode.
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Figure 5.3: Schematic diagram for a chronocoulometry experiment: A) step
sequence for the electrode potential with respect to time; B) recorded current
transient recorded as the potential was stepped to the desorption potential; C)
charge transients with respect to time; D) relative charge density as a function of
electrode potential, which was determined by integrating the recorded current
transients.
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Electrochemical methods provide a general picture of electric field-driven
processes, including adsorption, desorption, phase changes, and stability of a film at the
electrode interface. These measurements, however, cannot provide details regarding the
changes in conformation or spatial orientation of the molecules within the adsorbed film
and must be coupled with spectroscopic techniques such as IR spectroscopy.

5.3.4

Transmission IR Spectroscopy
To accurately determine the average angle of the transition dipole moment for a

particular IR vibrational mode, the IR absorbance of randomly oriented molecules must
be known. In order to mimic the experimental conditions, optical constants of the
molecules used in this study were determined from transmission spectroscopy. A
schematic representation of the transmission IR cell is depicted in Figure 5.4. The two
flat BaF2 windows (32 cm dia. x 3 mm) were separated by a Teflon gasket, with a
thickness of either 25 or 100 μm, to create a thin layer of solution containing the desired
molecules. The windows were tightly pressed together in a Teflon housing placed
between two aluminum plates. Teflon tubing was inserted into the inlet and outlet on the
Teflon body and a 1-mL plastic syringe was placed on the outlet tube.
The transmission cell was placed in the main chamber of the FTIR interferometer
(Nicolet Nexus 870, Nicolet, Madison, WI, US) using the Thermo transmission accessory.
This accessory aligned the IR cell into the centre of the focal point of the converging
beam. The FTIR chamber was sealed and allowed to purge for several hours prior to
taking measurements in order to remove water vapour and carbon dioxide. The dry air
spectrum, shown in Figure 5.4, contained multiple interference fringes that were used to
calculate the true thickness of thin cavity according to the following expression:
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∆𝑁

𝑑 = 2𝑛∆𝑣

𝑁

5.4

where d is the cavity thickness, n is the refractive index of the media between the two
windows, ΔN is the number of interference fringes and ΔvN is the frequency range
between the number of fringes analyzed. The IR cell was then filled by placing the inlet
tube into the pure electrolyte solution and drawing back the piston of the syringe at the
outlet tube. Once the transmission cell was filled with solution, the Teflon tubes were
sealed with Teflon tape to prevent solution from leaking out of the tubes and to prevent
air bubbles from entering into the cell. The background spectrum was collected using a
resolution that was identical to the spectroelectromical experiments with 4000 scans to
ensure good signal-to-noise. After acquiring the IR spectrum of the electrolyte solution,
the transmission cell was then filled with the desired analyte solution (concentration
ranging between 0.1 to 1.0 % v/v) and the spectrum was acquired as previously
described. The transmission spectrum provided the total number and position of the IR
bands; this information was required before proceeding with the spectroelectrochemical
experiments.

5.3.5

Determining the Optical Constants of the Analyte Molecules used in the

SNIFTIRS and PM-IRRAS Experiments
The transmission spectrum was used to determine the optical constants, refractive
index (n) and attenuation coefficient (𝜅), of the molecules of interest using a computer
program written by Prof. Vlad Zamlynny.12,

13

To determine the correct values for the

optical constants, the program requires the user to input optical parameters such as the
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Figure 5.4: Schematic diagram of the transmission infrared cell used to obtain the optical
constants for analytes in aqueous solution.12, 13

165

Figure 5.5: Transmission IR spectrum of the interference fringes from the dry air
spectrum used to calculate the thickness of the thin layer between the two BaF2 windows.
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experimental transmission spectra, analyte concentration, electrolyte composition, cavity
thickness and window material that were used in the transmission IR experiment. An
initial estimate for the average refractive index of the analyte of interest was then entered
before running the program.
The program begins by first calculating the approximate attenuation coefficient
for the analyte, 𝜅𝑖 , using the Beer-Lambert Law:12
𝐼
𝐼𝑜

= exp (

−4𝜋𝑓𝑖 𝜅𝑖 𝑑
𝜆

)

5.5

where I and Io are the intensities of the IR radiation transmitted by the analyte and solvent
respectively, λ is the wavelength of the IR radiation, d is the cavity thickness and fi is the
volume fraction of the analyte dissolved in the electrolyte solution. The volume fraction
was calculated from the following formula:12

𝑓𝑖 = 𝑋𝑖

𝑀𝑖

5.6

𝜌𝑖

where Xi is the mole fraction, ρi , is the density of the analyte in solution and Mi is the
molar mass of the analyte. It is important to note that expressing the attenuation
coefficient in terms of a volume fraction provides a theoretical value of 𝜅𝑖 for the analyte
while taking into account all of the interactions that are present between the analyte and
electrolyte solution. The optical program was then used to determine the refractive index
and attenuation coefficient using the following sequence12, 13:
The approximate attenuation coefficient was first used to determine the refractive
index of the pure analyte, ni, using the Kramers-Krönig transformation:12
2

𝑣̅

𝑣̅ 𝜅 (𝑣̅)

𝑛𝑖 (𝑣̅𝑜 ) = 𝑛∞ + 𝑃 ∫𝑣̅ 2 ̅ 2 𝑖 ̅ 2 𝑑𝑣̅
𝜋
1 (𝑣 −𝑣 )
𝑜

167

5.7

where n is the average refractive index in the mid-infrared region and takes into account
the refractive index regions that are removed by the presence of the absorption band. P is
the Cauchy principle value of the integral that accounts for singularity at (𝑣̅ 2 − 𝑣̅𝑜2 ). 𝑣̅ 2
and 𝑣̅𝑜2 represent the lower and upper frequency limits of the spectrum, respectively.
The approximate optical constants of the pure analyte are then used to determine
the refractive indices and attenuation coefficients of the species in solution using the
equations presented below:12
∑ 𝑋𝑖 𝑀𝑖
𝜌

∙

𝑛2 −1
𝑛2 +2

∑ 𝑋𝑖 𝑀𝑖
𝜌

= ∑ 𝑋𝑖

𝑀𝑖
𝜌𝑖

𝜅 = ∑ 𝑋𝑖

∙

𝑛𝑖2 −1
𝑛𝑖2 +2

𝑀𝑖
𝜌𝑖

𝜅

5.8

5.9

where ρ and ρi are the densities of the electrolyte and the pure analyte, i, in the solution,
along with their corresponding refractive indices (n, ni) and attenuation coefficients (𝜅,
𝜅𝑖 ). The components Xi and Mi denote the mole fraction and molar mass of the analyte I,
respectively.12
The approximated values of n and 𝜅, obtained from Equations 5.8 and 5.9, were
used as starting values in the Fresnel matrix to calculate the theoretical transmittance
spectrum by taking the ratio of the simulated pure analyte and solvent spectra.12 The
spectra for both analyte and solvent were calculated in terms of a thin layer configuration
where both solutions were contained between the two BaF2 windows mimicking the
experimental transmission spectrum.12
The analyte attenuation coefficient, 𝜅𝑖 , was perturbed at each wavelength and the
perturbed value was re-entered into Equation 5.7, which re-calculated a new value for
analyte refractive index, ni. The new values for ni and ki were then re-entered into
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Equation 5.8 and 5.9 to calculate new optical constants values for the solution.12 The new
optical constants were then used to calculate the theoretical transmission spectrum for a
second time. The two theoretical spectra were compared to the experimental transmission
spectrum to obtain the refined analyte attenuation coefficient.12
The previous steps underwent multiple iterations until the theoretical and
experimental spectra deviated from each other by less than 1%.12 At this point, the
iteration is stopped and the refractive index and attenuation coefficient of the analyte
were obtained. These experimental optical constants are used to simulate the IR
absorbance spectrum of a randomly oriented film using the Fresnel matrix method.

5.3.6

Optimizing the Mean Squared Electric Field Strength at the Gold (111) Surface
The spectroelectrochemical experiments were designed to probe the IR absorption

of monolayer and bilayer films adsorbed to the surface of the gold (111) electrode. The
surface concentration of the adsorbed species was in the range of 2.0 to 10.0 x 10-10 mol
cm-2, which is approaching the detection limit for IR techniques. To improve the IR
signal intensity at the gold surface, custom software, written by Prof. Zamlynny,12-14 that
solves the Fresnel equations using the optical matrix method was used to determine the
optimal experimental conditions before performing any SNIFTIRS or PM-IRRAS
experiments.
The program allows the user to simulate the MSEFS of a specific IR frequency at
the gold (111) surface as a function of both the angle of incidence and thin layer cavity
thickness. The experimental parameters such as the composition of the electrolyte trapped
within the thin layer cavity, the prism and electrode materials, were entered into the
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Fresnel layer model. The program then performed a series of iterations, which alter the
angle of incidence and thickness of the thin layer cavity. The resulting 3-D plots of the
MSEFS for the SNIFTIRS and PM-IRRAS are shown in Figure 5.6 A. To better visualize
the MSEFS as a function of either the angle of incidence or gap thickness, 2-D plots of
the MSEFS, shown in Figure 5.6 B and C, were generated from the local maximum. The
values for MSEFS of the SNIFTIRS experiments were approximately three times larger
than that of the PM-IRRAS experiments. This difference is the result of two main factors:
(1) the hemispherical prism acting as a lens creating a collimated beam, which increases
the size of the IR footprint (i.e. larger sampling area) and (2) the refractive index of the
ZnSe (n = 2.42) prism being larger than that of the BaF2 (n = 1.45) prism, which
increases the lifetime (i.e. number of reflections) of the standing wave within the thin
layer cavity. Once the optimum values for the angle of incidence and gap thickness are
calculated, these values are merely used as guidelines for setting up the IR experiment
since it was extremely difficult to attain these exact values experimentally.

5.3.7

Spectroelectrochemical Cells and Optical Elements
The homemade glass spectroelectrochemical cells (SNIFTIRS & PM-IRRAS)

were equipped with Pt foil counter and saturated Ag/AgCl electrodes (sat. KCl, +197 mV
vs SHE). A 1" diameter ZnSe hemispherical prism (Janos Technology, Townshend, VT,
US) and a 1" equilateral BaF2 prism (Janos Technology, Townshend, VT, US) were used
in the SNIFTIRS and PM-IRRAS experiments respectively. These prisms were rinsed in
methanol and Milli-Q water and then cleaned in the UV-ozone chamber (Jelight, Irvine,
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Figure 5.6: Simulations of the MSEFS for the IR vibrations at a frequency of 2900
cm-1 for the SNIFTIRS (1) and PM-IRRAS (2) experiments. (A) 3-D plots of the
MSEFS as a function of angle of incidence and thin cavity thickness, (B) 2-D plots
of the MSEFS as a function of angle at the optimum gap thickness and (C) the
MSEFS as a function of the cavity thickness at the optimal angle of incidence.
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CA, US) for at least 10 minutes before being mounted onto the bottom of the
spectroelectrochemical cell.

5.3.8

SNIFTIRS Instrumentation & Data Collection
The SNIFTIRS electrochemical IR cell, equipped with the ZnSe prism, was then

mounted on top of the main chamber of a 20DXC FT-IR spectrometer (Nicolet, Madison,
WI, US) with a liquid nitrogen cooled MCT-B detector. The home-built mirrors inside the
main chamber of the IR bench were aligned in such a manner to ensure that a collimated
beam (±1o) was incident on the gold electrode at an angle of 30±2o with respect to the
surface normal. A gold wire grid polarizer (Harrick, Pleasantville, NY, US) was placed in
the IR beam path in front of the gold coated mirrors to ensure that the incident IR beam
was p-polarized. The IR interferometer was purged with dry, CO2-free air using a FTIR
Purge gas Generator (Parker Balston, Haverhill, MA, US) and the IR cell was purged
with argon gas (Linde Canada, Guelph, ON, CA) for at least one hour to remove any
residual water moisture before collecting an IR spectrum of the dry cell. After collecting
the dry spectrum, the electrochemical IR cell was filled with approximately 20 mL of the
SDS-electrolyte solution and the flame-annealed gold (111) working electrode was
inserted into the top of the cell. The solution was then bubbled with argon for
approximately one hour to remove oxygen from the electrolyte solution before lowering
the electrode toward the ZnSe window to form a thin layer configuration, such that a thin
layer (a few microns) of electrolyte was trapped between the surface of the gold electrode
and the prism. A schematic representation of the SNIFTIRS design is shown in Figure 5.7
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Figure 5.7: Schematic diagram for the SNIFTIRS setup used to examine the adsorption
of surfactant molecules.10
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The desired thickness of the thin layer cavity was calculated to give the maximum
mean squared electric field strength (MSEFS) for the desired frequency of interest (1000
and 1200 cm-1) using optical constants for a model system of three homogeneous parallel
phases (ZnSe/solvent/Au) and custom software that solved the Fresnel equations using an
optical matrix method. The experimental thickness of the thin layer cavity was then
determined by collecting an experimental reflectivity spectrum, which was attenuated by
the trapped electrolyte solution between the prism and the electrode surface, and then fit
to a simulated reflectivity spectrum that was generated from optical constants using the
same experimental parameters.
A PAR 173 potentiostat (EG&G, Princeton, NJ, US) was coupled to the IR bench
via an analog-to-digital converter board (Omega, Stamford, CT, US) in a computer. Inhouse software, written by Uwe Oehler, was used to synchronize the IR spectral
acquisitions with a change in electrode potentials. An Omnic macro was used to select
the desired potential-step sequence and to obtain the final SNIFTIR spectra for each
potential. To minimize sources of error, such as IR drift and environmental effects in the
acquired spectra, the potentiostat was first stepped to the desorption potential. A 15
second delay time was employed to allow the SDS molecules system to reach an
equilibrium desorption state before collection 100 IR spectral scans. The voltage was
then stepped to the desired adsorption potential and again held for 15 seconds prior to
collecting 100 scans of the adsorbed film state. The IR program then generates the
SNIFTIRS spectra by taking the difference between the desorbed and adsorbed spectra
and dividng by the desorbed spectrum. The electrode was then stepped back to the
desorption state and another 15 seconds elapsed before acquiring the desorption
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spectrum. This sequence was repeated 40 times and the collected SNIFTIRS spectra were
averaged together to give a total number of 4000 scans, which ensured that a good signalto-noise ratio was achieved. The SNIFTIR spectra were then background corrected using
a linear fit before proceeding with further spectral analysis of the adsorbed film.

5.3.9

PM-IRRAS Instrumentation & Data Collection
The PM-IRRAS cell, equipped with the BaF2 prism, was placed in the tabletop

optical mount (TOM) box attached to a Nicolet Nexus 870 (Nicolet, Madison, WI, US)
using an MCT-A detector. A PEM-90 photoelastic modulator with a II/ZS50 optical head
(Hinds Instruments, Hillsboro, OR, US), static polarizer (SP) and a synchronous sampling
demodulator (GWC Instruments, Madison, WI, US) were used in all PM-IRRAS
experiments. A schematic of the PM-IRRAS experimental setup that is placed in the
TOM box is presented in Figure 5.8. The potentiostat (EG&G PAR 362, Princeton, NJ,
US) was controlled using a digital-to-analog converter (Omega, Stamford, CT, US), an
Omnic macro and in-house software.
The demodulation technique developed by Robert Corn and coworkers15, 16 was
used in these works. The intensities of the average [Is(ω) - Ip(ω)] and difference [(Is(ω) +
Ip(ω))/2] spectra were corrected for the optical throughputs of the different polarizations
of light and PEM response functions using a modified version of the method described by
Buffeteau et al.17 These PM-IRRAS corrections were independently performed for all
spectral regions using the experimental conditions. The IR background absorptions from
the aqueous electrolyte were still present in the experimental spectra. These IR
contributions were removed using an interpolated spline described in the work by
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Figure 5.8: Schematic representation of the A) PM-IRRAS experimental setup placed in
the TOM box of the Nexus 870 and B) a magnified view of the thin layer cavity between
BaF2 prism and film-covered gold (111) electrode.
(Taken with permission from reference 13)
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Zamlynny et al.13,

14

The background-corrected spectrum, ΔS, was proportional to the

absorbance, A, of the adsorbed molecules at the electrode interface according to the
following expression13, 14:
(𝐼𝑠 −𝐼𝑝 )

∆𝑆 = 2 ((𝐼 +𝐼 )) = 2.3𝐴 = 2.3𝜀Γ
𝑠

𝑝

5.10

where 𝐼𝑠 and 𝐼𝑝 are the intensities of the s- and p-polarized radiations, Γ is the surface
concentration of the adsorbed species and ε is the molar absorptivity coefficient of the
adsorbed species.
The PM-IRRAS cell was filled with the appropriate 0.1 M NaF electrolyte
solution and was purged with argon (Linde Canada, Guelph, ON, CA) for approximately
1 hour to remove all residual oxygen from the electrolyte. The angle of incidence and
thickness of the thin layer cavity were optimized to give the maximum mean squared
electric field strength (MSEFS) for the desired frequency of interest using optical
constants for a model system of three homogeneous, parallel phases (BaF2/solvent/Au).
Entering these values into our custom software allowed for the Fresnel equations to be
solved using optical matrix method. The thickness of the thin layer cavity was then
determined using the same procedure that was previously described in the previous
SNIFTIRS experimental section. The TOM box was then tightly sealed and the entire IR
system was purged with CO2-free dry air via a FTIR Purge gas Generator (Parker
Balston, Haverhill, MA, US) for at least four hours prior to and throughout the duration of
the experiment.
An initial potential of 0.4 V vs. Ag/AgCl, which is the most positive potential
where the film is stable on the electrode, was first applied to the gold electrode. The
electrode potential was then stepped in the negative direction by 0.1 V steps until
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reaching a maximum negative potential of -1.10 V was reached in order to completely
desorb the film from the electrode surface. A minimum of 6000 spectral scans at a
resolution of 2 cm-1 were collected to ensure that all acquired spectra had sufficient data
spacing and good signal-to-noise. The room temperature was held at 18 ± 1 oC, which is
below the DMPC/Chol phase transition of 23 oC to ensure that the phospholipid tails
were in a gel-state18 for the CTB studies (Note: the phase transition temperature of DPTL
< −80 oC; therefore, the phytanyl chains are always in a liquid crystalline state).1

5.3.10 Removal of the IR Contributions from Background Species in the Thin Layer
Cavity of a Typical PM-IRRAS Experiment
The PM-IRRAS technique makes it possible to extract the small IR absorbance
peaks of the adsorbed film at the electrode surface by altering the polarization of light to
remove IR contributions from the background species. Due to the differences in electric
field strengths and optical throughputs of s- and p-polarized light, the cancellation of the
background species, however, is not zero and must be baseline corrected to attain the
absorption spectrum, ΔS, of the adsorbed film. [Note: the transmission IR spectrum must
first be collected before performing any background corrections since it acts as a
guideline for selecting the spectral regions where the IR absorbance bands of the
adsorbed film are located].
Two different background subtraction techniques were employed in this work.
The first method relied on in-house software, written by Prof. Vlad Zamlynny, to
mathematically remove the IR contributions of the aqueous species within the thin layer.
A background template file was created using data points that lay along the IR
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background region of the PM-IRRAS spectra. The template file was then imported into
the software along with the uncorrected experimental PM-IRRAS data. Next, the
program created an interpolated spline, which modeled the IR absorbance of the
background species for the entire frequency range at the given electrode potential. The
interpolated spline was then subtracted from the uncorrected PM-IRRAS spectrum to
give the PM-IRRAS spectrum for the adsorbed film at that particular potential. The
software then repeated this calculation for each additional electrode potential. This
method provided a fast and effective means of removing the background absorption for
all of the measured potentials, but was limited to relatively strong IR absorption bands.
When the PM-IRRAS bands of the adsorbed film are weak, background
subtraction by the interpolation method cannot be used since the noise fluctuations within
the background can introduce significant error into the interpolated spline. To solve this
issue, independent background subtraction was performed on each individual spectrum.
With the aide of the previously determined transmission spectra, the IR band positions
and frequency regions pertaining to the baseline were known. This was essential since the
IR absorbance band must be removed from the uncorrected PM-IRRAS data before
fitting the background. Next the remaining data points, corresponding to the spectral
background, were fit using either a 3rd, 4th or 5th order polynomial (Note: all spectra
within a specific region are corrected using the same polynomial). The resulting
polynomial was then subtracted from the uncorrected PM-IRRAAS spectrum to give the
baseline corrected PM-IRRAS spectrum.
The corrected PM-IRRAS spectra for weak absorbance consist of a significant
amount of noise (i.e. low S/N). This increase in spectral noise makes it difficult to
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deconvolute the spectral band into its individual vibrational components. To improve the
signal-to-noise of these spectra and improve the accuracy of the calculated transition two
different methods were explored. First, a Savitzky-Goulay filter function can be applied
to each individual spectrum. This function applies a local least-squares polynomial
function within a user-defined data point interval. The problem with Savitzky-Goulay
smoothing is that the shape of the spectrum can be dramatically altered by the degree of
smoothing and commonly result in spectral broadening. A better alternative, if there are
no observable changes in IR absorbance as a function of the electrode potential, is to
average all collected PM-IRRAS spectra.
The signal to noise for a given Fourier transform IR spectrum improves as a
function of √𝑛, where n is the number of spectral scans. Averaging 15 potentials
together, therefore, will result in an overall improvement in the S/N by a factor of 4 to 5.
This averaged spectrum does not result in a lowering in peak intensity or suffer from
spectral broadening as shown in the Savitzky-Goulay smoothing. The average spectrum
can therefore be used to estimate the average angle of the transition dipole moment with
respect to the surface normal.

5.3.11 IR Peak Identification: Second Derivative, Fourier Self-Deconvolution and TwoDimensional Correlation Spectroscopy
Many IR bands are composed of several overlapping peaks from different
molecular vibrations. An example of a typical amide I band is shown in the top panel of
Figure 5.9. In order to accurately deconvolute any IR band, the number of peaks and their
corresponding peak positions must first be determined. To assist with this band
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assignment, three different methods: second derivative, Fourier self-deconvolution and
two-dimensional correlation spectroscopy, which were previously discussed in Chapter 4,
were employed. The first method involved taking the second derivative, with the aid of
the OMNIC IR Software (Nicolet, Madison, WI, US), of the IR band where the local
minima denoted the peak centers of each IR vibration within the band.19, 20 The bottom
panel of Figure 5.9 shows an example of a second derivative spectrum for the amide I
band. The major limitation with this method is that the spectrum must not be too noisy or
undergo smoothing prior to applying the second derivative. This is due to the fact that
noise spikes will produce false peaks resulting in an overestimation of the number of
vibrational peaks within a spectral band. The second derivative method provides an initial
indication of the number of peaks, but requires additional support from other methods.19,
20

The precise number of peaks within an IR spectral region was also determined
using the Fourier self-deconvolution (FSD) method. FSDs in these experiments were
calculated using the spectral analysis package that is built into the Omnic software
(Nicolet, Madison, WI, US).21, 22 A triangular apodization function was applied to all of
the investigated spectra in this work. Both the bandwidth and enhancement factor were
optimized for each specific vibrational region to ensure that an accurate number of peaks
was resolved. An example of a typical FSD calculation is shown in the middle panel of
Figure 5.9. In that special case, some uncertainty and ambiguity arose when trying to use
the FSD calculation to determine the exact number of peaks for the amide I band. This
resulted from the fact that the amide I band is very broad and contained numerous
overlapping bands. Despite careful analysis, the number of bands remained subjective
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Figure 5.9: An example of the amide I stretching band at 1650 cm-1 (top) and the
corresponding Fourier self-deconvolution (middle) and second derivative (bottom)
calculations.
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and open for interpretation (i.e. 6, 7, or 8 peaks). Therefore, generalized two-dimensional
correlation spectroscopy (2D-COS) was used to improve confidence in the number of
peaks found within the amide I band.
The 2D-COS analysis was performed using the 2DShige software, which was
written by Shigeaki Morita at Kwansei-Gakuin University (program is available as a free
download at http://science.kwansei.ac.jp/~ozaki/NIR2DCorl_e.html). In the PM-IRRAS
experiments, the electrode potential was initially held at 360 mV vs. SCE and the first IR
spectrum was collected. This spectrum acted as the reference spectrum in the 2D-COS
analysis. As the electric field strength at the surface is altered, the adsorbed film is
perturbed, which consequently results in a change in the IR intensity. The PM-IRRAS
spectra at each potential can then be correlated to the reference spectra. An example of a
generated 2D-COS spectrum is shown in Figure 5.10. The autocorrelation peaks lie along
the bisector of the x- and y-axis. These autocorrelation peaks provide the initial peak
identification of the number of peaks and their corresponding positions. To further
analyse the spectra, the cross-peaks can also be used to reinforce the number and position
of the peaks as well as provide information about how the different IR stretching
vibrations relate to one another. When both the autocorrelation and cross-peaks are
positive, the 2D-COS spectrum suggests that the IR intensity of both peaks
increase/decrease together as the potential is stepped in the negative direction. In the case
where the autocorrelation peak is positive and the corresponding cross-peak is negative, it
suggests that stepping in the negative direction results in an increase in the IR intensity of
one peak and a decrease in the other. Therefore, 2D-COS provides further proof and
support for accurate peak position prior to spectral deconvolution.
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v1 / cm-1

v2 / cm-1
Figure 5.10: An example of a 2D-COS spectrum for the amide I stretching band at
1650 cm-1 resulting from a typical PM-IRRAS experiment.
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5.3.12 Spectral Deconvolution of IR Bands
After determining the number of peaks from the 2nd derivative, FSD and 2D-COS
methods, the complex IR bands were deconvoluted using the PeakFit software (Systat,
San Jose, CA, US). The peak shapes were determined from the local environment of the
stretching vibration according to the environment as previously described in Chapter 4. A
Lorentzian fit was always used to model homogeneous vibrational modes of the methyl
and methylene stretching vibrations. This was due to the fact that the acyl tails of the
adsorbed molecules are highly hydrophobic and do not undergo any hydrogen bonding
with the local environment. However, in the case of the polar functional groups, a mixed
Gaussian-Lorentzian (non-homogeneous) fit was applied in order to account for the fact
that the IR vibrations associated with the head groups would consist of a mixture of
hydrogen and non-hydrogen bonded vibrations.
When molecules are adsorbed to the gold (111) surface, they create a condensed
film where some regions are uniform and densely packed while others contain localized
defect sites. In the densely packed regions within the film, the interactions between water
molecules and the specific IR vibrations (i.e. C=O, P=O, S=O, etc.) of the head group are
hindered by neighbouring molecules. Therefore, a Lorentzian band shape will provide the
best fit. In contrast, defect sites within the adsorbed film are more exposed to the
surrounding water molecules and their IR bands consequently become more broadened
and shift to lower frequencies. These hydrated IR vibration peaks are better described by
a Gaussian fit. Therefore, the mixed fit is the most ideal model.
Once the band shape was selected, the Peak Fit program was used to perform a
least-squares algorithm to come up with the best fit for the peaks encased within the total
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IR band. These iterations were performed multiple times on the spectral region until a
satisfactory fit was attained, namely a low residual standard error (SSE) or coefficient of
determination (r2) close to a value of 1. The peak positions after fitting were compared to
the initial values that were calculated from the FSD. If these deviations were small (< 4
cm-1), the fit was considered to be good and the resulting fit was used to record the new
peak positions, the FWHM and integrated IR band intensities of that specific spectrum.
This deconvolution fitting procedure was used for all IR bands analyzed in this thesis.
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CHAPTER 6
INFRARED STUDIES OF THE POTENTIAL CONTROLLED ADSORPTION OF
SODIUM DODECYL SULFATE AT THE AU(111) ELECTRODE SURFACE

In the journal article “Langmuir 2012, 28, 2455-2464” located within the Appendix A of
this thesis, it was demonstrated that SNIFTIR spectroscopy is a powerful tool that
provides unique molecular-level information about orientation and conformation of
individual surfactant molecules within an adsorbed film. The orientation and
conformation information from the IR bands showed that the SDS alkyl tails were
disordered and in a melted state. The average dipole angles were found to be ~60o and
showed no potential dependence.1 The orientation of the sulfate head groups, on the other
hand, did change with the electrode potential where the angle of the transition dipole
moment at −250 mV was initially ~58o and gradually decreased to a minimum value of
~35

o

at the potential of zero charge (~200 mV vs. Ag/AgCl). As the polarity of the

electrode became more positive, the sulfate groups began to reorient to a value of ~55o at
potentials greater than 500 mV.1 The IR data from this work was combined with previous
AFM and electrochemical techniques to create a more realistic model of the structures of
the adsorbed SDS films on the surface of the gold (111) electrode. This data reinforced
the existence of a hemimicellar film structure when the molecules are adsorbed at
voltages between −250 ≤ E ≤ 450 mV. However, the average angle of the transition
dipole did not support the model for an interdigitated all-trans SDS film at E > 450 mV.
With the addition of the new data, the adsorbed SDS film can be better described by a
disorder, tilted bilayer.1 This work demonstrates the importance of combining several
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complementary analytical techniques to accurately characterize the adsorption behaviour
of surfactants at electrode-solution interfaces.

6.1

Summary and Discussion
Surfactant molecules find a wide range of applications in industrial,

environmental and biochemical processes, pharmaceuticals, food, medicine and
agriculture.2-6 Since the desired applications depend largely on the adsorption behaviour
of these molecules at a particular interface, it is important to gain a general understanding
about the mechanism of adsorption and structure of the adsorbed film. The difficulty with
studying surfactant species at a specific interface is that the adsorption occurs
spontaneously and must be controlled if one wants to measure the adsorption kinetics,
surface concentration and final structure of the adsorbed aggregate film.7-10 Previous
works have shown that the adsorption can be enhanced or inhibited by the overall surface
charge at the interface,11-14 therefore, electrochemistry provides an opportunity to regulate
the adsorption and desorption of surfactant molecules to the surface by simply altering
the applied voltage.

11-14

The only issue with traditional electrochemical methodologies

are that they lack molecular resolution, but this can be rectified by coupling these
techniques with IR spectroscopy.
Sodium dodecyl sulfate (SDS) has been widely studied in the literature9, 10, 15-17
making it an ideal candidate for studying the adsorption behaviour at the gold (111)
electrode surface using subtractively normalized interfacial Fourier transform infrared
reflection spectroscopy (SNIFTIRS). The re-crystallized SDS surfactant was dissolved in
a 0.1 M NaF electrolyte in either D2O or H2O depending on the IR region of interest to
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give a final concentration of ~ 5 mM.1 It should be noted that the critical micelle
concentration (cmc) for SDS in 0.1 M NaF was found to be 0.64 mM, which is well
below the final bulk concentration. This is important since the SNIFTIRS setup requires
the formation of a thin layer cavity. At the most positive potentials recorded, the surface
concentration is ~ 8.1 × 10−10 mol cm-2, which changes the bulk concentration by
approximately 0.04%. If the bulk concentration was close to the cmc value, then the
refractive index and scattering of the background media would change as a function of
the adsorption potential. This would create two issues when trying to subtract the
desorbed background spectra from the adsorbed state. First, the absorption of IR in the
bulk would be different at each potential and could lead to some background correction
issues and lead to various incorrect assumptions about the adsorbed film (e.g. SDS
molecules may appear to be desorbing from the gold surface at more positive potentials if
the orientation of the adsorbed molecules leads to a significantly lower absorbance value
than the bulk). Secondly, if the concentration is close to the cmc value then the refractive
index and scattering of the bulk solution within the thin cavity would be significantly
different at each adsorption potential, which can give rise to artifacts in the SNIFTIR
spectrum.
The SNIFTIRS results for the lipid tails display a drastic increase in IR
absorbance for potentials between −400 and −75 mV vs. Ag/AgCl (See Figure 7 B in
Appendix A). The intensity of the absorbance bands remains constant for potentials
ranging between -75 and 400 mV and then doubles as the potential is increased to 500
mV.1 The IR band intensity again reaches a constant state for the measured potentials <
500 mV. The IR band intensity exactly resemble previous charge density measurements
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obtained by Burgess et al.,13, 14 where the adsorption of SDS reaches two steady-states
between -150 to 400 mV and 500 to 650 mV vs. Ag/AgCl. From the positions and
intensities of the methylene symmetric, vs(CH2), and asymmetric , vas(CH2), stretching
bands, the physical state and average tilt angle of the methylene trans fragments of the
hydrophobic tails were measured.1 The alkyl chains are highly disordered with a
relatively high number of gauche conformations suggesting that the adsorbed film is in a
liquid-crystalline state for all measured potentials. In addition, the orientation of these
melted chains appears to be independent of the applied electrode potential with an
average tilt angle of 62o.1
In contrast, the IR vibrations that correspond to the dipole moments of the sulfate
head group along the axis of the SDS molecule [i.e. vas(SO4):1210, vs(SO4):1064 and
vs(SO4) :980], did in fact show signs of potential dependency. At initial adsorption
potentials, the sulfate head group is highly tilted (~70o), which agrees with the STM
images of the striped-like rows adsorbed on the gold surface at -250 mV.13 As the
potential is increased in the positive direction, the concentration of SDS molecules also
increases at the surface.1 The IR absorbance spectra suggest that the head group within
the film becomes more dense and ordered obtain a minimum angle of ~35o at the
potential of zero charge (pzc). When the voltage is further increased to more positive
values (i.e. above pzc), the sulfate group becomes more ordered as the peaks shift to
lower frequencies, however, the average angle increases to ~35

o

suggesting that the

overall structure of the film is becoming more disordered (See Figure 6 in Appendix A).1
The following work has demonstrated that SNIFTIRS can be used to collect
quantitative data about the structure of adsorbed surfactant films on the surface of an
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electrode. The IR data provides additional information pertaining to the structure,
conformation and orientation of individual molecules, which cannot be obtained using
traditional electrochemical methods and scanning probe microscopy. When combined
with these previous methodologies, these results implied that the original hemimicellar
model for the SDS film at potentials between −250 ≤ E ≤ 450 mV where five SDS
molecules with all-trans alkyl chains fanned out over 180o is not feasible.1,

14

Instead,

these chains are in a melted, liquid-crystalline state, which allows the sulfate group to
adopt a more energetically favourable angle of orientation to minimize the electrostatic
repulsion between neighbouring molecules. Furthermore, the large average angle of the
lipophilic tails (~60°) suggests that the film does not adopt a monolayer structure with all
tails directed at the metal and all polar heads directed to the solution. Therefore, the SDS
film is most likely a hemimicellar liquid-crystalline aggregate film.1
The SNIFTIRS data contradicts the previous model of an all-trans interdigitated
film at potentials > 450 mV. By combining the IR data with the previous electrochemical,
AFM, STM and neutron reflectivity measurements, the condensed film at more positive
potentials is better modeled by a disordered and tilted SDS bilayer with melted alkyl
chains.1 Previously, the bilayer was omitted due to the fact that the neutron data showed
that the thickness was only 20.5 Å, which is slightly larger than a single SDS molecule.14
With the addition of the IR data, the bilayer model appears more feasible since a bilayer
tilted at 60o would give rise to a thickness of ~17 Å.
It should be noted that multiple authors have contributed to the enclosed paper;
however, I performed all of the described experiments and data analysis techniques at the
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University of Guelph. In addition to the research, I also wrote the original draft of this
journal article.

6.2

Future Work
Recent surface-enhanced infrared absorption spectroscopy (SEIRAS) experiments

by Uchida et al. have shown that the structure of water at the electrode surface in the
presence of an adsorbed phospholipid film changes as a function of the surface charge.18
At potentials close to the pzc, the water near the electrode surface exists primarily as
hydration water and is associated with the polar head groups of the phospholipid film. 18
At intermediate charge densities, the water penetrates deeply into the film forming
multimers. At charge densities that are more negative than −20 μC cm-2, a liquid-like
water layer separates the film from the surface.18
The structure of this water layer may also play an important role in the adsorption
behaviour of surfactant molecules at the gold electrode surface. To gain a better
understanding of the association of water with the adsorbed surfactant films, SEIRAS
experiments can be employed. In the case of the hemimcellar film, it would be expected
that the water molecules would hydrogen bond with the sulfate head groups as the charge
density approaches the pzc. In the case of the condensed bilayer film, the large surface
charge may lead to the formation of a thin water cushion (~2 nm) beneath the condensed
film. The combined thickness of the tilted bilayer and water cushion is ~19 Å, which is
close to the thickness of 20.5 Å obtained in the previous neutron reflectivity experiments.
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The additional SEIRAS data can provide a more complete picture of the adsorption
behaviour of surfactant films at solid-solution interfaces.
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CHAPTER 7
ELECTROCHEMICAL AND PM-IRRAS CHARACTERIZATION OF CHOLERA
TOXIN BINDING AT A MODEL BIOLOGICAL MEMBRANE

In the attached journal article “Langmuir 2013, 29, 965-976”, which can be found within
the Appendix B of this thesis, it has been demonstrated that sBLMs are effective model
bilayer systems for studying the physical properties of extrinsic proteins. The in situ
electrochemical and PM-IRRAS measurements, applied in this study, provided a unique
opportunity to study dynamic cell membrane processes, such as the opening and closing
of the CTB pore, in natural, aqueous environments.1 With the aid of isotopically
substituted phospholipids, it was possible to separate the IR signatures of the individual
components of the model membrane and accurately measure the conformation and
orientation of the phospholipids and bound proteins. In this work, the average tilt angles
of the phospholipids molecules showed no potential dependence in the absence and
presence of CTB.1 Conversely, the five α-helices located within the central pore of the
CTB protein were voltage-dependent and the transition between closed and opened states
occurred at potentials ranging between −400 ≤ E ≤ 0 mV. The tilt angle of the helices was
calculated to be ~35o with respect to the surface normal in the closed state (i.e. more
negative than −400 mV) and ~19o when the CTB central pore was opened (i.e. more
positive than 0 mV). The opening and closing of the CTB helical pore may explain how
the cholera toxin subunit is able to infect the host cell.1
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7.1

Summary and Discussion
Cell membranes are complex matrices of phospholipids, proteins, glycoproteins,

lipopolysaccharides, and sterols that act as barriers between the internal and external
environments of the cells. Many biological reactions, such as protein translocation, ion
transport, cellular regulation, etc., occur at the surface of the membrane, but
understanding these biochemical processes can be extremely difficult due to the
complexity of the bilayer.2,

3

Solid-supported bilayer lipid membranes (sBLMs) have

become popular as a means of mimicking these natural cell membranes. These simplified
bilayer systems not only provide increased membrane stability, but also allow for the
application of surface sensitive techniques capable of providing molecular-level
resolution.
It is well-known that the cholera toxin protein binds to GM1-rich membrane
domains. However, the cellular infection remains a mystery as there is still debate on how
this bulky toxin protein is able to translocate across the membrane.4 To gain a better
understanding on how the binding of cholera affects both the structure of the membrane
and protein itself, the cholera toxin B (CTB) protein was studied via PM-IRRAS using a
well-defined DMPC/Chol/GM1 bilayer adsorbed to the surface of a gold (111) electrode.5
Previous studies by Brosseau et al. showed that bilayers of poorer quality are formed
when GM1 resides within the leaflet exposed to the metal surface. Therefore, all of the
sBLMs were prepared using a combination of Langmuir-Blodgett and LangmuirSchaefer depositions to ensure that GM1 molecules were only present in the aqueous
(extracellular) leaflet of the bilayer.5
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Two different membrane systems, DMPC/Chol and DMPC/Chol/GM1, were
incubated with CTB to test the selectivity of binding. The electrochemical and PMIRRAS measurements showed that CTB can physisorb onto the surface of the bilayer in
the absence of GM1; however, the amount of protein detected on the bilayer surface was
less than ten times that of bilayers consisting of GM1 (10%) in the outer leaflet. This
finding is significant as it confirms that the PM-IRRAS spectra, presented in the
Appendix B, is measuring only CTB proteins that are bound to the specific GM1 sites,
especially if one considers that there would be less available sites for random
physisorption once a CTB layer begins to form on the surface (See Figures 1 and SI 5 in
Appendix B).1, 5
Deuterated DMPC phospholipids were used to measure the effect of CTB binding
on the structure of the bilayer. The PM-IRRAS spectra showed no observable differences
in the membrane state (i.e. both membranes were in a liquid-crystalline state) in the
absence and presence of CTB and both bilayers showed no potential dependence.
However, a ~15o increase in the average tilt angle of the phospholipid tails embedded
within the bilayer was observed when CTB was bound to the outer leaflet of the model
bilayer. This implies that the model membrane was becoming more disordered despite
the fact there were no observable changes in state (See Figure 4 in Appendix B).1 This
increased disorder cannot be attributed to the creation of defects within the film since the
membrane capacitance remained unchanged. This may suggest that CTB binding forms
lipid rafts within the upper leaflet, which is in agreement with Lencer et al.1, 4 In addition,
the IR absorbance of the C=O was used to monitor the relative hydration of the bilayer.
In the absence of CTB, the phospholipid head group are hydrogen bonded with water
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molecules at potentials greater than −600 mV and then become less hydrated at more
negative potentials when the bilayer is lifted from the surface by a thin water cushion at
the electrode surface (See Figure 6 B in Appendix B).1 In the presence of CTB, the
phospholipid head groups appear to be at a non-hydrated state for all electrode potentials.
This suggests the binding of CTB isolates the surface of the bilayer from the external
aqueous media and restricts hydrogen bonding between neighbouring DMPC head groups
with water (i.e. the CTB bilayers appear less hydrated). This data proves that the entire
membrane surface is covered by a thick, uniform protein film. In addition, the lack of
hydration is further evidence that the binding of cholera toxin to the membrane surface
results in the formation of lipid rafts.
The IR intensity of the amide I stretching vibration was used to monitor changes
in the bound-CTB protein as a function of the electrode potential. The amide I region
contains information about the secondary structure of the protein and x-ray
crystallography measurements have shown that the central pore consists of five α-helices.
Unlike the phospholipid bilayer, the orientation of the α-helices was dependent on the
electrode potential. At potentials more negative than −400 mV, the tilt angle of the αhelices was ~35o. When the potential was increased between −400 ≤ E ≤ 0 mV, the tilt
angles of the helices began to decrease gradually and reached a minimum value of ~19o
where it then remains constant for the more positive potentials (See Figure 10 A in
Appendix B).1 This change in orientation can be attributed to the voltage-gated opening
and closing of the CTB pore. From x-ray crystallography, it is known that the minimum
pore radius of the CTB channel in the closed state is 1.1 nm.6 From geometric
calculations, a 15o decrease in tilt angle would equate to an increase of ~1.6 nm in pore
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radius. According to Krasilnikov et al., a minimum pore radius of 2.1 nm is required to
allow for translocation of cholera toxin A (CTA) subunit through the central pore of the
CTB subunit.7 Therefore, the PM-IRRAS data supports the proposed mechanism of the
voltage-gated opening and translocation of CTA through the CTB pore.
This work was initially investigated by Prof. Christa Brosseau during her Ph.D. at
the University of Guelph. Unfortunately, a few errors and inconsistencies were
discovered in the original data set. To correct these issues, I performed new transmission
IR experiment to extract the optical constants for the CTB protein as well as three
additional PM-IRRAS experiments for the deuterated methylene stretching region and
two additional PM-IRRAS experiments for the amide I region of cholera toxin B for
statistical validation. In addition to these experiments, I completed all data analysis
pertaining to the IR experiments performed in this work and contributed to the writing of
the first draft of this journal.

7.2

Future Work
Many human diseases, such as Alzheimer’s, neurodegenerative disorders and

systemic amyloidosis, are associated with the aggregation of peripheral proteins on the
surface of cellular membranes. Under specific conditions, these peptides or proteins
transform from their soluble forms into highly ordered fibrillar aggregates.8, 9 In order to
learn more about the development of these diseases, molecular level information about
the structure and mechanism of fibril formation is required.

200

sBLM models, with a desired phospholipid composition, can be designed on the
surface of an electrode using Langmuir-Blodgett and Langmuir-Schaefer depositions.
The soluble proteins responsible for these diseases can be added to the electrolyte and
charge density measurements can be used to monitor the adsorption kinetics under an
applied electric field. Once the kinetics of adsorption for the system is well-characterized,
PM-IRRAS can be used to monitor the structure of the adsorbed protein at the bilayer
surface. The IR absorbance of the amide I region for the soluble protein and fibril
structure should appear differently due to differences in their hydrogen bonding network.
PM-IRRAS can therefore provide insight into whether these soluble proteins form fibrils
before or after binding to the surface of the model membrane. Finally, the structure and
orientation of bound fibril proteins with respect to the electric field across the bilayer can
be elucidated and may provide insight into why these structures aggregate on the surface
and how this adsorption can be inhibited.
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CHAPTER 8
IN SITU PM-IRRAS STUDIES OF AN ARCHAEA ANALOG THIOLIPID
ASSEMBLED ON A AU(111) ELECTRODE SURFACE

In the appended journal article “Langmuir 2009, 25, 10354-10363”, the structure of selfassembled DPTL monolayers chemisorbed to the surface of the gold electrode is given in
more detail.1 The PM-IRRAS measurements provided molecular level detail about the
DPTL SAM, which was used to quantitatively measure average orientation, conformation
and hydration of the DPTL molecules under a changing electric field.1 Our results
indicate that densely packed DPTL monolayers do not allow for the incorporation of a
water-rich cushion separating the biomimetic membrane from the metal surface
suggesting that alternative tethering methods need to be explored.1

8.1

Summary and Discussion
Previous sBLM bilayer models are good model systems for studying extrinsic

proteins, however, physical contact between the bilayer and electrode surface causes a
significant decrease in the mobility of phospholipids in the lower leaflet, which may alter
the behaviour of membrane-protein interactions. Furthermore, many proteins denature
when in contact with solid supports resulting in a major change in the natural structure
and loss of function. To solve this issue, tethered bilayer lipid membranes (tBLMs) can
be designed as model membranes to provide separation between the electrode surface and
the bilayer creating an aqueous environment on both sides of the membrane.
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Before the tethered bilayers can be constructed, the tethering molecule
responsible for creating this separation needs to be characterized. In this work, we
examined the structure, orientation and stability of a novel tethering lipid referred to as
2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-DL-α-lipoic acid ester (DPTL). In
previous work by Kunze et al., it was shown that DPTL can form highly reproducible
uniform, defect-free self-assembled monolayers (SAMs).2 However, the electrochemical
measurements provided no information in terms of the structure and orientation of the
molecules within the film. In addition, the hydration of the tetraethylene glycol (TEG)
spacer region is important for establishing an aqueous reservoir between the bilayer and
electrode surface in order to create a more natural environment for the incorporation and
investigation of transmembrane protein channels.1 To learn more about the physical
properties of the chemisorbed DPTL SAM, PM-IRRAS measurements were employed.
In order to separate the IR absorbance bands of the methylene symmetric,
vs(CH2), and asymmetric, vas(CH2), stretching region from the hydrophobic isoprenoid
tails and TEG spacer unit, a newly synthesized DPTd16L molecule with deuterium
substituted ethylene glycol units was used in the PM-IRRAS experiments.1 Charge
density and differential capacitance measurements showed that the DPTd16L molecule
had very similar properties to DPTL suggesting that deuteration of the TEG subunit had
no significant effect on the formation of the SAM (See Figure 2 in Appendix C).1 The
methylene stretching region was used to monitor the angle of the phytanyl tails as a
function of the electrode potential. The vas(CH2) and vas(CH3) stretching vibrations of the
DPTL molecule showed significant IR band overlap (See Figure 3 B in Appendix C)
making it difficult to accurately measure the average angles of the transition dipole
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moments.1 Therefore, the vs(CH2) and vs(CH3) vibrations were used to determine the
orientation of the phytanyl tails. The calculated tilt angles of the lipid chains, with respect
to the surface normal, were found to be 29 ± 5o and 25 ± 5o for the vs(CH2) and vs(CH3)
vibrations, respectively and showed no potential dependence (See Figure 5 in Appendix
C).1 This finding is in good agreement with previous alkanethiol studies, which have
shown that long chained alkanethiols adopt a tilt angle of ~30o when self-assembled onto
gold surfaces.3, 4 Furthermore, the voltage independence of the hydrophobic chains is also
a desirable trait since changes in the orientation of future transmembrane proteins will not
be influenced by the self-assembled film.1
The vs(CD2) and vas(CD2) vibrations were also used to determine the orientation
of the TEG spacer unit. The angle of the transition dipole moment with respect to the
surface normal was 74 ± 5o.1 This roughly translates to a tilt angle of ~16o suggesting that
the TEG spacer unit stands vertically on top of the surface as desired. One troubling
aspect was the fact that the peak positions of the vs(CD2) and vas(CD2) vibrations
coincided with helically coiled polyethylene glycol molecules.1 This implies that TEG
spacer is not in the desirable all-trans configuration. The C-O stretching vibrations of the
tether region showed similar results.1 The positions of these bands suggest that the TEG
units are in a coiled and disordered state. This implies that the tether molecule provides
less separation between the surface and the bilayer than expected. The C=O vibrations
provide information about the hydration of the lipoic acid group.1 The C=O band
suggested that the lipoic acid was poorly hydrated at all potentials and reaches a
maximum hydration at −600 mV before the molecule is lifted from the gold electrode
surface.1 This finding agrees with the desorption model proposed by Kunze et al. When
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the electrode is covered by a DPTL SAM, less energy can be stored at the interface than
when it is covered by water molecules. This energy loss favours the displacement of
DPTL by water molecules and assists in the reductive desorption of the DPTL molecule.2
The IR spectra of the DPTL and DPTd16L made it possible to individually
characterize the properties of the phytanyl chains, tetraethylene spacer and lipoic acid
head group. Electrochemical measurements demonstrate that the DPTL SAM is
extremely robust and stable over a wide range of potentials. The orientation of the
phytanyl chains does not change even upon desorption of the monolayer, which suggests
that these molecules likely remain as a laminar film in a close proximity to the electrode
surface.1 The angle between the transition dipole moment of the vs(CD2) and vas(CD2)
stretching vibrations indicate that the TEG is standing in a vertically upright position on
the electrode surface.1 The IR band positions for the vs(CD2), vas(CD2) and C-O stretching
modes, on the other hand, suggest that the TEG is coiled and in a disordered state
reducing the separation distance between the model membrane and the electrode surface.
In addition, the coiling of the TEG residues forces the polar oxygen atoms into the central
core of the helix and the non-polar methylene groups to the exterior causing the spacer
region to become more hydrophobic in nature, which is energetically unfavourable for
the formation of an aqueous reservoir between the model membrane and electrode
surface. The finding is confirmed by the C=O stretching vibration, which shows that the
ester group on the lipoic acid residue is not well-hydrated.1 This finding contradicts the
original idea that densely packed DPTL monolayers are suitable for building tBLMs that
mimic natural cellular environments.
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This work was initiated by Dr. Julia Kunze during her postdoctoral stay at the
University of Guelph. My personal contributions to this work included the following: i) I
performed all experiments involving the deuterated DPTL (DPTd16L) molecule, ii) I had
to repeat some of the previous transmission IR and PM-IRRAS measurements for DPTL
molecule, iii) I performed all of the data analysis in the published paper and supporting
information and iv) I contributed to the first draft of this publication.

8.2

Future Work
More realistic model membrane systems are necessary to gain a better

understanding of the kinetic and physical properties of transmembrane protein channels.
Tethered bilayer lipid membranes provide a unique opportunity to create highly stable
biomembranes, which more closely resemble those in nature, on the surface of a solid
support. The advantage to tBLM systems over other designs is that they lend themselves
available to surface sensitive techniques.
This work has shown that densely packed DPTL SAM are not ideal for producing
tBLM with the desired characteristics due to the coiling of the tetraethylene glycol
spacer. The coiling of the TEG unit minimizes the separation between the membrane and
electrode surface, which may not be sufficient for transmembrane protein channel
incorporation. To overcome this first concern, a DPTL analog, known as 2,3-di-Ophytanyl-sn-glycerol-1-octaethylene glycol-DL-α-lipoic acid ester (DPOL), can be
substituted as the tethering molecule. In this particular molecule, the number of ethylene
glycol residues has been doubled. This would increase the total length of the spacer
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region and should provide sufficient separation to allow for the incorporation of
transmembrane proteins even if the TEG subunits reside in a coiled state.
The hydration issue is most likely a result of the densely packed monolayer on the
electrode surface. To lower the density and promote water incorporation, mixed SAM,
where an x amount of DPOL is mixed with a y amount of a short hydrophilic thiol
molecule, can be used to deposit the SAM onto the surface of the gold electrode. PMIRRAS can then be used to characterize the properties of this new possible tethering
monolayer. If this new design has more desirable trait, then the bilayer containing the
transmembrane protein can be assembled via vesicle fusion or a combination of LB-LS
depositions.
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CHAPTER 9
GENERAL SUMMARY AND CONCLUSIONS

Surface sensitive spectroelectrochemistry is a powerful tool that can be used to
monitor the adsorption kinetics and structure of both soluble and insoluble molecular
films. The solubility of the adsorbate dictates whether SNIFTIRS or PM-IRRAS should
be employed to study the physical properties of the adsorbed film.
For soluble molecules, like surfactants, amino acids, and other polar molecules,
SNIFTIRS is typically the method of choice. The success of SNIFTIRS experiments
relies on the reversible adsorption and desorption of the analyte molecule by altering the
electric field in order to accurately eliminate the IR absorbance by solvent species.
Traditionally, SNIFTIRS was only semi-quantitative since the collected spectra
contained IR contributions from the molecules adsorbed on the electrode surface and
desorbed in the thin layer cavity. In this study, it has been shown that the IR contribution
from the changing concentration in the thin layer cavity can be removed from the
SNIFTIR spectra by first calculating the theoretical absorbance of desorbed species. By
subtracting the SNIFTIR spectrum from the calculated absorbance spectrum for the
desorbed species, the IR absorbance spectrum for the adsorbed film can be extracted. In
recent years, Su et al. demonstrated that the absorbance of the desorbed species can be
experimentally removed from the SNIFTIRS spectrum by changing the polarization of
the incident radiation.1 In both cases, the resulting IR absorbance spectrum can be used
to quantitatively determine the orientation and conformation of the adsorbed film.
For insoluble lipid films, PM-IRRAS must be applied to accurately characterize
the structure of the adsorbed film. This highly sensitive technique is capable of
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measuring monolayer films with a thickness of a few nanometers. The major limitation
with the PM-IRRAS technique is that the film must first be deposited onto the electrode
surface prior to spectral collection. This can be accomplished via self-assembly, vesicle
fusion, Langmuir-Blodgett and/or Langmuir-Schaefer depositions or with a combination
of these methodologies.2-10 Once the film is successfully deposited on the electrode
surface, the IR spectrum of the background species is collected using s-polarized
radiation while the absorbance spectrum of both the background and surface species is
obtained using p-polarized radiation. By taking the difference between these two spectra,
the PM-IRRAS spectrum can be used to determine the orientation, conformation and
hydration of the adsorbed film.3, 4, 8, 10-13
It should be noted that the spectroelectrochemical spectra provides molecular
level information, however, the final structure of the adsorbed film cannot be procured
from this data alone. In order to accurately model the overall structure of the film, the
quantitative IR data must be combined with additional information from other surface
sensitive techniques. In addition to the work presented in the publications within this
thesis, previous AFM, STM and/or neutron reflectivity experiments have also been
performed on the SDS, DMPC/Chol/GM1 and DPTL films.14-19 These measurements
provided information about the lateral roughness and thickness of the adsorbed films as
well as the structural integrity and uniformity of the film. These techniques have superior
vertical resolution, but they lack sensitivity in the lateral direction. Consequently it is
difficult to differentiate between monolayers, tilted interdigitated films and highly tilted
or disordered bilayers as demonstrated in the SDS work.20
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In conclusion, the complete description of adsorbed organic films on solid
substrates requires the combination of several complementary techniques in order to
accurately model the overall structure. Most surface sensitive techniques provide
information about the film; however, they typically lack lateral resolution. Conversely,
electrochemical IRRAS measurements provide molecular level resolution and offer a
unique opportunity to monitor the average orientation, state, conformation and hydration
of the individual molecules at the solid-solution interface, which has been demonstrated
in this thesis by the work on the adsorbed SDS, DMPC/GM1/Chol/CTB and DPTL
films. In addition, spectroelectrochemistry is a non-destructive technique making it ideal
for studying structural and conformational changes in a wide variety of organic films.
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ABSTRACT: Quantitative subtractively normalized interfacial
Fourier transform infrared reflection spectroscopy (SNIFTIRS) was used to determine the conformation and
orientation of sodium dodecyl sulfate (SDS) molecules
adsorbed at the single crystal Au(111) surface. The SDS
molecules form a hemimicellar/hemicylindrical (phase I)
structure for the range of potentials between −200 ≤ E <
450 mV and condensed (phase II) film for electrode potentials
≥500 mV vs Ag/AgCl. The SNIFTIRS measurements indicate
that the alkyl chains within the two adsorbed states of SDS film are in the liquid-crystalline state rather than the gel state.
However, the sulfate headgroup is in an oriented state in phase I and is disordered in phase II. The newly acquired SNIFTIR
spectroscopy measurements were coupled with previous electrochemical, atomic force microscopy, and neutron reflectivity data
to improve the current existing models of the SDS film adsorbed on the Au(111) surface. The IR data support the existence of a
hemicylindrical film for SDS molecules adsorbed at the Au(111) surface in phase I and suggest that the structure of the
condensed film in phase II can be more accurately modeled by a disordered bilayer.

■

(AFM), and neutron reflectivity.18,19 A stripe-like structured
film with a thickness of 14.6 Å was observed for phase I, and a
condensed, liquid-like film with a thickness of 20.5 Å was
observed for phase II. Based on the thickness and imaging data,
the films for phase I and II were modeled using a hemimicellar/
hemicylindrical and all-trans interdigitated film.18,19 However,
other possible models can also be used to fit these data;
therefore, molecular information is required to confirm the
validity of these models.
Infrared and Raman scattering measurements have been
employed to examine the structure of the SDS aggregates and
films in dried and aqueous states.20,21 The Raman scattering
studies by Picquart20 showed that the gel to liquid crystalline
state transition occurs at ∼17 °C. This was confirmed by IR
experiments by Holler and Callis21 which demonstrated that
the alkyl chains of the SDS molecules in the micellar aggregates
are melted and disordered at room temperature. Several studies
have been published in which IR attenuated total reflection
(ATR) spectroscopy has been used to study SDS adsorption on
the surface of thin oxide films deposited onto the surface of an

INTRODUCTION
Surfactant molecules are capable of aggregating at the solid−
liquid interface and find numerous applications as detergents,1,2
corrosion inhibitors, ore flotation,3−9 and capping agents for
nanoparticles (e.g., ferrofluids, quantum dots, etc.).10,11 Therefore, understanding the behavior of the adsorption process and
structure of the adsorbed film is essential for improving its
function. Recent works have shown that surfactants can
assemble into a wide variety of structures, which include
monolayers, bilayers, interdigitated layers, hemicylinders, hemimicellar, cylinders, and micelles.12−17 The structure of the
adsorbed film depends on the size and charge of the headgroup
as well as the length of the hydrophobic tail and can also be
influenced by the strength of the electric field at the surface.17
Previous work by Burgess et al.18,19 showed that the
aggregation of sodium dodecyl sulfate (SDS) molecules at the
Au(111)−solution interface can be controlled by altering the
potential of the electrode. Charge density measurements
showed that the initial adsorption of SDS occurred at −250
mV vs Ag/AgCl followed by two distinct adsorption states
where phase I occurred for −200 ≤ E < 450 mV vs Ag/AgCl
and phase II occurred for E > 500 mV vs Ag/AgCl.17 The
structure of these films was then examined using scanning
tunneling microscopy (STM), atomic force microscopy
© 2011 American Chemical Society
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ATR element. Bai et al.22 used ATR spectroscopy to examine
the adsorption of SDS micelles on hematite particulate films.
Dobson et al.23 investigated SDS adsorption on TiO2, ZrO2,
Al2O3, and Ta2O5 particles. Sperline et al.24 applied ATR to
study SDS adsorption at alumina surfaces. These studies
demonstrated that alkyl chains of adsorbed SDS are partially
disordered and that the sulfate headgroup are bound to the
oxide surface.
The objective of this work was to apply subtractively
normalized interfacial Fourier transformed infrared reflection
spectroscopy (SNIFTIRS) to determine the orientation and
conformation of SDS molecules adsorbed at the Au(111)
electrode surface. The IR spectra were used to independently
determine the conformation and orientation of the anionic
sulfate headgroup and that of the hydrophobic tails. The new
information concerning the orientation of the SDS molecule
with respect to the electrode surface and the conformation of
its hydrocarbon tail will be used to improve the currently
accepted models for adsorbed SDS films. In addition,
SNIFTIRS measures differential spectra (difference between
IR spectra of SDS molecules at two selected potentials), and
quantitative interpretation of such spectra is difficult. In fact, we
made the first attempt to apply SNIFTIRS to study adsorption
of SDS at the gold electrode surface about 10 years ago.
However, interpretation of the differential spectra acquired at
that time was difficult, and we refrained from publication of
these data. Here, we apply a new method developed in this
laboratory to calculate the IR spectra of SDS molecules
adsorbed at the gold electrode surface from the measured
differential spectra that are recorded using SNIFTIRS.25
Improvements to the optics, data acquisition, and quantitative
data analysis are also described in this work. The new data are
presented in the text below, but the comparison of old and new
results is described in section SI1 of the Supporting
Information. The methodology described in this work is
general and can be applied to study adsorption of other
surfactants at electrified interfaces.

■

electrochemical IR cell. This SDS concentration was selected to ensure
that the amount of SDS in the thin layer cavity (a few micrometer
thick layer of solution contained between the gold electrode and ZnSe
window) was sufficiently high to allow for complete coverage of the
electrode surface while maintaining equilibrium between the adsorbed
film and SDS in the solution within the thin layer. Note: the critical
micelle concentration (cmc) for SDS in this particular electrolyte was
determined to be 0.64 mM (data are presented in section SI2 in the
Supporting Information).
A large single crystal gold (111) electrode (0.91 cm in diameter),
prepared according to the procedure presented in ref 25, was used as
the working electrode for all SNIFTIRS measurements. The working
electrode was flame-annealed with a Bunsen burner, air-dried, and
cooled under the plume of the flame before it was mounted into the
electrochemical IR cell. A saturated Ag/AgCl (saturated KCl, +197
mV vs SHE) reference electrode was used for all IR measurements.
The SDS solution was then deaerated with argon for ∼1 h to remove
oxygen from the solution.
The mirrors of the IR system were aligned in such a manner to
ensure that a collimated beam (±1°) at angle of 30 ± 2° with respect
to the surface normal was incident onto the gold electrode. The gold
electrode was approached to the ZnSe window to form a thin layer
configuration (thin layer cavity) where the solution entrapped between
the two elements of the spectro-electrochemical cell was only a few
micrometers thick. The thickness of the thin layer cavity was optimized
to give the maximum mean-squared electric field strength (MSEFS)
using optical constants for a model system consisting of three
homogeneous, parallel phases (ZnSe/solvent/Au) and custom
software that solved Fresnel equations using the optical matrix
method.25 The experimental thin layer cavity thicknesses and
corresponding angles of incidence for the 2900, 1200, and 1000
cm−1 IR absorbance regions were then determined by fitting the
experimental reflectivity spectrum, which is attenuated by the solvent
layer between the gold electrode and ZnSe window, to a reflectivity
curve that is generated from the optical constants using the
experimental parameters as previously described in ref 25. The
resulting fit is presented in section SI3 of the Supporting Information.
Data Collection and Spectral Processing. All in situ SNIFTIRS
experiments were carried out on a Nicolet 20DXC FTIR spectrometer
(Nicolet, Madison, WI) equipped with a liquid-nitrogen-cooled MCTB detector. The FTIR sample compartment and interferometer were
purged throughout the experiment using CO2- and H2O-free air,
which was provided by a Puregas heatless dryer (Whatman,
Piscataway, NJ). A gold wire grid polarizer (Harrick, Pleasantville,
NY) was used to create a p-polarization state of the incident beam.
The spectra were acquired using an Omnic macro and digital-to-analog
converter (Omega, Stamford, CT) to control the potential on the PAR
173 potentiostat (EG&G, Princeton, NJ). The spectra were collected
at a resolution of 4 cm−1 using the SNIFTIRS procedure described in
ref 25. To minimize the effects of instrumental drifts in the acquired
spectra, 100 scans (∼45 s) were recorded at a desorption potential of
Edes = −700 mV versus the Ag/AgCl reference electrode. The
electrode potential was then stepped to the desired adsorption
potential (Eads) for 15 s before recording 100 scans at this potential.
The electrode potential was then stepped back to the desorption
potential and another 15 s elapsed before collecting the desorption
spectra. This sequence was performed 40 times at each adsorption
potential to ensure that a total of 4000 scans (i.e., 40 × 100 scans)
were recorded to improve signal-to-noise. The selected adsorption
potentials for these experiments were scanned in the anodic direction
starting at −500 mV and finishing at 650 mV.
The SNIFTIR spectra were recorded as the change in reflectivity
between the desorption potential and the selected adsorption
potential, which is proportional to the change in the IR absorbance
ΔA due to the adsorption of SDS molecules on the gold surface, as
described by the equation25

EXPERIMENTAL SECTION

Reagents. All aqueous electrolyte solutions were prepared using a
Milli-Q UV-Plus (Ω ≥ 18.2 MΩ·cm) water system (Millipore,
Bedford, MA) or deuterated water (Cambridge Isotope Laboratories,
Andover, MA). Suprapur sodium fluoride (EM Industries, Hawthorne,
NY) was cleaned in an UV-ozone chamber (Jelight, Irvine, CA) for 25
min prior to use. Sodium dodecyl sulfate (SDS), 99% purity (Fluka, St.
Gallen, CH), was obtained commercially and twice filtered and
recrystallized from ethanol to remove impurities and degradation
products.
Solution Preparation and in Situ SNIFTIRS Experimental
Setup. All glassware was cleaned in hot mixed acid (1 part HNO3: 3
parts H2SO4) and rinsed thoroughly with ultrapure Milli-Q water. The
glass electrochemical IR cell, equipped with a Pt foil counter
electrode,25 was then soaked in Milli-Q water overnight and rinsed
again on the following day. The cell was then dried in an oven at 130
°C for at least 4 h. A 1 in. diameter ZnSe hemispherical IR prism
(Janos Technology, Townshend, VT) was rinsed with methanol and
ultrapure Milli-Q water and then cleaned in the ozone chamber for 25
min prior to the assembly of the spectroelectrochemical setup. The
electrochemical IR cell, equipped with the ZnSe prism, was mounted
onto the IR bench and purged with argon (Linde Canada, Guelph,
ON, CA) for at least 1 h in order to remove any residual water
moisture before the collection of the dry spectrum.
The recrystallized SDS powder was dissolved in a 0.1 M NaF
electrolyte in H2O or D2O depending on the IR region of interest to
give a final SDS concentration of ∼5.0 mM and added to the empty
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the C−H stretching region for four separate experiments before and
after the normalization of the MSEFS. The relative standard deviation
for the intensity of the vs(CH2) peaks, which shows a larger spread of
the normalized spectra, was 9.8%, whereas in the case of the sulfate
region the relative standard deviation was ∼9%. This corresponds to
an uncertainty of <4° for the angle between the direction of the
transition dipole moment and the surface normal.
To limit the systematic error that could be introduced by the
function used to fit the IR adsorption bands, the same function was
used to fit both the Aexp and Acal spectra for each characteristic region.
A mixed Gaussian−Lorentzian fit was used for the vibrations
corresponding to the sulfate headgroup to account for inhomogeneous
band broadening caused by the formation of hydrogen bonds due to
solvation. In contrast, a pure Lorentzian fit was used for the region
pertaining to the alkyl chains since band broadening in this spectral
region is homogeneous and results primarily from collisions between
molecules. To check the error in the peak fitting procedure, the same
spectrum was deconvoluted and the angle of the transition dipole
moment, θ, was determined from the integrated band intensity. This
was repeated several times at a particular potential to determine the
average value for the angle between the surface normal and transition
dipole and the surface normal. The error introduced into the value of θ
by the peak fitting procedure was found to be less than 2°.
The procedure used to calculate the thickness of the thin cavity
between the ZnSe prism and the gold electrode has an error of ±0.2
μm. As a result of this error, the intensity of the IR absorption bands
for the SDS spectrum calculated from optical constants will have an
uncertainty of less than 1%, which results in a negligible error in the
calculated angle between the transition dipole moment and the surface
normal for the various functional groups. Therefore, our conservative
estimate for the overall error in the calculation of the angle of the
transition dipole moments with respect to the surface normal for each
functional group is ∼6°.
Direction of the Transition Dipole Moments for the IR
Stretching Vibrations for the Hydrocarbon Tail and Sulfate
Headgroup of SDS. To assist in the explanation of the data analysis,
models of the direction of the dipole moments for the various
functional groups within an SDS molecule are displayed in Figure 1.

≈ 2.3Γ[ε(Edes) − ε(Eads)]
= 2.3ΔA

(1)

where Γ is the surface concentration of the adsorbed species, and
ε(Edes) and ε(Eads) are the molar absorptivity coefficients of SDS in the
completely desorbed and adsorbed states, respectively.
The integrated intensities of the IR absorption bands of the
molecules adsorbed on a reflective metal surface are proportional to
the square of the dot product of the transition dipole moment, μ, and
the electric field, E, of the photon interacting with the film:25

∫ Aexpdv ̅ ∝ |μ·E|2 ∝ |μ|2⟨E2⟩ cos2 θ

(2)

where θ is the angle between the surface normal and the direction of
the transition dipole for p-polarized light and ⟨E2⟩ is the mean-square
electric field strength of the photon. Upon reflection, the resulting
electric field strength for p-polarized IR radiation is normal to the
metal surface.25 Therefore, the orientation of the molecules within an
adsorbed film can be determined if the direction of the transition
dipole moment for a specific vibration can be related to the geometry
of the molecule. For randomly oriented molecules, the angle of the
transition dipole moment is equal to the magic angle (54.7°). This
knowledge can be used to determine the direction of the transition
dipole moment of the adsorbed species at the electrode−solution by
calculating the IR spectrum for a randomly oriented film from
isotropic optical constants using the optical matrix method and
applying the following relationship:25−27

cos2 θ
2

cos 54.7

=

∫ Aexpdv ̅
∫ Acal dv ̅

(3)

where Aexp and Acal are the measured and calculated absorbance for the
SDS film on the gold electrode surface and cos2(54.7) ≈ 1/3. The
direction of the transition dipole moment, obtained from eq 3, can
then be used to determine the orientation of the molecules in the
adsorbed film by relating it to the molecular geometry. Throughout
the SNIFTIRS experiment, it is assumed that the static electric field at
the gold surface does not alter the absolute magnitude of the transition
dipole moment. Therefore, changes in the integrated absorbance
intensities can be attributed to a reorientation in the molecular species
adsorbed at the surface.
The calculation of Acal assumes a four-layer model, which
sequentially consists of a ZnSe prism, an aqueous electrolyte (H2O
or D2O), a thin SDS film, and a gold electrode. The thickness of the
adsorbed film, h, changes with the electrode potential and must be
calculated at each potential step using the equation

h=Γ

M
ρ

(4)

where Γ is the SDS surface concentration, which was obtained from ref
18, ρ is the density, and M is the molecular weight. The optical
constants for ZnSe and gold were obtained from ref 28, and those for
H2O or D2O were taken from ref 29. The optical constants for SDS
were determined from IR transmission spectra in both H2O and D2O
and are reported in the Supporting Information in section SI4. H2O
was selected for the SDS bands at 1200 cm−1 due to the strong IR
absorbance of the D2O bending vibration, while D2O was selected for
the bands located at 2900 and 1000 cm−1 to provide greater IR
throughput.
To improve the signal-to-noise ratio for the SNIFTIR spectra and
minimize the errors in the peak fitting procedure, multiple experiments
were averaged before determining the direction of the transition dipole
moment. However, since the MSEFS for each separate experiment was
different due to slight changes in the incidence angle and thin cavity
thickness, the MSEFS for each experiment was normalized before
averaging the spectra. Figure SI5 of the Supporting Information shows

Figure 1. Models showing the directions of the transition dipole
moments for the various functional groups found within a single SDS
molecule.
For the C−H stretching region of the alkyl chains, the direction of the
transition dipole moment for the vas(CH2), vs(CH2) vs(CH3), and
vas(CH3) were determined from refs 30 and 31. The angles between
the direction of the transition dipole moments and the surface normal
for the sulfate stretching vibrations [vas(SO4)A, vas(SO4)A, and
vs(SO4)] were obtained from refs 21−23, 32, and 33.
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Figure 2. SNIFTIR spectra of the (A) asymmetric [vas(SO4)] and (B) symmetric stretching [vs(SO4)] vibrations of adsorbed SDS molecules at
selected electrode potentials vs Ag/AgCl(sat.).

Figure 3. Decoupling procedure used to determine the IR absorbance spectrum of the (A) asymmetric and (B) symmetric sulfate stretching regions
for a SDS film adsorbed at a potential of 650 mV vs Ag/AgCl. The IR absorbance spectrum for the molecules desorbed in the thin cavity calculated
from optical constants is denoted in red, the experimental SNIFTR spectrum is shown in blue, and the resulting spectrum for the adsorbed SDS film
at 650 mV is shown in black.

■

RESULTS AND DISCUSSION
The description of the results from the SNIFTIRS measurements will be divided into two sections, which will examine the
sulfate headgroup and hydrocarbon tail.
Characterization of the Sulfate Head Group. The
SNIFTIR spectra of the sulfate headgroup have two distinct IR
absorption regions, which are located between 1350 and 1120
cm−1 and 1100−850 cm−1 . These bands can provide
information about the orientation of the molecule adsorbed
to the surface of the electrode. Figure 2A,B shows the SNIFTIR
spectra for the symmetric and asymmetric sulfate stretching
vibrations in 0.1 M NaF electrolytes. The symmetric sulfate
stretching region (850−1120 cm−1) was measured in a D2O
electrolyte; however, due to the strong overlap with the D2O
bending vibration, the asymmetric sulfate region (1350−1120
cm−1) was obtained using H2O. The thickness of the thin layer
cavity, d, was determined in each of these experiments. In both
experiments, a desorption potential of −700 mV vs Ag/AgCl
was first applied to the Au(111) electrode. The potential was
then stepped in the positive direction from −500 to 650 mV vs
Ag/AgCl. For potentials more negative than −250 mV, sulfate

absorbance bands were not observed in the SNIFTIR spectra.
This is consistent with the electrochemical data obtained by
Burgess et al.,18,19 which showed that the onset of adsorption
begins at ∼−250 mV vs Ag/AgCl. Indeed, at −250 mV vs Ag/
AgCl, five weak bands begin to appear at 921, 958, 1018, 1062,
and 1205 cm−1. Figure 2A,B shows that the SNIFTIRS spectra
depend strongly on the electrode potentials. This dependence
is different for the two spectral regions. The spectra in Figure
2A show positive bands for E < 500 mV, whereas the spectra in
Figure 2B show only negative bands.
It is important to note that in SNIFTIR spectra the
difference in reflectivity ΔR/R plots the difference between
reflectivity at the potential for which all SDS molecules are
desorbed (Edes) into the thin cavity and a variable potential
(Eads) at which molecules are physically adsorbed onto the
electrode surface. Therefore, the resulting SNIFTIR spectra are
composed of IR bands from both the molecules adsorbed onto
the electrode surface at Eads and the molecules desorbed into
the thin layer cavity at potential Edes. As described by eq 1, a
positive band implies that the SDS molecules in the desorbed
state dominate the IR signal. In contrast, negative bands
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indicate that the bands of adsorbed molecules are stronger than
the bands of molecules in the desorbed state. The negativegoing sulfate bands have A symmetry while the positive bands
have E symmetry. Figure 1 shows that the transition dipoles of
these bands occur in different directions. The different
strengths of these bands result from different orientations of
these dipole moments with respect to the surface normal. In
order to gather information about the structure of the SDS
films adsorbed on the electrode surface at a given adsorption
potential, the IR contribution due to the molecules desorbed in
the thin layer cavity must be subtracted from each individual
SNIFTIRS spectrum. This can be accomplished using the
decoupling procedure described in Figure 3A,B.
The surface concentration of SDS molecules at a given
potential must be known in order to calculate the amount of
molecules desorbed into the thin layer cavity. This was
previously determined by Burgess et al.18 The concentration
of SDS molecules desorbed into the thin layer cavity can than
be expressed as a volume percentage using eq 5:

vol% = Γ

M
× 100
ρd

(5)

where Γ is the surface concentration of SDS obtained from ref
18, d is the thickness of the thin layer cavity, M is the molar
mass, and ρ is the density of the solution.
The concentration of desorbed molecules expressed as a
volume percentage can be used as input to the optical matrix
program, and the IR absorption spectrum for the SDS
molecules desorbed into the thin cavity (i.e., change in thin
layer concentration) can be calculated with the aid of optical
constants for Au, H2O or D2O, ZnSe, and SDS in solution and
from the knowledge of the thickness d of the thin layer cavity.
The optical constants for SDS are shown in Figure SI4 of the
Supporting Information. An example of the calculated IR
spectrum for SDS molecules initially adsorbed at 650 mV and
desorbed into the thin layer cavity at E = −700 mV vs Ag/AgCl
are plotted as traces a in Figure 3A,B. The corresponding
experimental SNIFTIR spectra are displayed as traces b in these
figures. The spectrum of the desorbed species can be then
subtracted from the experimental SNIFTIR spectrum, as
illustrated by traces c in Figure 3A,B. The resulting reflectivity
spectra, shown as traces d, contain only IR signatures
corresponding to the adsorbed SDS film on the gold (111)
electrode, i.e., the absorption spectrum of the adsorbed SDS
film. This decoupling procedure was applied to all of the
SNIFTIR spectra presented in this paper in order to extract
structural information for the adsorbed SDS films.
The deconvoluted spectra corresponding to the two spectral
regions were then divided by the corresponding value of the
MSEFS at the electrode surface ⟨Ez=0⟩2, and these two
normalized spectral fragments were combined to show the
spectral region of the entire headgroup. The IR spectra of the
adsorbed SDS films for the sulfate stretching region are plotted
in Figure 4A for selected electrode potentials. Fourier selfdeconvolution (FSD) was then applied to these spectra to
identify the number and location of peaks under the band
envelope (all FSD results are shown in the Supporting
Information). IR band fitting was performed using a mixed
Gaussian−Lorentzian function to model the shape of the
sulfate stretching vibrations. Figure 4B shows the resulting IR
band deconvolution of the sulfate stretching bands of the
adsorbed SDS film at an electrode potential of 650 mV vs Ag/

Figure 4. (A) IR absorbance spectra for the sulfate stretching regions
of adsorbed SDS films on the Au(111) electrode at varying electrode
potentials compared to the phase I and phase II films calculated from
optical constants. (B) Deconvolution of the experimental IR spectrum
for the sulfate stretching region of an adsorbed SDS film at 650 mV vs
Ag/AgCl(sat.).

AgCl. The spectral deconvolutions for the sulfate group
stretching vibrations reveal four peaks. The two bands centered
at ∼1254 and ∼1217 cm−1 were assigned21,32,33 to the E- and
A-modes of the SO4 asymmetric stretching vibrations, vas(SO4),
respectively. A second pair of strong bands at ∼982 and ∼1064
cm−1 result from the symmetric S−O stretching vibrations,
vs(SO4), of the sulfate headgroup.21,34−38 These two symmetric
stretches are considered to be A-bands.21,32,33 The C−C
stretching bands due to the carbon skeleton of the hydrophobic
tail are also present in that spectral region. However, they are
quite weak and are positioned at 922, 1041, and 1093 cm−1.
Further analysis of the four strong sulfate group vibrations will
be discussed in more detail below.
Figure 5 shows the change in the sulfate group peak positions
with respect to the electrode potential. All bands display a weak
dependence on the electrode potential that is almost within the
experimental error. The frequencies of the bands for adsorbed
species are very close to the frequencies of the corresponding
bands in the IR spectrum of a solution of SDS micelles.
However, as the electrode potential becomes more positive, the
peak centers for all bands show a small red shift. This shift is
almost negligible for the E-band; however, there is a more
pronounced shift for the A-bands, particularly at potentials
more positive than 300 mV. The slope of these fragments of the
band frequency plots varies between 7 and 17 cm−1 V−1. These
small changes may be caused by processes such as (i) increased
2459
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Figure 5. Locations of the peak centers of the E (■) and A (□) modes
of the asymmetric SO4 stretching, vas(SO4), and the two symmetric
SO4 stretching, vs(SO4) (△, ○) vibrations as a function of the
electrode potential in a 0.1 M NaF electrolyte.

Figure 6. Change in surface SDS concentration (top panel) and the
angle of the transition dipole moment with respect to the surface
normal for the E (∼1250 cm−1 [■]) and A modes (∼1210 cm−1 [□])
of the vas(SO4) region, vs(SO4) (∼1064 cm−1 [△]), and vs(SO4)
(∼985 cm−1 [○]) of the sulfate headgroup of SDS adsorbed at the Au
surface in a 0.1 M NaF electrolyte. The dotted line displays the
potential of zero charge for an electrode covered with SDS, and
cartoon representations of the transition dipole moments for the
various stretching vibrations are shown on the right.

vibronic coupling between the adsorbed SDS molecules and the
gold (111) surface, (ii) increased dipolar coupling between
neighboring molecules as the surface concentration increases
with potential,34 and (iii) increased hydration of the sulfate
group.
Figure 4A shows that the IR band intensity and shape change
with applied potential. These changes result from variations in
the surface concentration of SDS molecules and the orientation
of their polar head groups that are described in Figure 6. The
surface concentration of SDS as a function of the applied
potential is plotted in the top panel of Figure 6. This data was
taken from previous studies by Burgess et al.18,19 The adsorbed
SDS molecules form two potential-dependent states, seen as
two steps on the surface concentration plot. The first state
observed for electrode potentials ranging between −200 ≤ E <
450 mV vs Ag/AgCl was described as a hemimicellar state, and
the second adsorption state that occurs for potentials ≥500 mV
vs Ag/AgCl18,19 was identified as an interdigitated bilayer. In
the bottom panel of Figure 6, changes in the directions of
transition dipole moments of the sulfate group bands are
compared to changes in the surface concentration of SDS
molecules. To construct this diagram, the deconvoluted bands
were integrated, and the integrated band intensities were used
to calculate the angle between the direction of the transition
dipole of these vibrations and the surface normal with the help
of eq 3. The integrated intensities for randomly oriented
molecules were calculated from optical constants as described
in the Experimental Section.
Beside the plot of the angles between the directions of the
transition dipoles and the surface normal in Figure 6, cartoon
models show the directions of transition dipoles of A- and Ebands with respect to the coordinates of the molecule. The
direction of the transition dipole of A-bands is parallel to the
C3v axis of the terminal sulfate group, and the direction of the
transition dipole of the E-band is perpendicular to the C3v axis.
The angle for the transition dipole of the asymmetric sulfate E-

band is essentially independent of potential and approximately
equal to 55°, which is equal to the magic angle (54.7°)
corresponding to a random orientation. Conversely, the
direction of the transition dipole of A-bands shows significant
changes as a function of the electrode potential. It is important
to note that the data corresponding to all three A-bands display
similar dependences on potential, although their numerical
values display some spread. At potentials between −300 and
−200 mV vs Ag/AgCl, corresponding to the rising section of
the isotherm in Figure 6, the angle between the surface normal
and the direction of the transition dipole decreases from ∼68°
to below 50°. This behavior shows that, at the onset of SDS
adsorption and low SDS coverage values, the C3v axis of the
polar head forms a large angle with respect to the surface
normal. Within the range of potentials corresponding to the
first plateau on the adsorption isotherm, the angle initially
decreases to reach a minimum value of about 35° at E ∼ 200
mV, indicating that the film becomes ordered, and then
increases to a value of ∼55° at potentials corresponding to the
second plateau on the isotherm (second state of the film). The
angle ∼55° is again equal to the magic angle (54.7°) observed
for a random orientation, indicating that the C3v axis of the
sulfate group is randomly oriented. The potential of zero charge
for the SDS film covered Au(111) is ∼150 mV vs SCE, which
corresponds to ∼200 mV versus the Ag/AgCl electrode.18
Therefore, the minimum of the angle between the transition
dipole of A-bands and the surface normal is observed when the
charge density at the metal surface is approximately zero,
indicating that the direction of the transition dipole and hence
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the sulfate groups become disordered when the gold surface is
either negatively or positively charged.
The angle between the transition dipoles of the A- and Ebands is 90°. Therefore, when the tilt angle for the transition
dipole of the A-band reaches a minimum of ∼35° at ∼200 mV,
the expected value of the tilt angle for the E-band is ∼55°,
which is consistent with the experimental results presented in
lower panel of Figure 6. This value coincides with the magic
angle for random orientation, and our ability to distinguish
between oriented and disordered state for this band is lost. In
the present case, the information about the orientation of the
sulfate group is provided chiefly by the value of the tilt angle of
the transition dipole (angle of the C3v axis) of the A-bands.
In conclusion, IR spectra for the sulfate group region
provided useful information that the polar heads are ordered
within the first state (phase I) of the film and disordered in the
second state (phase II) of the film.
Characterization of the Hydrocarbon Tail. The
SNIFTIR spectra of the SDS hydrocarbon tails can provide
information regarding the conformational state of the alkyl
chains and the orientation of the adsorbed SDS molecules. This
information can then be used to determine the structure of the
adsorbed films on the gold electrode surface. The SNIFTIR
spectra for the C−H stretching region located between 2800
and 3000 cm−1 are shown in Figure 7A. The spectra show
negative-going bands, which indicate that the absorbance of
adsorbed species is stronger than the absorbance of desorbed
molecules. It is important to note that the intensity of these
bands is weak (i.e., ΔR/R < 0.0015); however, the signal-tonoise ratio for these bands is exceptionally good. The intensity
of the C−H stretching bands continues to increase as the
electrode potential is stepped to more positive potentials, which
correlates well with increasing surface concentration of SDS
molecules.
Figure 7B plots the IR spectra for the adsorbed SDS films
obtained by decoupling the SNIFTIR spectra using the
procedure described earlier in Figure 3. The IR bands for the
adsorbed SDS film show a rapid increase in intensity after the
initial adsorption at −250 mV and then remain constant for all
spectra collected between −100 and 450 mV. When the
potential is stepped to 500 mV, the IR absorbance rapidly
increases and levels off for potentials ranging between 550 and
650 mV, which is consistent with the change of surface
concentration shown in top panel of Figure 6. The C−H
stretching region is composed of six distinct bands, which
consist of the methyl symmetric (vs(CH3)) and asymmetric
(vas(CH3)) stretching bands, methylene symmetric (vas(CH3))
and asymmetric (vas(CH3)) stretching bands, and two Fermi
resonances due to overtones from the methyl (FRvs(CH3)) and
methylene (FRvs(CH2)) bending vibrations.30,31 The deconvolution of the C−H region for an adsorbed film using a
Lorentzian function is presented in Figure 7C, and the resulting
peak positions and integrated intensities for the vs(CH2),
vas(CH2), and vas(CH3) bands are used to characterize the
conformation and orientation of the alkyl chains within the
adsorbed SDS films.30,31
The peak centers for the vs(CH2) and vas(CH2) bands were
determined to be ∼2853 and ∼2924 cm−1, respectively, and
showed no observable trend with respect to the electrode
potential. To gain a better understanding of the state of the
adsorbed films, these peak centers were averaged for the films
adsorbed in phases I and II. Table 1 shows a comparison
between the positions of the vs(CH2) and vas(CH2) bands for

Figure 7. (A) SNIFTIR spectra for the CH stretching region in a 0.1
M NaF/D2O electrolyte and (B) the resulting absorbance spectra for
adsorbed SDS films compared to the films calculated from optical
constants. (C) Deconvolution of the CH region for the adsorbed SDS
film at a potential of 400 mV vs Ag/AgCl.

phases I and II of the film with those obtained for SDS micelles
in solution. The data in Table 1 show that the frequencies of
the CH2 stretch bands are slightly lower than for SDS micelles,
indicating that the chains of SDS molecules are slightly more
ordered in the adsorbed state than in micelles. However, the
peak centers for a tightly packed, well-ordered bilayer
(containing all-trans chains) are located at ∼2848 and ∼2918
cm−1 for vs(CH2) and vas(CH2) bands, respectively. The values
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Table 1. Comparison of the Peak Positions (in cm−1) for the
Alkyl Chains within Various Aggregate Structures
micelles (calc)
all-trans film33,34
phase I
phase II

vas(CH2)

vs(CH2)

2926 ± 2.0
2918
2924.0 ± 0.6
2924.9 ± 0.4

2855 ± 2.0
2848
2853.1 ± 0.4
2853.7 ± 0.3

obtained for the SDS film are shifted to higher frequencies,
which suggests that the alkyl chains in the adsorbed layers are
more disordered and contain a mixture of both gauche and
trans conformers.
This finding is in agreement with the molecular dynamics
simulations performed by Woods and O'Connell,35 in which
they found that ∼28% of the carbon−carbon bonds within the
hydrocarbon chain of SDS molecules in micelles adopt a gauche
configuration.20,21,35 Raman studies performed by Okabayashi
et al.36 showed that short chain alkyl sulfates can adopt gauche
conformations, with the number of gauche residues increasing
with the length of the alkyl chain.20,36,37 Finally, it is worth
noting that all spectra were collected at room temperature (20
± 2 °C). The alkyl tails of SDS at low solution concentrations
begin melting at 12 °C and reach the gel−liquid phase
transition at ∼17 °C.20,38,39 As a result, it is expected that the
hydrocarbon chains within the adsorbed SDS film are in a
liquid-crystalline state and, therefore, contain IR contributions
from both trans and gauche conformations.
The angles of the transition dipole for the vas(CH2) and
vs(CH2) vibrations were calculated from the integrated band
intensities using eq 3 and are presented in Figure 8A,B. For
potentials above −150 mV versus Ag/AgCl electrode, the
angles between the transition dipole moments and the surface
normal remain independent of the electrode potential within
the limits of experimental uncertainty. The angles for the
vas(CH2) and vs(CH2) were calculated to be ∼50° in both
phase I and phase II of the film. Within the limit of the
experimental error, the values are close to the magic angle for
randomly oriented systems. The vectors of the transition
dipoles of the symmetric and asymmetric methylene stretches
are perpendicular to each other and are perpendicular to the
trans fragment of the hydrocarbon chain. The angles between
these directions and the surface normal are related by the
equation40

cos2 θvas + cos2 θνs + cos2 θtilt = 1

Figure 8. Angle of the transition dipole moment for the (A)
asymmetric methylene stretching, vas(CH2) (■), and (B) symmetric
methylene stretching vs(CH2) (□) vibrations and (C) tilt angle of the
trans fragments of the hydrocarbon chain with respect to the surface
normal for SDS molecules adsorbed at the Au(111) surface plotted as
a function of the electrode potential.

(6)

where θtilt is the average angle between the trans fragments of
the chain and the surface normal. The values of θtilt, plotted in
Figure 8C, depend weakly on the electrode potential and are
equal to ∼62° and ∼65° for phase I and phase II, respectively.
The data show that the hydrocarbon chains are quite tilted and
disordered. While random orientation of chains was expected
for the hemimicellar film, it was an unexpected result for phase
II modeled in ref 19 as a bilayer formed by all-trans
interdigitated chains. The present IR data show that hydrocarbon chains in this phase are disordered. In conclusion, both
the vas(CH2) and vs(CH2) band positions and values of the
angles between the directions of transition dipoles and the
surface normal indicate that the alkyl chains of SDS molecules
are in the liquid-crystalline state and are highly disordered in
the two adsorbed states.

■

SUMMARY AND CONCLUSIONS
The SNIFTIRS technique was used to collect in situ IR spectra
for SDS molecules adsorbed at the Au(111) electrode surface.
These measurements were utilized to gain information
regarding the conformation and orientation of the sulfate
group and the alkyl chain of SDS molecules within the
adsorbed film. The results of this study indicate that the alkyl
chains of SDS molecules are in the liquid crystalline state for
the entire range of applied potentials. In addition, we found an
interesting phenomenon in which the directions of the C3v axes
of the SDS molecules assume a preferential orientation of ∼35°
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with respect to the surface normal at the potential of zero
charge, indicating that sulfate groups are preferentially aligned
when the metal surface has no excess charge. This alignment is
removed when the gold surface is charged.
The IR experiments described in this work have significant
implications for the models of the potential controlled SDS
adsorption proposed in earlier works. In ref 18, a cross section
of SDS hemimicelles, observed for −250 ≤ E ≤ 450 mV,
contained five molecules with all-trans stretched alkyl chains,
fanned out over 180° of space. In this model, the sulfate head
groups are all oriented in such a way that the average tilt angle
of the C3v axis with the normal should be (90° + 90° + 45° +
45° + 0°)/5 = 54°, which is equal to the magic angle. However,
our IR data show that the chains are not all-trans stretched but
are bent due to the presence of gauche conformations. With
disordered alkyl chains, the sulfate head groups are free to
adopt an orientation where the C3v axis has average angle that is
different from that of the magic angle. The large average angle
for the trans fragments of the disordered chains (∼60°)
suggests that the film cannot be a molecular brush with
hydrocarbon chains turned to the metal and polar heads to
solution. Therefore, the IR data are in agreement with the
hemimicellar aggregated film.
The present IR data contradict the model in which the
molecules in the film have all-trans interdigitated chains at
potentials >450 mV. By combining the present IR data with the
previous electrochemistry, AFM, STM, and neutron reflectivity
experiments, we can say that the condensed film observed at
positive potentials is better described as a disordered bilayer of
SDS molecules with melted alkyl chains. The results of this
work illustrate that a complete description of surfactant
adsorption at the electrode solution interface requires
application of multiple techniques and that IR spectroscopy is
unique in providing information about the orientation and
conformation of molecules at that interface. An additional
significant contribution of this work is the development of a
procedure to determine absorption spectra of surfactant
molecules adsorbed at the metal surface from differential
SNIFTIRS data.

■
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SI1. SNIFIRS Spectra of SDS Adsorbed at the Au(111) Electrode Surface
Initial SNIFTIRS experiments performed about 10 years ago are shown in Figure SI1
A. These experiments were performed using a thin layer configuration with a 1″
equilateral CaF2 prism, D2O electrolyte and Au(111) electrode. The results from these
previous experiments were only qualitative in nature since the precise thickness of the
thin layer cavity was not known as the methodology for calculating the thin layer
thickness was not developed. Furthermore, the intensity of the SNIFTIRS bands
shows no apparent trend as a function of the electrode potential. This is likely due to
poor background subtraction since the IR absorbance bands of the SDS film are very
weak and the electric field enhancement at the Au(111) surface for the CaF2 setup is
approximately 3.2X less than that of the ZnSe setup (Note: this assumes that a thin
layer cavity thickness of 4.3 μm and incidence angle of 54o was used in the CaF2
experiments). Figure SI1 B shows the SDS SNIFTIRS spectra obtained in this work
using the ZnSe hemispherical prism setup. The mean square electric field strength at
the Au(111) surface was calculated for the two setups (i.e. CaF2 and ZnSe) using the
 Ep
Fresnel program, and the ratio of the MSEFSs for the p-polarized radiation,  CaF2
 Ep
 ZnSe


,



was multiplied by the spectra obtained using the ZnSe hemisphere setup for
comparison. The resulting intensities of the CH stretching vibrations for the ZnSe
experiments are shown in SI1 C. After correcting for the differences in the electric
field strengths, the magnitudes of the CH band intensities are very similar, however,
the shape and position of these bands are quite different due to the superior sensitivity
and improved signal-to-noise that is achieved when using a ZnSe hemispherical
prism.
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SI1: SNIFTIR spectra of SDS adsorbed at the Au(111) electrode surface using a A)
CaF2 equilateral prism,   R  , B) ZnSe hemispherical prism,   R  , and C)
 R  ZnSe
 R CaF
2

 E pCaF2
 R 

  
 R  ZnSe  E pZnSe


 . The potentials are referenced using a saturated calomel electrode.



(Note: the SNIFTIR spectra from the CaF2 experiments, presented in SI1 A, were
originally plotted as –ΔR/R. Unfortunately, the raw data for these experiments is no
longer available, therefore, the SNIFTIR spectra from the ZnSe experiments presented
in this work have also been replotted as –ΔR/R in the supporting information for
comparative purposes.)
2

SI2. Critical Micelle Concentration for SDS in 0.1 M NaF Electrolyte
The critical micelle concentration for SDS was determined by filling a 250-mL
beaker containing a magnetic stir bar with 100 mL of a 0.1 M NaF electrolyte solution.
A Wilhelmy balance cut from filter paper was used to measure the surface pressure of
the electrolyte solution. The Wilhelmy balance was removed from the solution and 20
μL of the SDS stock solution (60 mM) dissolved in a 0.1 M NaF aqueous electrolyte
was injected into the beaker (Note: the high concentration ensures that the change in
total electrolyte volume is less than 2%). The SDS solution was stirred for 1 minute
before taking all readings. The stirrer was turned off after 1 minute and the Wilhelmy
balance was lowered to the same height inside the 250-mL beaker. The concentration
of SDS at the air-water interface was allowed to reach equilibrium before recording
the surface pressure. In Figure SI2 we plot the change in the surface pressure with
respect to the SDS concentration. Each point on the curve is an average of three
individual measurements and the critical micelle concentration (cmc) for SDS is
determined from the intersection of the plateau region (formation of micelles) with the
linear slope from the increasing monomer concentration. According to Figure SI2, the
cmc for SDS in a 0.1 M NaF aqueous electrolyte is 0.64 mM.
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SI2: Determination of the critical micelle concentration for SDS in a 0.1 M NaF
aqueous electrolyte by monitoring the change in surface pressure with respect to the
SDS concentration.

3

SI3. Determining the Angle of Incidence and Thin Layer Cavity Thickness
The electrochemical IR cell was filled with the aqueous electrolyte and the angle
of incidence was adjusted to 30±2o. After purging the electrolyte with argon for about
1 hour, the gold electrode was pressed up against the IR window to form the thin layer
configuration. The IR reflectivity spectrum (black curve shown in SI3) of the
ZnSe|electrolyte|Au interface was obtained experimentally. A reflectivity spectrum
was then calculated from the optical constants for the ZnSe prism, aqueous electrolyte
and Au electrode using the Fresnel matrix method. The angle of incidence and thin
layer cavity thickness are two adjustable parameters in the Fresnel matrix, which are
used to create the calculated spectrum (red curve) that best fits the experimental data.
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SI3: Experimental (black) and theoretical (red) reflectivity spectra for the thin layer of
electrolyte for the experimental setup in which the thin layer cavity is composed of
ZnSe|D2O|Au. The theoretical spectrum is calculated using an incidence angle of
31.2o and a thin layer thickness of 2.2 μm.

4

SI4. Optical Constants for the Various Stretching Vibrations of SDS Used to
Calculate the IR Absorbance Spectrum of a Randomly Oriented Film
The optical constants for SDS were obtained using a thin layer IR transmission cell.
The cell consists of two plano BaF2 windows that are separated by a 25-μm Teflon
spacer. The transmission IR cell was filled with a sodium fluoride electrolyte and the
IR background spectrum was collected. Next, the IR cell was filled with a 1% SDS
electrolyte solution and the ratio between the SDS IR spectrum and the background
spectrum was calculated to obtain the transmittance of SDS. This transmission
spectrum is used to determine the refractive index (n) and attenuation coefficient (k)
with the aid of a custom computer program written by Dr. Zamlynny1. In Figure SI4
we plot the optical constants for the sulfate asymmetric stretching region (SI4 A)
obtained in a 0.1 M NaF/H2O electrolyte, as well as for the symmetric stretching (SI4
B) and C-H stretching (SI4 C) regions obtained in a 0.1 M NaF/D2O electrolyte.
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SI4: The optical constants for the sulfate asymmetric (A) and symmetric (B)
stretching and CH stretching (C) regions of SDS obtained from transmission IR
experiments.

6

SI5. Normalization of Electric Field Strength
The gap thickness and angle of incidence between each SNIFTIRS experiment is
extremely difficult to reproduce precisely. As a result, the mean squared electric field
strength at the Au surface is different for each experiment. Therefore, in order to
improve the signal-to-noise ratio and obtain the average IR absorbance intensity for
an adsorbed SDS film, the electric field at the electrode surface must first be
normalized. First, the decoupling procedure must be used to determine the IR
absorbance of each individual experiment. Figure SI5 A shows the IR absorbance
spectra for SDS films from four different experiments. Note that the IR absorbance
intensity between each experiment is different due to the varying mean squared
electric field strength (MSEFS) at the surface. In order to average the different results,
the MSEFS must be determined for each spectrum using the Fresnel matrix method
with the appropriate experimental parameters. After calculating the enhancement
factor at the surface, the different spectra can be normalized using the following
equation:


 R 
 R   E pz0






 R  B '  R  B  E p z 0


A
B






(1)

 R   R 
where 
 
 represent the spectra before and after normalizing the electric
 R B  R B '

field enhancement,

E p z 0

A

and

E p z 0

B

are the reference and experimental electric

field strengths, respectively. In this paper, the experiment with a gap of 4.3 μm and
angle of 28.2o was selected as the reference spectrum. The electric field strengths of
the other three experiments were normalized to this spectrum. SI5 B shows the
resulting spectra after normalizing for the MSEFS. The relative standard deviation
after normalization is ~ 9%. This normalization procedure was also used for the
sulfate asymmetric and symmetric stretching regions.

7

B)
Gap =2 m
o
Angle = 31.8
Gap =1.4 m
o
Angle = 31
Gap =1.8 m
o
Angle = 31.2
Gap =4.3 m
o
Angle = 28.2

R/R

0.002

3050

3000

2950

2900

2850

2800

Gap =2 m
o
Angle = 31.8
Gap =1.4 m
o
Angle = 31
Gap =1.8 m
o
Angle = 31.2
Gap =4.3 m
o
Angle = 28.2

0.002

R/R

A)

3050

3000

2950

2900

2850

2800

-1

-1

Wavenumber /cm

Wavenumber /cm

SI5: The IR absorbance spectra of SDS films adsorbed on the Au(111) electrode
surface at a potential of 400 mV for four separate experiments before (A) and
after (B) normalizing the mean squared electric field strength at the gold surface.
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SI6. Fourier Self-Deconvolution of IR Absorbance Spectra for the Adsorbed SDS
Films
The IR absorbance spectra for the adsorbed SDS films contain many overlapping
bands with different directions in their transition dipole moments. Therefore, in order
determine the orientation of the film, the IR absorbance bands must be deconvoluted
into the individual band components. Unfortunately, many of these bands overlap
with one another making it difficult to identify the precise location and number of the
individual peaks within the spectral band. In order to help resolve these peaks, a
Fourier Self-Deconvolution (FSD) was applied to all spectral regions. The results of
the FSD function for the sulfate asymmetric and symmetric stretching and CH
stretching regions are shown in Figure SI6. The FSD for the asymmetric sulfate
region reveals two prominent bands at 1252 cm-1 and 1214 cm-1 while the sulfate
symmetric region shows five bands located at 922 cm-1, 962 cm-1, 982 cm-1, 1037
cm-1 and 1063 cm-1. Six IR bands were observed from the FSD of the CH stretching
region where the peak centers are located at 2856 cm-1, 2873 cm-1, 2904 cm-1, 2926
cm-1, 2934 cm-1 and 2960 cm-1. The peak centers from the FSD merely provide
starting values for the peak centers within the specific spectral band, however, the true
values for the peak centers were obtained using spectral band decovolution.
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SI6: Fourier Self Deconvolutions of the asymmetric (A) and symmetric (B) sulfate
stretching and CH stretching (C) regions of the SDS spectra.
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ABSTRACT: A mixed phospholipid-cholestrol bilayer, with
cholera toxin B (CTB) units attached to the monosialotetrahexosylganglioside (GM1) binding sites in the distal leaﬂet,
was deposited on a Au(111) electrode surface. Polarization
modulation infrared reﬂection absorption spectroscopy (PMIRRAS) measurements were used to characterize structural
and orientational changes in this model biological membrane
upon binding CTB and the application of the electrode
potential. The data presented in this article show that binding
cholera toxin to the membrane leads to an overall increase in
the tilt angle of the fatty acid chains; however, the conformation of the bilayer remains relatively constant as indicated by the
small decrease in the total number of gauche conformers of acyl tails. In addition, the bound toxin caused a signiﬁcant decrease in
the hydration of the ester group contained within the lipid bilayer. Furthermore, changes in the applied potential had a minimal
eﬀect on the overall structure of the membrane. In contrast, our results showed signiﬁcant voltage-dependent changes in the
average orientation of the protein α-helices that may correspond to the voltage-gated opening and closing of the central pore that
resides within the B subunit of cholera toxin.

■

INTRODUCTION
Cholera is an ancient and devastating disease that is endemic in
many parts of the world, including South America, Africa, and
Southeast Asia.1 This disease is caused when people ingest the
bacterium Vibrio cholera, which inhabits freshwater lakes, rivers,
and estuaries. Once ingested, the bacterium colonizes the small
intestine and subsequently secretes a protein toxin.1 The
cholera toxin belongs to the AB5 superfamily of toxins, which all
contain an active (A) unit and a binding (B) pentameric unit.2
The ﬁve subunits within the pentamer bind speciﬁcally to
monosialotetrahexosylganglioside (GM1), which is present in
the outer leaﬂet of the plasma membrane. Once bound, the
toxin is translocated across the plasma membrane, where the A
unit undergoes proteolytic cleavage, giving rise to the
enzymatically active A1 unit.2 This activated peptide catalyzes
the ADP-ribosylation of the α subunit of the heterotrimeric
GTP-binding protein (Gs), which renders adenylate cyclase
continually active, thereby increasing cyclic AMP levels in the
cell.2 Cyclic AMP catalyzes the phosphorylation of chloride
channels in the cell, causing them to open and remain open
indeﬁnitely. This opening of the chloride channels in the cell
membrane causes a massive loss of water and electrolytes into
the intestinal lumen, giving rise to the hallmark features of a
cholera infection, which include massive diarrhea and
dehydration. The disease is generally fatal within 24 h if not
properly treated.
© 2012 American Chemical Society

The biochemistry of cholera toxin infection is well
understood. However, the mechanism by which the toxin is
able to cross the plasma membrane remains elusive, as does the
extent to which the toxin is transported. It is known that
membrane transport of the toxin is dependent on cholesterol
being present, and it involves lipid rafts that are GM1-enriched
membrane domains.3 A better understanding of how the
binding of cholera toxin aﬀects the structures of both the
membrane and the toxin itself is crucial to gaining insight into
this infection as well as the protein−membrane interactions in
general. Early ellipsometry and ﬂow cytometry work has
conﬁrmed that the interaction between the binding unit of
cholera toxin (CTB) and the lipid receptor GM1 is speciﬁc and
multivalent in character.4,5 In fact, this speciﬁc interaction is
often used as a marker of lipid rafts in membrane systems.6 In
the absence of GM1, the B unit of cholera toxin is believed to
have little speciﬁc interaction with pure phospholipid
membranes, which was conﬁrmed by AFM studies.7 Forstner
et al. used ﬂuorescence correlation spectroscopy and ATRFTIR to characterize changes in the lipid lateral diﬀusion and
membrane phase structure as a result of CTB binding to
membrane-incorporated GM1.8 They observed that signiﬁcant
changes in the long-range diﬀusion of ﬂuorescent probes
Received: December 17, 2012
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ultrapure (>18.2 MΩ·cm) water system (Millipore). The threeelectrode glass electrochemical cell was equipped with a single-crystal
Au(111) working electrode (WE), which was grown, cut, and polished
in our laboratory and a gold wire counter electrode (CE), both of
which were ﬂame annealed using a Bunsen burner and quenched with
Milli-Q water to ensure that the surface was free from contamination.
A saturated calomel electrode (SCE) was used as the reference
electrode (RE) in the electrochemical measurements. The PM-IRRAS
spectroelectrochemical cell was equipped with a 1 in. BaF2 equilateral
prism (Janos Technology), a Pt foil (Alfa Aesar, 99.99%) counter
electrode, and a Ag/AgCl reference electrode. All potentials are
reported versus the SCE unless otherwise stated.
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Sigma-Aldrich), cholesterol (Sigma-Aldrich), 1,2-dimyristoyl-d54-sn-glycero-3phosphocholine (Sigma-Aldrich), and GM1 (Avanti Polar Lipids)
were dissolved in a 95:5 mixture of HPLC-grade chloroform (SigmaAldrich) and methanol (Sigma-Aldrich). Sodium ﬂuoride powder
(99%, Sigma-Aldrich) was cleaned in a UVO chamber (Jelight) for 30
min prior to each experiment. Both sodium ﬂuoride electrolyte and
cholera toxin B subunit (Sigma-Aldrich) solutions were prepared using
Milli-Q or deuterated (Cambridge Isotope Laboratories) water.
Bilayer Deposition. A combination of the Langmuir−Blodgett
(LB) and Langmuir−Schaefer (LS) techniques was employed to
fabricate the phospholipid bilayers on the Au(111) surface using the
procedure in ref 18 and described in detail in the Supporting
Information. The ﬁrst monolayer deposited onto the Au(111) surface
contained only DMPC and cholesterol in a 70:30 mol ratio. The
headgroups of DMPC molecules in the adsorbed ﬁlm faced the metal
electrode surface, and the hydrocarbon tails were directed toward the
air.18 The second monolayer deposited onto the Au(111) surface
modeled the outer (extracellular) leaﬂet of a cell plasma membrane
and contained DMPC, cholesterol, and GM1 in a 60:30:10 mol %
ratio as well as the bound cholera toxin binding (CTB) unit. The
average content of GM1 in the epithelial cell of human intestine is
much lower, on the order of 1%.19 However, it is now well established
that GM1 segregates into “rafts” where its concentration is enriched
several-fold.20,21 Hence, the content of GM1 used in this study is likely
to be close to that of GM1 in these rafts. To make eﬃcient use of the
costly toxin protein, a method proposed in ref 22 was modiﬁed and
used to expose the protein to the biomembrane. Following this
incubation period, the monolayer-covered Au(111) electrode horizontally touched the surface of the compressed monolayer and was
transferred using Langmuir−Schaefer deposition.18 This model
biological membrane complete with bound toxin was then used to
perform electrochemical and PM-IRRAS measurements.
Electrochemical Measurements. The electrochemical measurements were carried out in an all-glass three-electrode cell using the
hanging meniscus conﬁguration.23 The cleanliness of the 0.1 M NaF
electrolyte was checked by cyclic voltammetry (CV) and diﬀerential
capacitance (DC) measurements using experimental procedures
described in our previous work.24 Chronocoulometry measurements
were performed to determine the charge density at the electrode
surface using the procedure described in the Supporting Information.
Spectra Collection and Processing. A Nicolet Nexus 870
spectrometer, equipped with an external tabletop optical mount, an
MCT-A detector, a photoelastic modulator with a II/ZS50 ZnSe 50
kHz optical head (Hinds Instruments PM-90), and a synchronous
sampling demodulator (GWC Instruments) was used to perform the
PM-IRRAS experiments. Infrared measurements for each spectral
region of interest were optimized by using an appropriate solvent,
angle of incidence, and electrolyte thickness between the window and
the electrode. The parameters that were used for each region are
shown in Table 1 of the Supporting Information. Each thin-layer cavity
thickness was determined by ﬁtting the experimental reﬂectivity
spectrum, which is attenuated by the solvent layer between the gold
electrode and BaF2 window, to a reﬂectivity spectrum that is generated
from optical constants using the experimental parameters, as described
previously.18 A thin-layer cell equipped with planar BaF2 windows
(thickness of solution 101.6 μm) was used to determine the
transmission spectra of the DMPC/chol/GM1 mixed-vesicle solution

occurred as a result of toxin binding and that these changes
were particularly ampliﬁed near the lipid gel−ﬂuid transition
temperature. ATR-FTIR studies of the methylene stretching
vibrations for DMPC/GM1 bilayers demonstrated that toxin
binding resulted in an alteration of the fraction of lipids present
in the gel phase, suggesting that an ordering of the lipids
beneath the binding site is taking place. Miller et al. have
conducted numerous studies on mixed GM1/phospholipid
monolayers aimed at understanding the nature of the
interaction between CTB and GM1 and the resulting eﬀect
on membrane structure.9,10 Their recent grazing incidence Xray diﬀraction studies revealed the coexistence of two phases in
the monolayer after toxin binding at a DPPC monolayer
containing GM1, and in particular, the formation of structurally
distinct and less ordered domains was observed in gel phases
upon toxin binding.11 CTB bonded to planar lipid bilayers is
known to behave as a voltage-gated ion channel that
preferentially transports anions.12 Fluorescence resonance
energy transfer (FRET) measurements of CTB-GM1 complexes in vesicles suggest that the orientation of the α-helices of
the protein may signiﬁcantly change with pH and those changes
may correspond to the opening or closing of the channel.13 In
addition, this study suggests that membrane translocation of the
A unit of the protein toxin may be aided by the opening of the
pore in the B unit. The speciﬁcity of CTB-GM1 binding has
been explored for the development of biosensors using
monolayers with GM1 self-assembled at a gold electrode
surface.14 These sensors have found application in the
screening of drugs that prevent cholera toxin binding to the
cell membrane and hence prevent infection.15
In the literature, structural studies concerning the binding of
CTB to a model membrane were performed using either a
single bilayer supported by a Si ATR element8 or monolayers
spread at the air−solution interface.9−11 In this work, we
investigated the binding of CTB to a single bilayer supported
by a gold electrode surface. This system oﬀers unique
opportunity to study the potential-controlled interactions of a
protein with a model membrane as demonstrated recently by
Brand and co-workers.16,17 The purpose of the current study
was to probe the binding of cholera toxin to a gold-supported
mixed phospholipid (1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC))/cholesterol bilayer with GM1 receptors present
in the distal leaﬂet using electrochemistry and PM-IRRAS in
order to answer the following questions: (i) What structural
changes are induced in the membrane as a result of the binding
of the toxin? (ii) What changes (conformational and orientational) occur in both the phospholipids and toxin after they
bind to the membrane? (iii) How does a potential applied to
the membrane aﬀect the orientation and conformation of the
protein and the lipids? In particular, the ability to monitor this
system in situ under potential control allows for an accurate
simulation of electric ﬁelds typically experienced by real cell
membranes. The results presented in this work demonstrate
that the orientation and conformation of the lipids show little
change as a function of the applied potential. However, the
opening and closing of the central pore within the CTB subunit
appear to be voltage-dependent and occur via the α-helical
components, which are located in the center of the pentamer.

■

EXPERIMENTAL SECTION

Experimental Setup, Reagents, and Solution Preparation. All
glassware was cleaned in a hot mixed acid bath (1:3 HNO3/H2SO4)
for approximately 45 min and thoroughly rinsed using a Milli-Q
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with bound cholera toxin. The transmission spectra were used to
calculate optical constants for various spectral regions. The calculations
and the optical constants are presented in the Supporting Information
(Figures SI1−SI4). The optical constants and the experimental
conditions reported in Table 1 of the Supporting Information were
then used to calculate the spectra of randomly oriented DMPC and
CTB molecules in the membrane supported by the gold electrode
surface.25
The demodulation technique developed in Corn’s laboratory26,27
was used in this work. A modiﬁed version of a method described by
Buﬀeteau et al.28 was used to correct the intensities of the average and
diﬀerence signals for the PEM response and the diﬀerence in the
optical throughputs for p- and s-polarized light. Finally, the measured
spectra had to be background corrected for the absorption of IR
photons in the thin-layer cavity. The background-corrected spectra are
plotted as ΔS, which is proportional to the absorbance A of the
adsorbed molecules as a function of wavenumber. The relationship for
ΔS is shown in eq 1

ΔS =

2(Is − Ip)
Is + Ip

mixed phospholipid membrane in the absence [curve 2 (red)]
and in the presence [curve 4 (blue)] of the bound cholera
toxin. These plots show that the bilayer is adsorbed onto the
electrode surface between 400 and −100 mV versus SCE in the
absence of the toxin; however, this range is from 400 to 100
mV versus SCE after binding CTB to the outer surface of the
membrane. At more negative potentials, the charge density
curves for the bilayer-covered electrodes progressively decrease
to merge with the curve for the pure supporting electrolyte at
the most negative potentials (between −1.0 and −1.2 V),
indicating electric-ﬁeld-driven dewetting of the bilayer from the
metal surface. Independent neutron reﬂectivity (NR) experiments on similar systems demonstrated that the ﬁlm, in this
state, is detached from the electrode surface but remains in
close proximity to the metal surface separated by a cushion of
electrolyte with a thickness of ∼1 nm.33
There is a very dramatic increase in the surface charge
density when the toxin is bound to the membrane and a very
large negative shift in the potential of zero charge, which
suggests that the cholera B toxin has a net negative charge. This
phenomenon can be explained by the fact that the isoelectric
point for the B subunit ranges between 7.4 and 7.634,35 and the
sodium ﬂuoride electrolyte had a pH of ∼8.5. As a result, the
exterior of the toxin would carry a net negative charge.
To ensure that this large increase in the charge density on the
surface was not due to the speciﬁc binding of the protein to the
gold electrode directly via the sulfur groups on the cysteine
residues, an aliquot of cholera toxin B was injected into an
electrochemical cell that contained only the supporting
electrolyte. The resulting charge density curves showed no
sizable increase when compared to that of the bare Au(111)
electrode in pure electrolyte, which suggests that the toxin has a
very small binding aﬃnity for the bare gold substrate. To
investigate the degree of nonspeciﬁc toxin interaction within
the membrane, a bilayer was prepared in the absence of GM1 in
the outer leaﬂet. The resulting charge density from this
experiment is represented by curve 3 (green) in Figure 1. An
increase in the overall charge density can be observed for the
range of potentials between −450 and 400 mV when compared
to that in the absence of cholera toxin, and both of these charge
density curves merge at the potential of zero charge. These data
suggest that cholera toxin has some aﬃnity for biomembranes
that lack the receptor; however, the overall magnitude of this
interaction is still much smaller than that for the GM1/CTB
membrane systems. This was conﬁrmed by recording PMIRRAS spectra for the membrane without GM1 as shown in
Figure SI5 of the Supporting Information.
PM-IRRAS of the Membrane Lipids. Acyl Chain Region.
The C−H stretching region, which is located between 2800 and
3000 cm−1, provides valuable information regarding the
conformation and orientation of acyl chains of DMPC in the
membrane. Because CTB also contains CH2 groups whose
vibrations overlap with those of the membrane, a phospholipid
with deuterium-substituted acyl chains (DMPC-d54) was used
to separate the IR signatures of the CH2 vibrations of the
bilayer from those of the toxin. Therefore, the measurements of
C−D stretching were used to characterize the membrane.
Figure 2a shows the PM-IRRAS spectra of the C−D
stretching region of DMPC-d54 centered at 2100 cm−1 for
selected potentials. The top curve in Figure 2a is the calculated
spectrum of randomly oriented molecules determined from
optical constants obtained from the transmission spectra of
DMPC-d54 + cholesterol + GM1 vesicles in H2O. The other

≈ 2.3Γε = 2.3A
(1)

where Γ is the surface concentration of the adsorbed species and ε is
the decimal molar absorption coeﬃcient of the adsorbed species. The
error analysis in the PM-IRRAS measurements and data processing has
been described in ref 29.
Helix Tilt-Angle Measurements. The cholera toxin B pentamer
structure30,31 (PDB ID 3CHB) was obtained from the RCSB Protein
Data Bank. The structure was aligned along the z axis using the editconf
program in the GROMACS 4.5.5 package.32 The helix tilt angle with
respect to the central z axis passing through the geometrical center of
the CTB structure was computed with the help of the g_bundle utility
from the GROMACS 4.5.5 package. The g_bundle deﬁnes the helix
axis using the backbone Cα atoms of each helix residue followed by
angle calculation between the helix and z axes. Further details of this
procedure are described in the Supporting Information.

■

RESULTS
Electrochemistry. The potential-dependent behavior of
CTB bound to the bilayer was initially characterized with the
help of charge density curves. The charge density curves were
used to determine the potential range where the membrane
remains stable at the electrode surface and to examine the
overall eﬀect of nonspeciﬁcally adsorbed proteins. Figure 1
shows the surface charge density curves for the bare Au(111)
electrode [curve 1 (black)] and the electrode covered with the

Figure 1. Charge density curves for bilayers composed of DMPC/
Chol/GM1 (2), DMPC/Chol/CTB (3), and DMPC/Chol/GM1/
CTB (4) bilayers supported on a Au(111) electrode surface. The black
curve (1) represents the charge density for a bare electrode in a 0.1 M
NaF supporting electrolyte.
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D spectral region is composed of six individual bands where the
two bands located at 2094 and 2195 cm−1 correspond to the
asymmetric, νas(CD2), and symmetric, νs(CD2), methylene
stretching vibrations. The positions of these bands provide
unique information about the packing and conformation of the
phospholipid tails within the membrane, and the intensities of
the bands are used to calculate the average tilt angle of the acyl
chains.
The positions of the band maxima for the νas(CD2) and
νs(CD2) vibrations are plotted as a function of potential in
Figure 3. The blue ﬁlled symbols plot data in the presence of

Figure 3. Peak positions of the vas(CD2) (■, □) and vs(CD2) (▼,▽)
bands for the three-component membrane in the absence (open red
symbols) and in the presence (solid blue symbols) of bound toxin.

CTB, and the red open symbols plot the data for the bilayer in
the absence of CTB, taken from our previous study.36 For the
all-trans conformation of the acyl chains, the νas(CD2) and
νs(CD2) band positions are 2191 and 2088 cm−1, respectively.37
The frequencies of the CD2 bands shown in Figure 3 are several
wavenumbers higher than these numbers, indicating that acyl
chains are partially melted and contain a certain percentage of
gauche conformations. This behavior is consistent with the
presence of cholesterol in the membrane.37
The attachment of CTB has a negligible eﬀect on the
frequency of the νas(CD2) band. However, the frequencies of
the νs(CD2) vibrations are slightly lower in the presence of
CTB. This behavior suggests that, upon the binding of CTB,
the acyl chains become slightly more ordered, in agreement
with the properties of the DMPC/GM1 single bilayer
supported on Si as reported in ref 8. However, in the present
case this eﬀect is less pronounced because of the presence of
cholesterol. The data in Figure 3 also show that the band
positions display a weak red shift at positive potentials. This
shift is more pronounced for the νs(CD2) band, which indicates
that, with increasing potential, the chains become slightly more
ordered and the bilayer is progressing toward a more gel-like
state.
To quantify the orientation of the DMPC/Chol/GM1
membrane, the integrated intensities of the deconvoluted IR
bands were determined for the νas(CD2) and νs(CD2) bands.
The integrated intensity of an IR band depends on the angle
between the directions of the transition dipole moment of a
given vibration and the electric ﬁeld of the photon. The electric
ﬁeld vector of the p-polarized photon is perpendicular to the
metal surface. Therefore, the angle (θ) between the direction of

Figure 2. (A) PM-IRRAS spectra for the C−D stretching region of the
DMPC alkyl chains for selected potentials versus SCE. The spectral
deconvolutions of the average experimental ﬁlm and the calculated
randomly oriented ﬁlm are shown in B and C, respectively.

ﬁve curves below, plot the PM-IRRAS spectra acquired for the
selected electrode potentials indicated in the ﬁgure, which show
that the band intensity changes as a function of potential.
To quantify the IR results, the spectra were deconvoluted
into individual component bands. The spectral deconvolutions
of the C−D stretching region are presented in Figure 2B,C for
the average experimental data and for a randomly oriented ﬁlm
calculated from the optical constants, respectively. The
deconvolutions of the spectra for individual potentials are
shown in the Supporting Information (Figures SI6). The
Fourier self-deconvolution of the IR spectra (described in
Figure SI7 of the Supporting Information) revealed that the C−
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monolayer and the increased tilt of the lipid chains, caused by
the binding of the toxin.
Phosphate and Glycerol Stretching Regions. The bands
that originate from the asymmetric phosphate group of the
lipids are located in the range of frequencies from ∼1300 to
1200 cm−1. The intensities of these bands are weak and show a
minute dependence on the applied potential. To improve the
S/N, the bands acquired for several potentials were averaged
and the averaged spectrum is plotted in Figure 5. For

the transition dipole and the surface normal can be determined
using the following equation38
1 A(E)
cos2 θ =
3 A(random)
(2)
where A(E) is the integrated intensity of the band at a given
potential and A(random) is the integrated intensity of a band in a
monolayer of randomly oriented molecules. The A(random) value
was calculated from the optical constants, reported in the
Supporting Information, using the experimental conditions
listed in Table 1 of the Supporting Information according the
procedure described in ref 25.
The calculated angles between the surface normal and the
transition dipole moments of the νs(CD2) and νas(CH2) bands
of DMPC-d54 in the three-component membrane are shown in
Figure SI8 of the Supporting Information. The angles of the
transition dipole moments for both the νs(CD2) (θvs) and
νas(CH2) (θvas) vibrations show no dependence on the applied
electrode potential and are equal within the limits of
experimental uncertainties.
The direction of the transition dipole of the methylene
symmetric stretch aligns along the bisector of the CD2 plane,
and the direction of the transition dipole of the asymmetric
stretch lies along the line joining the two hydrogen atoms of the
CD2 group. Both vectors are positioned within the plane of the
methylene group, which is perpendicular to the line of the trans
fragment of the hydrocarbon chain. Therefore, it is possible to
calculate the average tilt of the trans fragments of the
deuterated chains of DMPC (θchain) within the membrane
from the experimental θvas and θvs values using the following
expression:39
cos2 θvas + cos2 θνs + cos2 θchain = 1

(3)

Figure 5. (A) Qualitative comparison of the average νas(PO2−) and
C−O−C stretching regions for the three-component bilayer in the
absence (red) and presence (blue) of the cholera toxin. (B) Model of a
planar C−C(O)−O−C moiety.

The average tilt angle of the trans fragments of acyl chains is
plotted as a function of potential in Figure 4. For comparison,

comparison, the average spectrum for the bilayer without
CTB is also included in Figure 5. These spectra are dominated
by a broad νas(PO2−) band centered at ∼1230 cm−1. This band
is weakly aﬀected by the bonding of CTB, indicating that the
attachment of the toxin has little eﬀect on the hydration and
orientation of the phosphate group. ATR studies on oriented
phospholipid bilayers revealed that the νas(PO2−) band is
extremely sensitive to hydration, shifting in frequency from
1250 cm−1 for a dry lipid bilayer to 1230 cm−1 for a hydrated
lipid bilayer.40,41 Therefore, the frequency of the νas(PO2−)
band indicates that the phosphate group is hydrated in the two
bilayers.
In the spectra of Figure 5, the band at ∼1175 cm−1 is due to
the νas(C−O−C) vibration of the glycerol ester group. This
band is more intense in the absence of bound toxin,36
indicating that the orientation of the C−O−C moiety changes
in the presence of the protein. According to Fringeli,40,41 this
band can be assigned to the C−O−C stretch of the γ chain and
the direction of the transition dipole of this band is parallel to
the chain. Therefore, the decrease in the C−O−C band
intensity in the presence of cholera toxin correlates well with
the increased tilt of the chains observed in Figure 4 from the
CD2 stretching vibration data.

Figure 4. Tilt angle of the trans fragment of the alkyl chains as a
function of electrode potential for a three-component membrane in
the absence (□) and presence (■) of bound toxin.

the tilt angles of the trans fragments in the membrane without
CTB, taken from a previous study,36 are also included in this
ﬁgure. The results show that the attachment of CTB causes an
increase in the tilt angle by about 10°. This result is consistent
with recent X-ray diﬀraction studies of CTB binding to a
phospholipid monolayer at the air−solution interface by Miller
et al.11 that show the degradation of the long-range order in the
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out-of-phase components are separated by 5 cm−1. In addition,
the position of the ν(CO) band also depends on the
hydration state of the ester group. In hydrated phospholipids,
this band splits into two components with maxima at ∼1744
and ∼1725 cm−1, corresponding to the non-hydrogen-bonded
and hydrogen-bonded ν(CO), respectively.44,45 Because of
the complex nature of this band in DMPC, it was not
deconvoluted into the hydrogen-bonded and non-hydrogenbonded components in this study.
However, the overall shape and position of the CO
vibrations depend on the hydration of the ester group because
the band position shifts to lower frequencies when the ester
group becomes more hydrated. Therefore, the position of the
global maximum of this band may be used to assess the degree
of hydration qualitatively. To monitor this relative change in
membrane hydration, the location of ν(CO) band maxima in
the PM-IRRAS spectra is plotted as a function of electrode
potential in Figure 6B. The shape and intensity of the ν(CO)
band demonstrate little change with the electrode potential;
consequently, the band positions vary in a narrow range
between 1738 and 1740 cm−1. For comparison, the ν(CO)
band maxima determined earlier for the bilayer without CTB36
are also included in Figure 6B. These values are signiﬁcantly
lower, suggesting that the attachment of CTB restricts the
hydration of the ester group in the supported bilayer. However,
the frequencies of the ν(CO) band maxima for the CTB
bound supported bilayer are 5 to 7 cm−1 lower than the
spectrum obtained for a suspension of vesicles, indicating that
the CO group is more hydrated when the bilayer is
supported on the metal surface. Apparently, the binding of
CTB to the outer surface of phospholipid vesicles further
restricts the hydration of the CO moiety.
Figure 6C plots the angle between the surface normal and
the transition dipole moment of the CO vibration for the
bilayer in the absence and presence of CTB. Because of its
complexity and the signiﬁcant changes in the hydration state of
the CO bond, these data points are considered to be
approximate values. The direction of the transition dipole of
this band is approximately normal to the acyl chains.42
Therefore, the large angles observed for the CO stretching
are consistent with the smaller tilt angle values of the acyl
chains. In addition, the CO dipole angles in the presence of
the toxin are smaller and display a weak dependence on the
applied electrode potential, which is consistent with the larger
tilt angles that were observed for the acyl chain region, as
previously discussed. Therefore, all data obtained from the
diﬀerent spectral regions are in very good agreement
In summary, PM-IRRAS studies of the membrane lipids
demonstrated that the binding of CTB to the membrane leads
to an increase in the tilt of the chains but has a small eﬀect on
the chain conformation. The attached CTB shields the glycerol
moiety from the water molecules, and as a result, the carbonyl
groups are less hydrated. In contrast, its presence does not
aﬀect the hydration of the phosphate group. This is not a
contradiction. The carbonyl group is electroneutral and is
located at the boundary between polar and nonpolar regions of
the bilayer. In contrast, the phosphate group is negatively
charged and is located in the polar region of the bilayer. The
properties of the bilayer with attached CTB determined in this
work are in general agreement with the properties observed for
this system using diﬀerent models (single bilayer at supported
at silicon8 or a monolayer spread at the air−solution
interface9−11). Signiﬁcantly, our results demonstrate that the

Figure 6A shows spectra for the ester carbonyl group
stretching vibration. The top thick line shows the spectrum

Figure 6. (A) PM-IRRAS spectra for the carbonyl stretching region of
the DMPC phospholipids for selected potentials versus SCE and (B,
C) the corresponding peak maxima for the CO stretching vibration
in the absence (□) and presence (■) of the cholera toxin B subunit.

calculated from optical constants determined for a suspension
of vesicles. The ﬁve lower curves plot the PM-IRRAS spectra
for the bilayer supported by the gold electrode at various
electrode potentials. The ester CO band located at ∼1730
cm−1 is quite complex.42 DMPC molecules have two
conformers, DMPC-A (80%) and DMPC-B (20%).43 The
normal coordinate simulation by Bin et al.42 shows that
vibrations of the ν(CO) band in the β and γ acyl chains are
coupled, causing the band to split into two bands
corresponding to the in-phase and out-of-phase motions of
the atoms. In the case of the predominant DMPC-A
conformation, the coupling is weak, and the in-phase and
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Information Figure SI2) using a thickness value of 32 Å,10,11
are shown in Figure 7. The PM-IRRAS spectra are in good

properties of the membrane change very little with the applied
potential. This is important because it shows that the dewetting
of the membrane from the metal surface has a minimal eﬀect on
the membrane structure. The bilayer supported at a gold
electrode surface is a good model for describing potentialcontrolled changes in the orientation of the protein described
in the next section.
Amide Stretching Region of the Cholera Toxin. The amide
bands that arise from the vibrations of the peptide backbone
provide useful information on the secondary structure of
polypeptides and proteins. An analysis of the peptide group in
model compounds and polypeptide systems allows for the
assignment of these characteristic bands.46,47 Diﬀerences in the
hydrogen bonding and dipole−dipole coupling result in
changes in the vibrational frequency of the various amide
bands, which are characteristic of diﬀerent elements within the
secondary structure of the protein.
The amide I−III bands are most frequently used in the
infrared analysis of proteins. The amide I band arises primarily
from the CO stretching of the amide group47 whereas the
amide II and amide III bands are primarily due to N−H
bending, with a contribution from C−N stretching vibrations.47
Both theoretical and experimental observations of model
peptides indicate that there is a good correlation between the
amide I band frequency and the presence of speciﬁc secondary
structures.46,47 This correlation was further supported by
experiments on a vast range of soluble proteins undertaken in
diﬀerent laboratories.47−49 In a D2O electrolyte, bands in the
spectral range of 1620−1640 and ∼1680 cm−1 are attributed to
a β-sheet structure. Polypeptide fragments in random
orientation (random coil or turn) are localized around the
1644 cm−1 region (1640−1648 cm−1). Proteins and polypeptides that assume α-helical conformations give rise to
infrared bands in the spectral range of 1650−1658 cm−1.46−48
Typically, the orientational analysis of protein secondary
structure involves the determination of the dichroic ratio of the
peak heights or integrated areas of the amide I and II
bands.49−54 Although this analysis procedure is extensively
used, it suﬀers from several disadvantages. First, the ratio of the
amide I and II bands must be performed on dried samples
because both H2O and D2O will complicate analysis. In
addition, the amide II band cannot be deconvoluted into
diﬀerent secondary structure elements, limiting this approach to
peptides or proteins with one predominant structural feature.
Furthermore, this analysis is more complicated for α-helical
structures because it is now recognized that lengthy α-helices
give rise to two distinctively diﬀerent types of vibrations, A-like
modes and E1-like modes. The A-like normal mode refers to
the normal mode having all eigenvector elements in phase, and
the E1-like mode refers to the normal mode having alternating
eigenvector elements, meaning that the eigenvector elements of
the local nearest neighbor amide I modes are out of phase with
each other.47,54 These diﬀerent modes arise at diﬀerent
frequencies. For the amide I band, for example, the A-like
mode is centered at ∼1651 cm−1 and the E1-like mode is
centered at ∼1657 cm−1.47,53 For the amide II band, the
frequency location of these modes is more diﬃcult and
complicates the analysis. Below is the description of the
quantitative analysis of the amide I region that was used to
obtain key orientational information in this work.
The PM-IRRAS spectra for selected potentials and the
spectrum for a randomly oriented CTB ﬁlm at the gold surface,
which was calculated from optical constants (Supporting

Figure 7. PM-IRRAS spectra of the CO stretching region of the
amide I band for CTB-bound membranes at selected potentials.

agreement with the spectra of GM1-bonded CTB in vesicles
published previously by Surewicz et al.55 The amide I band can
be deconvoluted into its component bands, which correspond
to the diﬀerent secondary structural elements of the protein. A
Fourier self-deconvolution (FSD) is required to determine the
positions of the component bands because the amide I band is
broad and featureless. The positions of the peaks determined
from FSD are then used for the deconvolution of the broad
amide I band contour into its components. Despite the fact that
the curve-ﬁtting procedure requires subjective decisions, the
prediction of the percentage of each type of secondary
structural element in the protein from the area of the
component bands is surprisingly accurate.46−48 The bands in
PM-IRRAS spectra are about twice as strong as those calculated
for the random ﬁlm, and their intensity gradually increases
when the potential is scanned in the negative direction. Because
the variable potential constitutes a perturbation, generalized
two-dimensional correlation spectroscopy (2D-COS)56 can be
used to assist in the identiﬁcation of the bands present in the
PM-IRRAS spectra. In this manner, the conﬁdence level of the
resulting deconvolution of the amide I can be further increased.
In Figure 8A, the Fourier self-deconvolution was performed
on the amide I region of a selected PM-IRRAS spectrum
(Figure SI9 in the Supporting Information). It revealed the
presence of six sub-bands centered at ∼1618, ∼1627, ∼1655,
∼1667, ∼1673, and ∼1691 cm−1, in good agreement with ref
55. The 2D synchronous correlation analysis of the PM-IRRAS
spectra is shown in Figure 8B. The amplitudes in the 2D
correlation analysis correspond to the magnitude of intensity
deviations from the reference spectrum. The positive peaks
located along the diagonal represent the autocorrelation
function of spectral intensity variations caused by a change in
the applied potential. The diagram shows a very strong
autocorrelation peak at (1655, 1655), strong autocorrelations at
(1627, 1627), and weak autocorrelation peaks at (1618, 1618),
(1679, 1679), and (1691, 1691). The peak at ∼1667 cm−1
resolved by FSD has no autocorrelation peak in the 2D
correlation plot. Strong autocorrelation peaks indicate signiﬁcant changes in these band intensities as a function of applied
potential. Conversely, weak autocorrelation peaks or the
absence of the autocorrelation peaks indicates a weak
dependence or independence of these band intensities on the
applied potential. The peaks in oﬀ-diagonal positions are the
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with the applied potential. The 2D correlation analysis also
reveals a weak cross-correlation peak at (1655, 1642) indicating
the presence of a band at 1642 cm−1 that was not resolved by
the FSD procedure.
The amide I region for the PM-IRRAS and the transmission
spectrum of cholera toxin bound to the bilayers were
deconvoluted using a mixed Gaussian + Lorentzian ﬁt assuming
that seven bands are present in this region. The result of this
deconvolution is shown in Figure 8A. The fwhm of the ﬁve
deconvoluted sub-bands that make up the majority of the
amide I band varied from 15 to 19 cm−1. The band at ∼1618
cm−1, assigned to side-chain vibrations according to ref 55, had
an average fwhm of 11 cm−1 whereas the average fwhm for the
1691 cm−1 band, which corresponds to β turns according to ref
57, was 11 cm−1. The strong band at ∼1627 cm−1 and the
bands at 1673 and 1680 cm−1 belong to β-sheet structures. The
bands at 1642 and 1667 cm−1 are due to random structures.
Finally, the strong band at 1655 cm−1 belongs to α-helical
structures. To relate the assigned bands to the corresponding
structural elements, a top view of the “ribbon” model of the
protein, taken from the CTB protein database (PDB ID
3CHB),30 is shown in Figure 8C. The average angle of the
helices of the CTB crystal structure was 18.7°. The CTB unit is
roughly cylindrical with a vertical height of 3.2 nm and a radius
of 3.1 nm. The α-helices are tilted, and the unit has a conical
shape. The central channel lies along the ﬁve-fold axis, and its
diameter changes from 1.1 nm at the carboxyl end to a 1.6 nm
channel diameter at the amino end. The antiparallel β-sheets
surround the central α-helices.30,31
In an eﬀort to obtain information regarding the orientation
of the bound protein toxin at the surface, the β-sheet, α-helix,
and random IR bands at 1627, 1655, and 1667 cm−1,
respectively, were used to calculate the angles between the
transition dipole moment and surface normal using eq 2. The
calculated dipole angles are plotted as a function of applied
potential in Figure 9. These bands were selected because the

Figure 8. (A) FSD (dotted line) and resulting spectral deconvolution
of the amide I band showing the contribution from secondary
structure for the experimental ﬁlm at 160 mV. (B) Two-dimensional
correlation spectrum for the amide I band as a function of the
electrode potential (referenced to 400 mV). (C) Ribbon model of the
cholera toxin B subunit taken from the RCSB protein crystal data bank
(PDB ID 3CHB). Each of the ﬁve central helices are color-coded and
numbered with respect to the distance from the N terminus. The tilt
angles in degrees are shown in the brackets in the legend. The z axis
passing through the center of mass (blue dot) is shown by the black
line.30−32

Figure 9. Angles of the transition dipole moments of the β-sheet, αhelix, and turn components of the amide I band for CTB bound
membranes as a function of the electrode potential vs SCE.

error in the calculated angle is minimized by the large intensity
and low spectral overlap. The angle for the random structures is
independent of potential. This suggests that the orientations of
the random structures of the cholera toxin B subunit are
independent of the electrode potential. In contrast, the angle
for the β-sheet structure increases and the angle for the αhelical structure decreases with increasing potential. This result
is consistent with the 2D correlation analysis, which showed no

cross-correlation peaks. Positive cross-correlations (marked in
red) imply that the two correlated peaks change in the same
direction as a function of applied potential. In contrast, negative
cross-correlation peaks (marked in blue) at (1655, 1627) and
(1655, 1618) indicate that the two bands at 1618 and 1627
cm−1 and the band at 1655 cm−1 change in opposite directions
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autocorrelation band at 1667 cm−1 and the negative sign of the
(1655, 1627) cross-correlation band. The agreement between
the two types of data analysis indicates that no major errors
were made in the band deconvolution procedure. The negative
sign of the cross-correlation band (1655, 1627) shows that the
potential-induced movements of the α-helices and the β-sheets
are interrelated. When this data is combined with the crystal
structure of the cholera toxin B subunit, it suggests that the βsheet peptides, which act as a structural support for the αhelices, play a role in the opening and closing of the CTB
channel.12
The changes in the angle between the transition dipole of the
amide I band and the surface normal are more pronounced for
α-helices, indicating a potential-induced orientational change of
the helical structure of the toxin. This is important because the
central pore of the toxin contains ﬁve α-helices and the exact
role of this pore remains elusive. The angle (α) between the
helical axis and the direction of the transition dipole moment of
the amide I vibration was estimated to be between 34 and
38°.53,54,58 This estimate can be used to calculate the average
tilt angle of the helices with respect to the surface normal by
taking the following approach. First, the order parameter
corresponding to the angle between the transition dipole
moment of the amide I band, SCO (amide I band is
predominantly the vibration of the CO group of the amide
bond), was calculated using the expression50
1
SCO = (3 cos2 θCO − 1)
(4)
2
Next, the order parameter of the amide I band was used to
calculate the order parameter of the helical axis from the
following relationship:50,53,54
S helix =

2SCO
(3 cos2 α − 1)

(5)

Finally, the average tilt angle (γ) of the helical axes was
calculated from its order parameter using the formula
1
S helix = (3 cos2 γ − 1)
(6)
2
Figure 10A shows the average tilt angles of the helices as a
function of applied potential with two models depicting the
open and closed channel conﬁgurations of the channel. There
are two sets of values that correspond to the upper and lower
limits of the angle between the direction of the transition dipole
of the amide band and the helix axis used in the calculations. At
the positive potentials, the average tilt angle resides between 10
and 18° and increases to a value between 30 and 35° at the
negative limit of the potential. To assist the discussion of these
changes, Figure 10B shows the plot of the charge density for
the CTB bound bilayer at the Au(111) electrode surface. The
correlation between the two sets of data is excellent, and it
shows that the tilt of the helices is small when the bilayer is
directly deposited onto the electrode surface at positive
potentials and increases when the bilayer begins to be detached
from the metal at negative potentials. The maximum value of
the tilt angle is observed at ∼−0.4 V, which correlates with the
inﬂection point on the charge density curve. The limiting value
of 30−35° is attained at the most negative potentials where the
bilayer is detached from the membrane surface and is
suspended on an ∼10-Å-thick cushion of electrolyte.33 This
potential-induced reorientation of the helices can occur via (i) a
change in the membrane environment at the metal surface as a

Figure 10. Comparison of the (A) tilt angle (γ) of the major axis of
the α-helical components of the cholera toxin B subunit using a
reference angle of 34° (■) and 38° (◆) in the closed (left) and open
(right) channel states, (B) charge density, and (C) tilt angle of the
alkyl chains of the DMPC bilayer as a function of the electrode
potential.

function of potential or (ii) the opening and closing of the αhelices within the channel CTB protein. To address this issue,
the bottom panel in Figure 10C plots the average angle
between the trans fragments of the acyl chains of DMPC
molecules as a function of the electrode potential. In contrast to
the pronounced changes in the tilt of the helices, the tilt angle
of the acyl chains shows a weak dependence on the electrode
potential, and as a result, one can conclude that the changes in
the orientation of the helices are not induced by changes in the
membrane structure. Using the crystallographic data, the
average tilt of the ﬁve α-helices with respect to the axis of
the pore was determined to be ∼19°. This number is lower
than the tilt with respect to the surface normal at most negative
potentials but larger than the tilt with respect to the surface
normal at the largest positive potentials. The larger tilt of the
ﬁve α-helices with respect to the surface normal compared to
that with respect to the axis of the pore can be understood
because the pore axis does not need to be perfectly parallel to
the surface normal. However, tilt angles smaller than 20°
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protein. This material is available free of charge via the Internet
at http://pubs.acs.org.

indicate unequivocally that the CTB channel can be opened by
the modulated potential because, as the structure in Figure 8C
shows, a smaller tilt should result in an overall widening of the
CTB pore. The CTB channel should therefore be closed at E <
0.1 V and opened at more positive potentials. The minimum
pore radius in the closed position was found to be 1.1 nm.31
Our results suggest that the CTB pore radius could be opened
up to at least ∼1.6 nm. This value is close to the 2.1 ± 0.2 nm
of the CTB-channel diameter estimated by Krasilnikov et al.12
via conductance measurements. The opening diameter of ∼2.1
nm was considered to be wide enough to allow for the
transport of the A subunit of the cholera toxin protein.12
Therefore, the potential-modulated changes in the orientation
of the helices are an important result because they provide a
possible explanation of the pore-opening phenomenon that is
speculated to occur during membrane translocation of the
cholera toxin A subunit.
In our opinion, this is the most plausible model to explain the
data. The imaging experiments by Thompson et al.59 and Mou
et al.60 demonstrated that CTB molecules are uniformly
distributed at the surface of phosphocholine bilayers with a
GM1 content up to 10%. This is an indication of repulsive
interactions, and it is unlikely that such interactions will be
changed by the applied potential to cause the change in the tilt
of the helices. The collective distortion or twist of all ﬁve
helices, instead of the proposed inclination toward the pore
center, may be invoked as well. However, the availability of free
space in the central pore makes the proposed inclination the
most rational explanation of the present results.

■

Present Address
⊥

Department of Chemistry, Saint Mary’s University, Halifax,
Nova Scotia, Canada B3H 3C3.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was funded by an NSERC research grant. J.L. and
J.R.D. acknowledge the Canadian Foundation for Innovation
(CFI) for Canada Research Chair Awards. We thank Dr. Jarek
Majewski (Los Alamos National Laboratory) for encouraging
us to initiate this study.

■

REFERENCES

(1) Colwell, R.; Anwar, H. Marine Ecosystems and Cholera.
Hydrobiologia 2001, 460, 141−145.
(2) Torgersen, M.; Skretting, G.; Deurs, B.; Sandvig, K. Internalization of Cholera Toxin by Different Endocytic Mechanisms. J. Cell
Sci. 2001, 114, 3737−3747.
(3) Lencer, W.; Saslowsky, D. Raft Trafficking of AB5 Subunit
Bacterial Toxins. Biochim. Biophys. Acta 2005, 1746, 314−321.
(4) Vénien-Bryan, C.; Lenne, P.-F.; Zakri, C.; Renault, A.; Brisson, A.;
Legrand, J.-F.; Berge, B. Characterization of the Growth of 2D Protein
Crystals on a Lipid Monolayer by Ellipsometry and Rigidity
Measurements Coupled to Electron Microscopy. Biophys. J. 1998,
74, 2649−2657.
(5) Lauer, S.; Goldstein, B.; Nolan, R. L.; Nolan, J. P. Analysis of
Cholera Toxin-Ganglioside Interactions by Flow Cytometry. Biochemistry. 2002, 41, 1742−1751.
(6) Kenworthy, A. K.; Petranova, N.; Edidin, M. High-Resolution
FRET Microscopy of Cholera Toxin B-Subunit and GPI-Anchored
Proteins in Cell Plasma Membranes. Mol. Biol. Cell 2000, 11, 1645−
1655.
(7) Yuan, C.; Johnston, L. J. Atomic Force Microscopy Studies of
Ganglioside GM1 Domains in Phosphatidylcholine and Phosphatidylcholine/Cholesterol Bilayers. Biophys. J. 2001, 81, 1059−1069.
(8) Forstner, M. B.; Yee, C. K.; Parikh, A. N.; Groves, J. T. Lipid
Lateral Mobility and Membrane Phase Structure Modulation by
Protein Binding. J. Am. Chem. Soc. 2006, 128, 15221−15227.
(9) Miller, C. E.; Majewski, J.; Kjær, K.; Weygand, M.; Faller, R.;
Satija, S.; Kuhl, T. L. Neutron and X-ray Scattering Studies of Cholera
Toxin Interactions with Lipid Monolayers at the Air-Liquid Interface.
Colloids Surf., B 2005, 40, 159−163.
(10) Miller, C. E.; Majewski, J.; Faller, R.; Satija, S.; Kuhl, T. L.
Cholera Toxin Assault on Lipid Monolayers Containing Ganglioside
GM1. Biophys. J. 2004, 86, 3700−3708.
(11) Miller, C. E.; Majewski, J.; Watkins, E. B.; Kuhl, T. L.; Part, I. An
X-ray Scattering Study of Cholera Toxin Penetration and Induced
Phase Transformations in Lipid Membranes. Biophys. J. 2008, 95,
629−640.
(12) Krasilnikov, O. V.; Muratkhodjaev, J. N.; Voronov, S. E.;
Yezepchuk, Y. V. The Ionic Channels Formed by Cholera Toxin in
Planar Bilayer Lipid Membranes Are Entirely Attributable to its BSubunit. Biochim. Biophys. Acta 1991, 1067, 166−170.
(13) McCann, J. A.; Mertx, J. A.; Czworkowski, J.; Picking, W. D. The
Conformational Changes in Cholera Toxin B Subunit-Gangloside
GM1 Complexes are Elicited by Environmental pH and Evoke
Changes in Membrane Structure. Biochemistry 1991, 36, 9169−9178.
(14) Nyquist, R. M.; Eberhardt, A. S.; Silks, L. A., III; Li, Z.; Yang, X.;
Swanson, B. I. Characterization of Self-Assembled Monolayers for
Biosensor Applications. Langmuir 2000, 16, 1793−1800.
(15) Sinclair, H. R.; Kemp., F.; de Slegte, J.; Gibson, G. R.; Rastall, R.
A. Carbohydrate-Based Anti-Adhesive Inhibition of Vibro Cholerae

■

SUMMARY AND CONCLUSIONS
The data presented in this article suggests that the binding of
cholera toxin to the GM1 residue appears to stabilize the
structure of the membrane. The IR results show a slight
decrease in the number of gauche conformers and increase in
the overall tilt angle of the acyl chains when cholera toxin binds
to the surface of the membrane. The major diﬀerence in the
membrane structure in the absence and presence of bound
CTB was a notable decrease in the relative hydration of the
glycerol moiety because the massive protein layer isolates the
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have also shown that the opening and closing of the CTB pore
does in fact occur via the α-helical components in the center of
the pore and that this pore opening is voltage-dependent. This
is a signiﬁcant result because it may explain the mechanism of
the transport of the toxin through the membrane.
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Experimental
Experimental Setup, Reagents and Solution Preparation: All glassware was cleaned
in a hot mixed acid bath (1 part HNO3 : 3 parts H2SO4) for approximately 45 minutes and
thoroughly rinsed using a Milli-Q ultra-pure (>18.2 MΩ●cm) water system (Millipore). The
three-electrode glass electrochemical cell was equipped with a single crystal Au(111) working
electrode (WE), which was grown, cut and polished in our laboratory and a gold wire counter
electrode (CE), both of which were flame annealed using a Bunsen burner and quenched with
Milli-Q water to ensure that the surface was free from contamination. A saturated calomel
electrode (SCE) was used as the reference electrode (RE) in the electrochemical measurements.
The PM-IRRAS spectroelectrochemical cell was equipped with a 1″ BaF2 equilateral prism
(Janos Technology), a Pt foil (Alfa Aesar, 99.99%) counter electrode and a Ag/AgCl reference
electrode. All potentials are reported versus the SCE unless otherwise stated.
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Sigma-Aldrich), cholesterol
(Sigma-Aldrich), 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (Sigma-Aldrich) and GM1
(Avanti Polar Lipids) were dissolved in a 95:5 mixture of HPLC grade chloroform (SigmaAldrich) and methanol (Sigma-Aldrich). Sodium fluoride powder (99%, Sigma-Aldrich) was
cleaned in an UVO chamber (Jelight) for 30 minutes prior to each experiment. Both sodium
fluoride electrolyte and cholera toxin B subunit (Sigma-Aldrich) solutions were prepared using
Milli-Q or deuterated (Cambridge Isotope Laboratories) water.

Bilayer Deposition: A combination of the Langmuir–Blodgett (LB) and Langmuir–
Schaefer (LS) techniques were employed to fabricate the phospholipid bilayers on the Au(111)
surface. The subphase of the Langmuir trough was pure water heated to a temperature of 28˚C in
order to improve homogeneity of the compressed film. The first monolayer deposited onto the
Au(111) surface contained only DMPC and cholesterol at a 70:30 mol ratio to model the inner
(cytoplasmic) leaflet of a cell plasma membrane. This monolayer was transferred at a film
pressure of 40 mN m-1 using the LB method by vertical withdrawal of the electrode at a speed of
25 mm min-1 to give a transfer ratio of 1.0  0.1. The head groups of DMPC molecules in the
adsorbed film face the metal electrode surface and the hydrocarbon tails are directed towards the
air19. The monolayer-covered gold electrode was allowed to dry for 1.5 hours after emersion.
The second monolayer deposited onto the Au(111) surface modeled the outer
(extracellular) leaflet of a cell plasma membrane and contained DMPC, cholesterol and GM1 at
a 60:30:10 mol % ratio as well as the bound cholera toxin binding (CTB) unit. The average
content of GM1 in the epithelial cell of human intestine is much lower, in the order of 1%.20
However, it is now well established that GM1 segregates into “rafts” where its concentration is
enriched several-fold.21-22 Hence, the content of GM1 used in this study is likely to be close to
the content of GM1 in “rafts “. In order to make efficient use of the costly toxin protein, a
method proposed in23 was modified and used to expose the protein to the biomembrane. A small
Teflon well (1.7 mL volume) was immersed into the subphase and the components that comprise
the distal leaflet were spread at the air/solution interface. After compression and stabilization of
the monolayer at a surface pressure of 40 mN m-1, the Teflon well was raised through the
compressed monolayer using an external lift. This resulted in a floating, compressed monolayer
on the surface of the small Teflon well. Surface pressure measurements taken for this monolayer

indicated that the film pressure varied by no more than ± 2 mN m-1, compared to the transfer
-1

stock solution) was then

injected under the floating monolayer in the small well, and the monolayer components and the
toxin were allowed to incubate for eight hours. Following this incubation period, the monolayercovered Au(111) electrode was horizontally touched to the surface of the compressed monolayer
and transferred using a Langmuir-Schaefer deposition19. This model biological membrane
complete with bound toxin was then used to perform electrochemical and PM-IRRAS
measurements.

Electrochemical measurements: The electrochemical measurements were carried out in an all
glass three-electrode cell using the hanging meniscus configuration24. The cleanliness of the
0.1M NaF electrolyte was checked by cyclic voltammetry (CV) and differential capacitance
(DC) measurements using experimental procedures described previously25.
A computer-controlled system, consisting of a HEKA PG 590 potentiostat/galvanostat
and a lock-in amplifier (EG&G Instruments 7265 DSP), was used to perform electrochemical
experiments. All data were acquired via a plug-in acquisition board (National Instruments NIDAQ) using custom written software provided by Prof. Dan Bizzotto of the University of British
Columbia.
Chronocoulometry measurements were used to determine the charge density at the
electrode surface. The gold electrode was held at a base potential, Eb, of -0.1 V for

120 s. The

potential was then stepped to a variable potential of interest, Ei, where the electrode was held for
120 s. Next, the desorption potential, Edes, of -1.2 V was applied for 0.15 s and the current

transient corresponding to desorption of the film and recharging of the interface was recorded.
The electrode was then flame annealed, and a fresh bilayer was prepared on the Au(111) surface
prior to recording a new value of Ei.

The integration of the current transients gives the

difference between charge densities at potentials Ei and Edes. Similar experiments were
performed for the film-free electrode in pure supporting electrolyte. The absolute charge
densities were then calculated using the independently determined potential of zero charge (Epzc)
value of 0.22 V versus SCE.

Spectra collection and processing: A Nicolet Nexus 870 spectrometer, equipped with an
external tabletop optical mount, an MCT-A detector, a photoelastic modulator with a II/ZS50
ZnSe 50 kHz optical head (Hinds Instruments PM-90) and a synchronous sampling demodulator
(GWC Instruments) was used to perform the PM-IRRAS experiments. The spectra were
acquired using in-house software, an Omnic macro and a digital-to-analog converter (Omega) to
control the potentiostat (EG&G PAR 362). Prior to the assembly of the spectroelectrochemical
cell, the four-component bilayer was deposited onto the electrode surface in an identical manner
as that outlined above for the electrochemical measurements, the electrode was transferred to the
cell, the cell was filled with 0.1M NaF solution, and argon (Linde) was purged through the
solution for approximately one hour to remove residual oxygen. An initial potential of 0.36 V
was applied to the gold electrode and the corresponding IR spectra were collected and averaged
over 6000 scans using an instrumental resolution of 2 cm-1. The potential was then stepped in the
negative direction by -0.1 V and the above sequence was repeated until reaching a final potential
of -1.04 V.

Infrared measurements for each spectral region of interest were optimized by using an
appropriate solvent, angle of incidence, and electrolyte thickness between the window and the
electrode. The parameters that were used for each region are shown in Table 1 of the
Supplementary Information. Each thin layer cavity thicknesses was determined by fitting the
experimental reflectivity spectrum, which is attenuated by the solvent layer between the gold
electrode and BaF2 window, to a reflectivity spectrum that is generated from optical constants
using the experimental parameters, as described previously21. Thin layer cell equipped with
planar BaF2 widows (thickness of solution 101.6μm) was used to determine transmission spectra
of the DMPC/chol/GM1 mixed vesicles solution with bound cholera toxin. The transmission
spectra were used to calculate optical constants for various spectra regions. The calculations and
the optical constants are presented in the Supporting Information (Figures SI 1 to SI 4). The
optical constants and the experimental conditions reported in Table 1 of the Supporting
Information were then used to calculate the spectra of randomly oriented DMPC and CTB
molecules in the membrane supported at the gold electrode surface.26
The demodulation technique developed in Corn’s laboratory27,28 was used in this work. A
modified version of a method described by Buffeteau et al.29 was used to correct the intensities
of the average and difference signals for the PEM response and the difference in the optical
throughputs for p- and s- polarized light. Finally, the measured spectra had to be background
corrected due to the absorption of IR photons in the thin layer cavity. The background corrected
spectra are plotted as S, which is proportional to absorbance A of the adsorbed molecules, as a
function of wavenumber. The relationship for S is shown in equation 1:

S 



2 Is  I p
Is  I p

  2.3   2.3 A

(1)

where  is the surface concentration of the adsorbed species and  is the decimal molar
absorption coefficient of the adsorbed species. The error analysis in the PM-IRRAS
measurement and data processing has been described in30.
Helix tilt angle measurements: The cholera toxin B pentamer structure (PDB ID: 3CHB)31 was
obtained from the RCSB Protein Data Bank. The structure was aligned along the Z-axis using
the editconf program part of the GROMACS 4.5.5 package.32,33 It is important to align structures
along a common axis to avoid possible data artifacts and to satisfy the requirement of the Z and
helix axes inputs required by the g_bundle program. The index file was created with the help of
the make_ndx program defining the top and the bottom of each of the 5 central helices (Figure
8C). Helical regions with minimal bending (i.e. located closer to the center) were selected in
order to improve the accuracy of the helical axis definition. The g_bundle program calculated
the tilt angle between the helical and Z axes, utilizing the index file defined in the previous step.
The helical axis was defined by the calculation of the centre of mass of the top and bottom Cα
atoms of the helix residues. In order to improve the accuracy of the helix axis definition and tilt
angle estimates, helical regions with minimal bending (i.e. usually located closer to the center)
were selected. The definition of the top and bottom sections of the helix was accomplished with
the make_ndx program that outputs an index file ”.ndx”. A total of 10 sections were defined and
captured by the index file (e.g. index.ndx). Finally, the index file was used as input to g_bundle
with ”–na 1” and “-z” parameters.
A summary of the experimental parameters for the various PM-IRRAS spectral regions are
shown in Table 1 below:

Table 1: Summary of the Conditions used to obtain the PM-IRRAS spectral regions for the
various functional groups of the cholera B subunit bound DMPC/Chol/GM1 bilayers

Spectral Region
(cm-1)
1100-1350
1550-1800
2000-2300

Electrolyte
Solution
H2O
D2O
H2O

Angle of Incidence
(degrees)
57
61
60

Thin Cavity Thickness
(µm)
2.5
2.8
2.2

Optical Constants:
The spectra for the randomly oriented bilayer and bound cholera toxin films were calculated
from IR optical constants obtained from transmission IR measurements in both H2O and D2O.
The refractive index and attenuation coefficient for the molecule can be extracted from the real
and imaginary components of the complex refractive index using the Kramers-Kronig
relationship shown in Equation 1:
=

where

̅

∫̅

̅

̅

̅

̅

is the refractive index of the pure analyte,

spectral region and

̅

(1)

is the average refractive index of the

is the attenuation coefficient of the analyte. However, the solution used for

the transmission measurements is not composed of a neat analyte solution. Therefore, the
volume fraction of the analyte solution must be used to accurately calculate the refractive index
and attenuation of the pure analyte according the Equations 2 and 3:
∑

∑

where

is the mole fraction and

∑

(2)

∑

(3)

is the molar mass of the analyte i.

and

are the densities

of the pure analyte and solution containing a small fraction of analyte and their corresponding
attenuation coefficients ( and

) and refractive indices( and

)

The generated optical constants, consisting of the attenuation coefficient and refractive index, for
the 1200, 1600, 1700 and 2100 cm-1 regions, are shown in the figures below.
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SI1: The optical constants for the phosphate stretching region. The optical constants were
determined from vesicles consisting of DMPC/Chol/GM1 at a concentration of 0.144 v/v %. The
simulated PM-IRRAS spectrum was calculated by solving Fresnel equations using the transfer
matrix method where the thickness of the bilayer was taken as 5.9 nm at incidence angle of 57o
and a thin layer cavity thickness of 2.5 µm.
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SI2: The optical constants for the amide I stretching region. The optical constants were
determined by mixing cholera toxin with vesicles consisting of DMPC/Chol/GM1. The CTBbound vesicles were diluted in a 0.1 M NaF electrolyte to give a final CTB concentration of
0.0303 v/v %. The simulated PM-IRRAS spectrum was calculated using the transfer matrix
method where the thickness of the bilayer was taken as 5.9 nm and a cholera toxin height of 3.2
nm at incidence angle of 61o and a thin layer cavity thickness of 2.8 µm.
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SI3: The optical constants for the C=O stretching region. The optical constants were determined
by mixing cholera toxin with vesicles consisting of DMPC/Chol/GM1. The CTB-bound vesicles
were diluted in a 0.1 M NaF electrolyte to give a final CTB concentration of 0.144 v/v %. The
simulated PM-IRRAS spectrum was calculated using the transfer matrix method where the
thickness of the bilayer was taken as 5.9 nm and a cholera toxin height of 3.2 nm at incidence
angle of 61o and a thin layer cavity thickness of 2.8 µm.
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SI4: The optical constants for the C-D stretching region. The optical constants were determined
from vesicles consisting of DMPC/Chol/GM1 at a concentration of 0.144 v/v %. The simulated
PM-IRRAS spectrum was calculated using the transfer matrix method where the thickness of the
bilayer was taken as 5.9 nm at incidence angle of 60o and a thin layer cavity thickness of 2.2 µm.
Comparison of specific and non-specific binding of CTB to the membrane:
A bilayer, consisting of DMPC/Chol (70:30 mol %), was incubated in a CTB solution, according
the method presented in this work, to measure the effects of non-specific CTB adsorption to the
surface of the membrane. SI xA shows the PM-IRRAS spectra as a function of the electrode
potential and SI xB compares the intensity of the PM-IRRAS spectra of bound CTB in the
absence and presence of GM1 at a potential of 160 mV vs. SCE. The intensity of the nonspecific CTB spectra (red) is less than 10% of that in the presence of GM1 (blue). Therefore, the
amount of non-specifically bound CTB in this study would be negligible in the
DMPC/Chol/GM1 bilayer studies since the number of available sites for non-specific binding
would be greatly reduced by specifically bound protein.
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SI 5: A) PM-IRRAS spectra of CTB bound to the membrane in the absence of GM1 as a
function of electrode potentials. B) The comparison of CTB in the absence and presence of
GM1 at an electrode potential of 160 mV.

Deconvolution of CD stretch bands

Figure SI 6. Deconvolution of CD stretch bands in PM-IRRAS spectra recorded at individual
potentials.
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SI7: The Fourier self-deconvolution of the C-D stretching region of the DMPC/Chol/GM1
bilayer with bound cholera toxin B subunit

Figure SI 8: Angle between the transition dipole moment of the C-D stretching vibrations and
the surface normal as a function of electrode potential for a three-component membrane in the
absence (open points) and presence (solid points) of bound toxin.

Generalized two-dimensional correlation spectroscopy (2D-COS)
Generalized two-dimensional correlation spectroscopy (2D-COS) is a technique which
simplifies the visualization of complex spectra consisting of overlapping bands and enhances the
spectral resolution by spreading spectral peaks over the second dimension.54 In generalized 2DCOS, 2D spectra are generated from a set of sequentially obtained spectral data for a given
sample influenced by an external perturbation that induces variations in the spectral features
(intensity). For the studies described in this paper, the external perturbation is the potential
applied to the gold electrode (E). To generate the 2D correlation spectra, dynamic spectra must
be calculated first. A dynamic spectrum (( ~
y  , E  ) is defined as54;

 y( , t )  y ( ) for Emin  E  Emax
y ( , E )  
;
0
otherwise


1

where y( , E ) is the spectral intensity variation observed as a function of a spectral variable 
(wavenumber) during an interval of the external variable E between Emin and Emax and y ( , E ) is
the reference spectrum of the system. The dynamic spectra are transformed into two dimensional
spectra by cross-correlation analysis. This analysis involves a quantitative comparison of the
patterns of spectral intensity variations along the external variable E observed at two
independently chosen spectral variables, 1 and 2, over the interval Emin to Emax. The resulting
2D correlation spectrum can be expressed as54:
(1 , 2 )  ~
y (1 , E )  ~
y ( 2 , E ' )

where the symbol

2

is a cross-correlation function defined as;

C E,   ( ) ( E )

3

Two types of spectra, synchronous and asynchronous correlation spectra, are generated
from the dynamic spectra. These two spectra are obtained by treating the 2D correlation
spectrum as a complex number function;
(1 ,2 )  (1 ,2 )  i(1 ,2 )

4

where Ф(1, 2) corresponds to the synchronous component and Ψ(1, 2) is defined as the
asynchronous component. The synchronous 2D correlation intensity Ф (1, 2) represents the
simultaneous changes of a measured spectral series, whereas the asynchronous 2D correlation
intensity Ψ(1, 2) represents the sequential changes in the spectral intensity variations.
Synchronous spectra are always symmetrical along the diagonal and have peaks along the
diagonal (1=2), defined as autocorrelation peaks or autopeaks. The intensity of these peaks
represents the strength of the band. The peaks off the diagonal are defined as cross-peaks and
represent a degree of correlation. When the cross-peak is positive then both peaks are changing
in the same direction; peaks are both increasing or decreasing at the same time. Negative crosspeaks indicate that the peaks are changing in opposite directions, with one decreasing while the
other is increasing. Asynchronous spectra are always anti-symmetrical along the diagonal and do
not have peaks on the diagonal. Based on the interpretation of the 2D-COS spectra, poorly
resolved bands (specifically the amide region) can be successfully deconvoluted. The
asynchronous 2D-COS spectra are susceptible to drifts in the background and to shifts in the
band position and hence were not employed in this study.

Fourier self deconvolution of the simulated and experimental PM-IRRAS spectra:
The PM-IRRAS absorbance spectra for the amide I region of a bilayer, consisting of
DMPC/Chol/GM1 (63:32:5 mol %), with bound CTB toxin contains many overlapping bands
with different directions in their transition dipole moments. Therefore, in order determine the
orientation of the bound toxin in the presence of an applied electric field, film, the various IR
absorbance bands must be deconvoluted into the individual band components. Unfortunately,
there is significant overlap between the various secondary protein structures, which makes it
difficult to precisely determine the number and location of the individual peaks within the amide
I spectral band. In order to assist with the resolution of the various peaks, a Fourier SelfDeconvolution (FSD) was applied to all spectral regions.

The results of the FSD function for the 1200, 1400, 1600, 1700 and 2100 cm-1 regions are
shown in Figure SI 9. The peak centers from the FSD merely provide starting values for the peak
centers within the specific spectral band, however, the true values for the peak centers were
obtained using spectral band decovolution.

SI9: The PM-IRRAS spectrum (top) Fourier self-deconvolution (middle) and second derivate
(bottom) function of the amide I stretching region of the DMPC/Chol/GM1 bilayer with bound
cholera toxin B subunit
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Polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) has been applied to determine the
conformation, orientation, and hydration of a monolayer of 2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-DL-Rlipoic acid ester (DPTL) self-assembled at a gold electrode surface. This Archaea analogue thiolipid has been recently
employed to build tethered lipid bilayers. By synthesizing DPTd16L, a DPTL molecule with a deuterium substituted
tetraethylene glycol spacer, it was possible to differentiate the C-H stretch vibrations of the phytanyl chains from the
tetraethylene glycol spacer and acquire the characteristic IR spectra for the chains, spacer, and lipoic acid headgroup
separately. Our results show that the structure of the monolayer displays remarkable stability in a broad range of
electrode potentials and that the phytanyl chains remain in a liquid crystalline state. The tetraethylene glycol chains are
coiled, and the IR spectrum for this region shows that it is in the disordered state. The most significant result of this study
is the information that in contrast to expectations the spacer region is poorly hydrated. Our results have implications for
the design of a tethered lipid membrane based on this thiolipid.

1. Introduction
1-33

Tethered bilayer lipid membranes (tBLMs)
are built by
self-assembling a thiolipid monolayer consisting of a hydrophobic
lipid tail and a hydrophilic spacer terminated with a mercaptofunctionality that anchors the thiolipid to a gold or mercury
electrode surface. The second leaflet of the bilayer is formed by
spreading unilamellar vesicles of phospholipids onto the thiolipid
monolayer. This architecture is designed to separate the hydrophobic portion of the membrane from the metal surface by a
hydrated hydrophilic spacer, mimicking the cytosol of a mammalian cell. Tethered lipid bilayers find applications in the basic
*Corresponding author. E-mail: jlipkows@uoguelph.ca.
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research of transmembrane proteins12-17,27 and in the development of biosensors.1,2,8,12-14,22,27,31,32
Recently, tBLMs assembled using the Archaea analogue thiolipid
2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-DL-R-lipoic
acid ester (DPTL) shown as molecule 1 in Figure 1 became an
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Figure 1. Models of the molecules used for the IR studies. The following colors were used to mark various atoms: C, black; O, red; H, green;

S, yellow.

has a lipoic acid headgroup containing a dithiol which acts as a
tether and an anchor to the Au surface. The middle part of the
DPTL molecule consists of the tetraethylene glycol spacer, which
was expected to have hydrophilic properties. The tail of the molecule is formed by two isoprenoid chains, which are highly hydrophobic. The bilayers formed by this thiolipid display very good barrier properties and the hydrophilic tetraethylene glycol sections of
the molecules are believed to provide the hydrated layer that separates the hydrophobic phytanyl chains from the metal surface.23
The objective of the present work is to determine the orientation, conformation, and extent of hydration of the polar headgroups of DPTL monolayers assembled at the Au(111) electrode
surface using polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS). To assist with the interpretation
of the IR spectra of DPTL, additional transmission spectra for
tetraethylene glycol (TEG) (hydrophilic spacer, molecule 2) and
benzyl lipoate (BLA) (the tether, molecule 3) were measured. The
molecular structures of these model compounds are given in
Figure 1. In addition, DPTL with deuterium substituted hydrogens in the TEG spacer was employed to separate C-H vibrations
in the tail and in the spacer. Various techniques have already been
applied to study films of the DPTL monolayer and films of
tethered lipid membranes. The thickness of these layers have
been investigated by surface plasmon resonance (SPR) spectroscopy and quartz crystal microbalance measurements, the
electronical properties have been studied by electrochemical
impedance spectroscopy (EIS), and reflection absorption IR
spectroscopy (RAIRS) characterizations have been performed
Langmuir 2009, 25(17), 10354–10363

on the monolayer in air.26 We will demonstrate that the PMIRRAS technique employed in the present work allows for the
performance of in situ experiments and determining the influence
of the electric field applied to the electrode on the hydration of the
polar region of the molecule and on the packing and conformation of its phytanyl chains.

2. Experimental Section
Reagents, Solutions, and Electrode Materials. Gold single

crystals, prepared as described in ref 34, were used as working
electrodes for electrochemistry and PM-IRRAS measurements.
Prior to each electrochemical experiment, the working electrode
was flame-annealed, cooled first in air and then in water, and
transferred to the electrochemical cell under protection of a drop
of water covering its surface. A flame-annealed gold coil was used
as the counter electrode. The reference electrode was an external
saturated Ag/AgCl electrode (+197 mV vs SHE). For the PMIRRAS experiments, the Au single crystal was flame-annealed,
cooled, and thoroughly dried before it was mounted into the
electrochemical IR cell equipped with a Pt foil as the counter
electrode. A saturated Ag/AgCl reference electrode was used for
the IR measurements as well (+197 mV vs SHE). In this paper, all
potentials are referred to the Ag/AgCl scale.
Prior to all experiments, the glassware was cleaned in acid
(1:3 mixture of HNO3 and H2SO4) and thoroughly rinsed with
Milli-Q and Milli-Q UV plus (Millipore, Bedford, MA) water
(g18.2 MΩ cm). The electrochemical cell was soaked in Milli-Q
water overnight and rinsed again. The IR cell was soaked in
(34) Richer, J.; Lipkowski, J. J. Electrochem. Soc. 1986, 133, 121.
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Milli-Q water for several hours, rinsed again, and then dried
overnight. A 0.1 M NaF (suprapur, EM Industries, Hawthorne,
NY) solution was used as supporting electrolyte. The NaF was
always cleaned for 30 min in an ozone chamber (UVO cleaner,
Jelight, Irvine, CA) before making the solutions. All aqueous
solutions were prepared from ultrapure water purified by using a
Milli-Q UV plus water system with resistivity > 18 MΩ cm. Some
IR experiments were performed in deuterated water solutions
(D2O, Cambridge Isotope Laboratories, Cambridge, MA). All
electrolyte solutions were deaerated by purging with argon (BOC
Gases, Mississauga, Ontario, Canada) for at least 40 min before
starting the experiments, and an argon blanket was maintained
over the solution throughout the experiment.
The thiolipid DPTL was synthesized either at the Max Planck
Institute for Polymer Research in Mainz, Germany23 or at the
University of Guelph, Canada.30 The DPTL with deuterated tether
and linker was synthesized using the procedure described in ref 35.
The thiolipid was dissolved in methanol and deposited onto the Au(111) surface by self-assembly for a period of 12 h. After formation
of the self-assembled monolayer (SAM), the electrode was rinsed
with methanol and water (or deuterated water) before mounting
it into the electrochemical or spectroelectrochemical cell. All
measurements were carried out at room temperature (20 ( 2) C.
Electrochemical Measurements and Instrumentation. All
electrochemical measurements were carried out in an all glass threeelectrode cell using the working electrode in the hanging meniscus
configuration. Cyclic voltammetry and differential capacitance
measurements were used to check if the electrode and the electrolyte
solution were sufficiently clean. To measure the differential capacitance, an AC perturbation of 25 Hz frequency and 5 mV rms
amplitude was used. All electrochemical experiments were performed using a computer controlled system consisting of a HEKA
potentiostat/galvanostat PG590 (HEKA, Lambrecht/Pfalz,
Germany) and a 7265 DSP lock-in amplifier (EG & G Instruments,
Cypress, CA). Data acquisition was performed via a plug-in
acquisition board (RC Electronics, Santa Barbara, CA) and inhouse software. A series RC equivalent circuit was employed to
calculate the differential capacity curves from the in-phase and the
out-of-phase components of the AC current.
In addition, chronocoulometry was employed as a potentiostatic method to determine the charge density at the electrode
surface. In this series of experiments, the Au(111) electrode was
held at a base potential Eb = +200 mV for 120 s. Then the
potential was stepped to a variable value of interest Ec starting
from the most positive potential (+400 mV), and held constant
for another 120 s. The thiolipid was desorbed from the electrode
surface by stepping the potential to Edes = -1200 mV. The
current transient corresponding to desorption of DPTL was
measured during 0.15 s. The potential was then stepped back to
the base value of Eb = +200 mV. Integration of the current
transients gives the difference between charge densities at potentials Ec and Edes. The charge density curves measured with and
without DPTL merged at the most negative potentials. The
absolute charge densities for the electrode without the thiolipid
can be calculated knowing the potential of zero charge, Epzc =
+300 mV versus Ag/AgCl, determined independently. The absolute charge densities for the electrode covered with DPTL were
calculated assuming that at E = -1.2 V the charge density for the
electrode initially covered by DPTL is equal to the charge density
of the electrode without DPTL. The data processing is described
in detail in refs 30 and 34. The SAM was formed on the Au(111)
electrode immediately prior to each experiment.
Collection and Processing of Spectra. The PM-IRRAS
experiments were performed using a NEXUS 870 (Nicolet,
Madison, WI) spectrometer, equipped with an external tabletop optical mount, MCT-A detector, with a photoelastic modulator (PM-90 with II/ZS50 ZnSe 50 kHz optical head, Hinds
Instruments, Hillsboro, OR) and a demodulator (Synchronous
(35) Faragher, R. J.; Schwan, A. L. J. Org. Chem. 2008, 73, 1371.
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Sampling demodulator, GWC Instruments, Madison, WI). The
spectra were acquired using in-house software, an Omnic macro,
and a digital-to-analog converter (Omega, Stamford, CT) to
control the potentiostat (HEKA PG285) and to collect the spectra.
A BaF2 100 equilateral prism (Janos Technology, Townshend, VT)
was used as the IR window. Prior to each experiment, the window
was washed in methanol and in Milli-Q UV plus water and then
cleaned for 10 min in an ozone chamber (UVO cleaner, Jelight,
Irvine, CA.). The Au(111) electrode was exposed to the methanolic
thiolipid solution for ∼12 h and then assembled in the IR cell
which was sealed with the IR window and filled with the electrolyte
solution. After deaeration of the electrolyte, the potential of the
working electrode was set to a starting potential of E = 400 mV
versus the Ag/AgCl reference electrode and spectra were measured
for a series of potentials between +400 and -1100 mV by
changing the potential using 100 mV increments and recording
8000 scans at every applied potential. The instrument resolution
was 2 cm-1. At the end of an experiment, the blocks of scans
obtained at each value of the applied potential were individually
checked for bad scans, which were removed before averaging.
Measurements of IR spectra were carried out with the photoelastic modulator (PEM) set for half-wave retardation at either
2900 cm-1 for the CH stretching region, 1600 cm-1 for the CdO
stretching, the CH bending, and the CH wagging, twisting, and
rocking region, or 1200 cm-1 for the C-O-C stretching region. In
the CH stretching region, the angle of incidence of the infrared
beam was set to 53 and the thickness of the electrolyte layer
between the electrode and prism was ∼2 μm. These parameters are
chosen to obtain the maximal mean square electric field strength of
p-polarized radiation at the electrode surface. In the CdO stretching and CH bending, wagging, and twisting region, the angle of
incidence was set to 61 and the gap thickness was ∼3.5 μm. In the
C-O stretching region, the angle of incident light was 57 and the
gap thickness was 3 μm. The thickness of the thin layer between the
electrode surface and IR prism was determined by comparing the
experimental reflectivity spectrum of the thin layer cell, which is
attenuated due to the layer of solvent between the electrode and
the IR window, to the reflectivity curve calculated from the optical
constants of the cell constituents as described in ref 36.
The demodulation technique developed by Corn and co-workers37 was used in this work. After demodulation, two signals were
measured: the intensity average IA(ω) and the intensity difference
ID(ω).38 The two signals were convoluted with the PEM response
functions. We used a modified version of the method described
earlier by Buffeteau and co-workers39,40 to calculate the PEM
response functions. The details of these calculations are described
in ref 38.
After these corrections, the PM-IRRAS spectrum contains the
absorption of the IR beam by both the adsorbed molecules and a
background due to the absorption by the aqueous solution in the
thin layer. To subtract the background from the spectrum, a
baseline was constructed using a spline interpolation technique.38
The same wavenumber range was used to construct the spline for
all of the spectra. After applying all of these corrections, the signal
plot ΔS, which is proportional to the absorbance A of the
molecules adsorbed on the electrode surface (see eq 1), was used
to calculate ΔS(ω) defined as
ΔSðωÞ ¼

2ðI s -I p Þ
¼ 2:3A ¼ 2:3Γε
Is þ Ip

ð1Þ

(36) Li, N.; Zamlynny, V.; Lipkowski, J.; Henglein, F.; Pettinger, B. J. Electroanal. Chem. 2002, 43, 524.
(37) Green, M. J.; Barner, B. J.; Corn, R. M. Rev. Sci. Instrum. 1991, 62, 1426.
(38) (a) Zamlynny, V.; Zawisza, I.; Lipkowski, J. Langmuir 2003, 19, 132.
(b) Zamlynny, V.; Lipkowski, J. In Diffraction and Spectroscopic Methods in
Electrochemistry; Alkire, R., Kolb, D. M., Lipkowski, J., Ross, P. N., Eds.; WileyVCH: Weinheim, 2006; Vol. 9, pp 315-376. (c) Bin, X.; Lipkowski, J. J. Phys.
Chem. B 2006, 110, 26430.
(39) Buffeteau, T.; Desbat, B.; Turlet, J. M. Appl. Spectrosc. 1991, 45, 380.
(40) Buffeteau, T.; Desbat, B.; Blaudez, D.; Turlet, J. M. Appl. Spectrosc. 2000,
54, 1646.
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In eq 1, Is and Ip are the intensities of s- and p- polarized light, ε is
the molar absorption coefficient, and Γ is the surface concentration of the adsorbed species.
The integrated intensity of the absorption bands of molecules
adsorbed on a reflecting metal surface is proportional to the
square of the dot product of the transition dipole moment μ and
the electric field of the photon E:38,41
Z

Ad νjμEj2 jμj2 ÆE 2 æ cos2 θ

ð2Þ

where θ is the angle between the direction of the electric field of the
photon corresponding to the surface normal if the light is
p-polarized, and the transition dipole, μ, is the absolute value of
the transition dipole moment and ÆE2æ is the mean square electric
field strength of the photon. As the electric field of p-polarized IR
radiation is normal to the surface, the orientation of molecules at
the metal surface can be found if the direction of the transition
dipole can be related to the molecular geometry. For randomly
oriented molecules, cos2 θ = 1/3, and therefore, the orientation of
adsorbed species at the electrode-solution interface can be
determined by calculating the spectrum for randomly oriented
molecules from the isotropic optical constants using the following
relationship:41,42
R
Aexp dν
cos θ ¼ R
3 Acal dν
2

ð3Þ

where Aexp is the measured, background-corrected absorbance
of the DPTL film adsorbed on the Au(111) surface and Acal is
the absorbance calculated from the optical constants for reflection from the gold electrode surface using the optical matrix
method.38,41 If the direction of the transition dipole moment is
known, the orientation of the molecules forming the adsorbed
layer can be determined by relating the direction of the transition
dipole moment to the geometry of the molecule. Throughout the
interpretation of the IR data, it is assumed that the static electric
field at the surface does not affect the absolute value of the
transition dipole, so that the changes in the integrated band
intensities can be discussed in terms of the reorientation of the
molecules. This approach is widely used in IR studies of electricfield-driven transformations in thin films at electrode surfaces.36
For the calculation of Acal, a thickness of 4 nm is assumed for
the DPTL monolayer,26 the optical constants for gold, BaF2, and
CaF2 are taken from ref 43, and those for D2O and H2O from
ref 44. The optical constants for BLA, TEGL, DPTL, and DPTL
with deuterated lipoic acid and TEG moieties were determined
from transmittance spectra and are reported in the Supporting
Information as Figures SI 1, SI 2, SI 3, and SI 4, respectively. The
ab intio normal coordinate calculations are described in Supporting Information Figure SI 8. Animations of molecular vibrations
are available in the Supporting Information. (To see the movies
with Windows Media Player, click on the Play tab and select
Repeat before playing the movie. If the Windows Media Player is
higher than 9.0, it is recommended that you view the video in
QuickTime. In that case click, on the View tab and select Loop
before playing the video.)
The error analysis in the data acquisition and treatment has
been discussed in detail in ref 38b and 38c. The background
correction and the band deconvolution were the main sources of
errors. The band deconvolution involved a systematic error
related to the choice of the function used for band fitting
(41) (a) Allara, D. L.; Swalen, J. D. J. Phys. Chem. 1982, 86, 2700. (b) Allara, D.
L.; Nuzzo, R. G. Langmuir 1985, 1, 52.
(42) (a) Lipert, R. J.; Lamp, B. D.; Porter, M. D. In Specular Reflection
Spectroscopy; Mirabella, F. M., Ed.; Wiley: New York, 1998; p 83. (b) Popenoe,
D. D.; Stole, S. M.; Porter, M. D. Appl. Spectrosc. 1992, 46, 79.
(43) Palik, E., Ed. Handbook of Optical Constants of Solids II; Academic Press:
San Diego, 1998.
(44) Bertie, J. E.; Ahmet, M. K.; Eysel, H. H. J. Phys. Chem. 1989, 93, 2210.
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(Lorentzian, Gaussian, or mixed Lorentzian and Gaussian).
However, the bands in the PM-IRRAS spectrum and in the
spectrum calculated from the optical constants have similar
shape. Therefore, the same function has always been used to
deconvolute PM-IRRAS and spectra calculated from the optical
constants. Using this approach, when the same spectra were
deconvoluted using different band shapes (Lorentzian or mixed
Gaussian and Lorentzian), the differences between the angle θ
determined from the integrated band intensities were less than 2.
We have observed that the overall reproducibility of the integrated band intensity measurements in the PM-IRRAS spectra
was better than 4%. Using the procedure described in ref 36, the
thickness of the thin layer of D2O or H2O between the Au
electrode and the BaF2 window can be determined with the
precision of (0.2 μm. This error contributes to the uncertainty
of the intensity of the calculated spectrum of less than 1%. Our
conservative estimate of the error in the angle θ for the transition
dipoles of the vs(CH3), vs(CH2), and v(CD2) bands is ∼5.

3. Results and Discussion
Electrochemistry of the System. The metal-solution interface behaves as a capacitor. Therefore, formation of the thiolipid
monolayer and the range of potentials for which the monolayer is
stable at the Au(111) electrode surface can be determined by
measuring the differential capacitance of the interface. Figure 2A
shows the differential capacitance curves recorded for the filmfree Au(111) electrode (black dashed curve) and for the electrode
covered by the SAM of either DPTL (red curve) or DPTd16L (blue
curve). In the presence of the SAM, the capacitance decreases
significantly and attains a minimum value of 0.81 μF cm-2 for the
electrode covered by DPTL and 0.60 μF cm-2 for DPTd16L.
The capacity increases slightly when the potential is decreased
from +450 to -600 mV. At potentials more negative than E =
-600 mV, the capacitance increases steeply, indicating that the
films are detached from the surface. At E e -1.05 V, the
capacitance for the electrode initially covered by the SAM
becomes equal to the capacitance of the SAM-free electrode,
indicating that the SAM is totally desorbed from the surface.
The differential capacitance curves shown in Figure 2A are in
good agreement with similar plots published earlier for DPTL.26,30
The charge density data presented in Figure 2B provide additional
information about the properties of the SAMs. The adsorption
of the SAM leads to a significant increase of the charge density
at the electrode surface. At E > -0.6 V for DPTL and
E > -0.5 V for DPTd16L, the charge densities attain a value of
∼20 μC cm-2. We have previously30 demonstrated that for DPTL
this value of the charge density corresponds to the packing density
of the SAM being equal to (2.2 ( 0.2)  10-10 mol cm-2. Since the
same charge densities are observed for the electrode covered by
monolayers of DPTL and DPTd16L, we can conclude that the
films of these two thiolipids have the same packing densities.
Overall, the monolayers formed by these two compounds display
very similar behavior, although the SAM of DPTd16L is desorbed
at slightly less negative potentials than the SAM of DPTL.
PM-IRRAS Studies. PM-IRRAS measurements provide
unique information regarding the changes in the conformation,
orientation, and state of hydration of the thiolipid monolayer as a
function of the applied potential. Below, the discussion of the IR
spectra is divided into sections describing studies of the phythanyl
chains, the tetraethylene glycol spacer unit, and the lipoic acid
headgroup.
The Phytanyl Chains. Figure 3A compares the spectra in the
CH stretch region calculated using the optical constants of the
three molecules whose structures are shown in Figure 1. Random
orientation of the molecules was assumed in the calculations.
DOI: 10.1021/la900907d
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Figure 2. (A) Differential capacity and (B) charge density curves
for a film-free Au(111) electrode (black dotted line) and the electrode covered by self-assembled monolayers of DPTL (red line) and
DPTd16L (blue line) in a 0.1 M NaF supporting electrolyte solution.

The IR spectra of TEG and BLA illustrate the contributions of
the tetraethylene glycol spacer and the lipoic acid headgroup to
the overall band intensity in this spectral region. These spectra
show that contributions from CH stretches of the spacer and the
headgroup to the overall band intensity are small and that the CH
stretches of phytanyl chains dominate the spectrum of the DPTL
molecule. This point is illustrated further by the spectrum for a
film of DPTd16L molecules in which eight CH2 groups in the
tetraethylene glycol moiety were deuterium substituted. The
spectrum of DPTd16L shows only small changes, in comparison
with the spectrum of DPTL. Overall, the spectra for the CH
stretch region of DPTL and DPTd16L agree well with the spectra
of diphytanoylphospholipids reported previously in the literature.26,45,46 To minimize the contribution from CH2 groups of the
spacer to the overall band intensity, further studies of the CH
stretch region were performed using the DPTd16L molecule. The
spectrum of DPTd16L has been deconvoluted using Fourier selfdeconvolution to identify the number of peaks under the band
envelope and their positions. The band fitting was then performed
using a Lorenzian function to model the shape of each peak.
(45) Mancuso, C. A.; Nichols, P. D.; White, D. C. J. Lipid Res. 1986, 27, 49.
(46) Gauger, D. R.; Binder, H.; Vogel, A.; Selle, C.; Pohle, W. J. Mol. Struct.
2002, 614, 211.
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The deconvoluted bands are shown in Figure 3B. The CH stretching region of diphytanoylphospholipids contains more bands than
the spectra of saturated or monounsaturated phospholipids.47,48
To assign these bands, the ab initio normal coordinate quantum
chemical calculations were performed. The calculations provided
a display of animated vibrations at selected band frequencies
which allowed the band assignment. The files showing animated
methyl symmetric stretches at the terminal end and in the middle
of the isoprenoid chains and the stretches of the methylene group
are shown in the Supporting Information.
The calculations revealed that the band at ∼2843 cm-1,
previously identified as a split symmetric CH2 stretch46 (vs(CH2)),
actually corresponds to symmetric stretches (vs(CH3-t)) of terminal methyl groups of the phytanyl chains (two methyl groups at
each chain). The band at ∼2854 cm-1 is chiefly due to symmetric
stretches of the methylene groups. It overlaps with the band at
∼2868 cm-1 corresponding to the symmetric stretches of methyl
groups in the middle of phytanyl chains (vs(CH3-m)). The
animations shown in the Supporting Information illustrate that
these two last vibrations are significantly coupled.
The region from 2875 to 3000 cm-1 of the PM-IRRAS spectra
contains many peaks. Normal coordinate calculations demonstrated that the band at ∼2958 cm-1 corresponds to the asymmetric stretching of the methyl groups in the middle of the
phytanyl chains (va(CH3-m)). The strong band at ∼2927 cm-1
corresponds to the overlapping asymmetric methylene (va(CH2))
and asymmetric methyl stretches of the terminal methyl groups
(va(CH3-t)). The intensity of this band changes little upon
deuteration of eight CH2 groups in the tetraethylene glycol spacer,
indicating that the contribution of the vibrations of the methyl
groups in the phytanyl chains to the overall band intensity is
significant. The low frequency shoulder of the ∼2927 cm-1 band
consists of overlapping C-H stretches (v(CH)) of the C-H bonds
adjacent to the methyl groups in phytanyl chains at ∼2915 cm-1
and Fermi resonances between the overtones of the symmetric
bending mode and symmetric methyl and methylene stretches52 at
∼2899 cm-1. Due to the complex nature of this spectral region, its
deconvolution is subject to significant uncertainty. Therefore,
further discussion of the conformation and orientation of the
phytanyl chains will be based on the analysis of the three bands in
the 2825-2875 cm-1 region.
Figure 4 shows the PM-IRRAS spectra for a SAM of DPTd16L
determined for the selected electrode potentials indicated in the
figure. For comparison, the top thick line corresponds to the
spectrum calculated for a film of randomly oriented DPTd16L
molecules. For vs(CH2), vs(CH3-m), and vs(CH3-t) vibrations, the
band centers and FWHM in the deconvoluted spectra are plotted
in Figure SI 5 of the Supporting Information. There are two pieces
of information one can glean from the inspection of these spectra.
First, the SAM spectra do not change significantly with the
electrode potential, even after desorption from the electrode
surface. Second, the bands for CH2 stretches are apparently
red-shifted relative to the bands in the randomly oriented sample.
The frequencies of the vs(CH2) band in the SAM correspond
to 2855 ( 2 cm-1, independently of the applied potential.
The uncertainty of the band position reflects the uncertainty
(47) Fringeli, P. U. Z. Naturforsch. 1977, 32c, 20.
(48) (a) Zawisza, I.; Lachenwitzer, A.; Zamlynny, V.; Horswell, S.; Goddard, J.
D.; Lipkowski, J. Biophys. J. 2003, 85, 1. (b) Bin, X.; Zawisza, I.; Goddard, J. D.;
Lipkowski, J. Langmuir 2005, 21, 330.
(49) Casal, H. L.; Mantsch, H. H. Biochim. Biophys. Acta 1984, 779, 381.
(50) Mantsch, H. H.; McEchaney, R. N. Chem. Phys. Lipids 1991, 57, 213.
(51) Mitchell, M. L.; Dluhy, R. A. J. Am. Chem. Soc. 1988, 110, 712.
(52) MacPhail, R. A.; Strauss, H. L.; Snyder, R. G.; Elliger, C. A. J. Phys. Chem.
1984, 88, 334.
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Figure 3. For the C-H stretching region in the IR spectrum: (A) comparison of the spectra calculated for a monolayer of randomly oriented
molecules for DPTL (curve 1, black line), DPTd16L (curve 2, blue line), TEG (curve 3, red line), and BLA (curve 4, green line);
(B) deconvolution of the IR spectrum for a monolayer of DPTd16L. All spectra were calculated using optical constants determined from
transmission spectra of these compounds dissolved in CCl4. The optical constants are reported in Figures SI 1-4 of the Supporting
Information. The deconvoluted bands used for quantitative analysis are plotted in color.

Figure 4. PM-IRRAS spectra in the C-H stretching region of a
monolayer of DPTd16L self-assembled at the Au(111) surface. The
spectra were recorded in 0.1 M NaF solution in D2O at the selected
potentials indicated in the figure.

associated with the deconvolution procedure, and within the
experimental error it is equal to the frequency of the vs(CH2) in
a stack of multiple bilayers of diphytanoylphosphatidylcholine.46
For the n-alkanes, frequencies of the vs(CH2) band smaller than
2850 cm-1 are characteristic of the gel state of the bilayer in which
the chains are fully stretched and assume an all-trans conformation.49-51 Higher frequencies indicate that the chains are partially
melted and contain a fraction of gauche conformations. The
phase transition temperature for DPTL was determined26a to be
-83 C. Therefore, the frequencies of the vs(CH2) band are
consistent with the liquid state of the phytanyl chains.
For the symmetric methyl and methylene stretches, the integrated intensities of the deconvoluted bands were calculated and
the angle between their transition dipoles and the surface normal
were determined using eq 3. The tilt angles are plotted as a
function of the electrode potential in Figure 5. The spread of the
tilt angle values chiefly reflects the uncertainty associated with the
deconvolution procedure for the bands. The tilt angles are
essentially independent of the electrode potential. The average
value of the angle for the symmetric stretch of the terminal CH3
group is equal to 48 ( 5. This number is close to the value of 54,
which is expected for random orientation of the terminal group
Langmuir 2009, 25(17), 10354–10363

Figure 5. Angle of the transition dipole moment with respect
to surface normal plotted as a function of the electrode potential for the symmetric stretch of the terminal methyl vs(CH3-t)
(O), the symmetric stretch for the methyls in the middle of
the chain vs(CH3-m) (0), and the symmetric methylene stretch
vs(CH2) (9).

and suggests that the terminal methyl groups can freely rotate in
the monolayer.
The angle between the transition dipole of the methyl groups
in the middle of the chain and surface normal is much larger,
66 ( 5. It has a magnitude that is comparable to the angle
between the transition dipole of the symmetric methylene stretch
which is equal to 61 ( 5. The transition dipole of the vs(CH2)
band is oriented along C2 of the methylene group. The direction of
the transition dipole of the vs(CH3-m) band coincides with
the direction of the C3 axis of the methyl group. Consequently,
the transition dipoles of these two vibrations are oriented at an
angle of 90 with respect to the all-trans isoprenoid chain.
Assuming the all-trans conformation for the chains, their tilt with
respect to the surface normal should be between 29 ( 5 and 25 (
5. However, the chains are in the liquid state, and hence, these
tilt angles should be used only as a very rough approximation.
The Tetraethylene Glycol Spacer. The IR spectra of the
ethylene glycol spacer consist of v(CC) and v(CO) stretches in
combination with CH2 stretching, wagging, rocking, and twisting.
The CH2 stretching bands of the spacer overlap with the stretches
of CH2 groups in phytanyl chains. However, in DPTd16L, the CD2
DOI: 10.1021/la900907d
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Figure 7. For the 1500-900 cm-1 spectral region: IR spectra
of monolayers of randomly oriented molecules at the Au(111)
electrode surface calculated using optical constants: DPTL (black
line); TEG (red line); BLA (green line).

Figure 6. For the C-D stretching region in the IR spectrum of
DPTd16L: (A) PM-IRRAS spectrum for the SAM of DPTd16L
at the Au(111) electrode surface measured in 0.1 M NaF in
H2O solution. This is the average spectrum averaged for all
potentials measured. (B) Spectrum for a monolayer of randomly
oriented DPTd16L molecules at the Au(111) electrode surface
calculated using the optical constants reported in the Supporting
Information. Lorenzian functions were assumed for the band
deconvolution.

vibrations of the spacer are shifted to lower wavenumbers and
may be used to determine the orientation of this segment of the
molecule. Figure SI 6 of the Supporting Information shows the
spectra of the SAM in the CD2 stretch region acquired at selected
electrode potentials. The signal-to-noise is poor, since these bands
are clearly weak; however, they do not change with the electrode
potential. Therefore, the bands recorded at individual potentials
were added to give the average spectrum shown in Figure 6A. For
comparison, Figure 6B plots the spectrum calculated from the
optical constants for a monolayer of randomly oriented molecules. The amplitude of the bands in the spectrum for randomly
oriented molecules is significantly larger than that in the average
measured spectrum, and hence, the two spectra are plotted in
separate panels. The shape of these bands is consistent with the
spectra published for deuterium substituted polyethylene oxide
(PEO-d4).53 This spectral region is dominated by the asymmetric
va(CD2) and symmetric vs(CD2) stretches. In the transmission
spectrum of a DPTd16L solution in CCl4, these bands have
maxima at 2183 and 2083 cm-1, respectively. In the spectrum
of the SAM, these bands are narrower and the va(CD2) stretch is
significantly red-shifted with respect to the band measured in
the solution. Consequently, the maxima of the two bands are
(53) (a) Tadokoro, H.; Chatani, Y.; Yoshihara, T.; Tahara, S.; Murahashi, S.
Makromol. Chem. 1964, 73, 109. (b) Yoshihara, T.; Tadokoro, H.; Murahashi, S. J.
Chem. Phys. 1964, 41, 2902. (c) Takahashi, Y.; Tadokoro, H. Macromolecules.
1973, 6(9), 672.
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observed at 2171 and 2083 cm-1, respectively. Their positions
almost coincide with wavenumbers of the C-D stretches observed
in helical PEO-d4 (2171 and 2082 cm-1),53b suggesting that the
tetraethylene spacer is coiled in the SAM. By calculating integrated intensities of the C-D stretch bands and using eq 3, the
angle between the direction of their transition dipoles and
the surface normal could be calculated. These angles are equal
to 74 ( 5 for the two bands.
The C-O-C stretch bands located in the 1400-900 cm-1
region provide further information concerning the orientation of
the ester group and about the conformation of the polyethylene
glycol spacer. This is a dense spectral region which also contains
bands of the lipoic acid anchor and wagging bands of the phytanyl
chains. This point is illustrated by Figure 7 which compares
spectra for randomly oriented monolayers of DPTL, TEG, and
BLA calculated using the optical constants determined for solutions of these species. The following bands from the BLA anchor
may overlap with the bands of the PEG spacer: 1384, 1355, 1316,
1235, 1214, 1170, 1092, 1083, 1035 (shoulder), 1018 cm-1.
Figure 8A shows the deconvolution of the spectrum of randomly oriented DPTL molecules, and Figure 8B shows the PMIRRAS spectrum of the SAM of DPTL. The PM-IRRAS spectra
recorded at different potentials are shown in Figure SI 7 of the
Supporting Information. These spectra do not change with
potential. Therefore, the spectra were added to improve S/N
and averaged. Figure 8A plots the average spectrum. When
compared with the RAIRS spectrum of the SAM of DPTL
measured in air previously,26a the PM-IRRAS spectrum of the
SAM in solution shows bands at ∼1040 and 945 cm-1 that were
not observed in the RAIRS spectrum. Consequently, Figure 8B
gives a more complete fingerprint of the tetraethylene glycol
spacer region in the IR spectrum of DPTL. The frequencies of
the bands assigned to the TEG spacer in the solution of DPTL in
CCl4 and in the SAM are listed in Table 1 where they are
compared to the frequencies of the bands in the 7/2 crystalline
and melted (amorphous) polyethylene glycol (PEG).
The 7/2 crystalline PEG has a helical structure made of seven
CH2CH2O units and two helical turns per fiber period.53 In the
helix, the internal rotations around the O-CH2, CH2-CH2, and
CH2-O bonds are trans, gauche, and trans, respectively. Therefore, in a crystalline PEG, the repeating COCCOC adopts the
TGT conformation. The transition dipoles of IR bands for the
helical conformation are oriented either parallel (A2 symmetry) or
Langmuir 2009, 25(17), 10354–10363

Leitch et al.

Figure 8. Deconvolution of the IR spectra of DPTL in the 1425900 cm-1 spectral region: (A) monolayer of randomly oriented
molecules calculated using the optical constants; (B) average PMIRRAS spectrum for the SAM averaged for all potentials investigated. The decomvoluted bands plotted in color are discussed in
the text.

perpendicular (E1 symmetry) to the helix axis.53,54 In solution55 or
upon melting,54 the helical structure is lost and the repeating unit
adopts a distribution of TGT, TGG, GGG, TTT, TTG, and
GTG conformations. The frequency of the IR bands in the 1400900 cm-1 region of the molten PEG or PEG in solution can be
correlated with either trans or gauche conformation of the OCH2-CH2-O unit. This assignment of the IR bands for the
molten PEG is given in Table 1.
The shape and the IR band positions in the PM-IRRAS
spectrum are characteristic of a molten PEG, indicating that the
TEG spacer region is disordered. The spectrum for the SAM
shows a strong band at 1123 cm-1 which is close to the strong
band observed in crystalline PEG and hence may indicate
a significant presence of the TGT conformation. The intensity
of the 1148 cm-1 mode assigned to the trans conformation of
the O-C-C-O unit in alkylated linear thiols containing an
(54) Matsuura, H.; Miyazawa, T. J. Polym. Sci., Polym. Phys. Ed. 1969, 7, 1735.
(55) Koenig, J. L.; Angood, A. C. J. Polym. Sci., Polym. Phys. Ed. 1970, 8, 1787.
(56) Harder, P.; Grunze, M.; Dahint, R.; Whitesides, G. M.; Laibinis, P. E. J.
Phys. Chem. B 1998, 102, 426.
(57) Pertsin, A. J.; Grunze, M.; Garbuzova, I. A. J. Phys. Chem. B 1998, 102,
4918.
(58) (a) Valikas, R.; Svedhem, S.; Svensson, S. C. T.; Liedberg, B. Langmuir
1999, 15, 3390. (b) Valikas, R.; Svedhem, S.; Ostblom, M.; Svensson, S. C. T.;
Liedberg, B. J. Phys. Chem. B 2001, 105, 5459.
(59) Skoda, M. W. A.; Jacobs, R. M. J.; Willis, J.; Schreiber, F. Langmuir 2007,
23, 970.
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oligo-ethylene glycol (oligo-EG) chain56-59 is significantly reduced in the PM-IRRAS spectrum. In addition, the absence of
bands at 1326 and 992 cm-1 corresponding to the trans conformation of the O-C-C-O moiety is a further indication that
this unit adopts predominantly the gauche conformation in the
SAM. In contrast to the SAM, these bands are present in the
spectrum of DPTL in CCl4 solution where the spacer unit has
apparently a mixture of gauche and trans conformations. The
differences between the spectra for DPTL in the SAM and in the
solution indicate that the distribution of the O-C-C-O unit
conformations in these two systems is different. In addition,
bands with larger components of the transition dipole in the
direction normal to the surface appear stronger in the spectrum of
the SAM due to the surface selection rule.
The spectrum of the SAM of DPTL is significantly different
than the spectrum of a linear thiol having the structure HS
(CH2CH2O)xR with R being the n-alkyl group self-assembled
on gold, when the number of the repeat units in the oligo-EG
chain is larger than six.5,6,60 In these films, the oligo-EG segment
adopts the helical 7/2 conformation and the spectra are characteristic of the ordered crystalline structure. However, the
conformation of the TEG spacer in DPTL is in reasonable
agreement with the conformation of the oligo-ethylene glycol
chain in SAMs of oligo-EG terminated thiols with short
chains consisting of three to four repeat units. The IR spectra
of these SAMs are characteristic of a disordered state of the EG
chains.56-59 The conformation of oligo-EG chains in SAMs is
also influenced by their packing density. When thiols with
terminal oligo-EG chains are self-assembled at a silver surface,
which allows for a more close packing of thiol molecules, the
oligo-EG chains adopt the all-trans conformation.56,57 In the case
of DPTL, the two bulky phytanyl chains provide sufficient space
for TEG chains to coil and adopt gauche rather than the trans
conformation. Consequently, the TEG spacer is coiled, although
in the spacer layer the chains are packed irregularly to form a
disordered state. Recently, Skoda et al.59 demonstrated that
frequencies of the C-O-C stretching band in EG terminated
thiols are red-shifted upon hydration. In the case of DPTL, it is
more convenient to extract information concerning hydration of
the spacer layer from the analysis of the CdO stretching band
described below.
The Lipoic Acid Headgroup. The CdO stretching of the lipoic
acid ester group can provide useful information concerning
hydration of the headgroup.61-65 The top line in Figure 9 plots
the CdO stretching band calculated for a monolayer of randomly
oriented DMPC molecules from optical constants determined for
a solution of DPTL in CD3OD. The bottom trace in Figure 9
plots the band calculated from optical constants determined for a
solution of DPTL in CCl4. These two traces show a dramatic
effect of the solvent on the CdO stretching band. In the aprotic
solvent, CCl4, a single narrow and symmetric band centered at
1742 cm-1 is observed. In contrast, in the CD3OD solution, this
mode splits into three overlapping bands at 1740, 1720,
and 1700 cm-1. The shift of the CdO stretching band to lower
frequencies is caused by hydrogen bond formation between the
CdO group and the solvent.61-65 (To avoid the overlap of the
CdO stretching band with a very strong scissoring band of water
(60) Vanderah, D. J.; Gates, R. S.; Silin, V.; Zeiger, D. N.; Woodward, J. T.;
Meuse, C. W.; Valincius, G.; Nickel, B. Langmuir. 2003, 19, 2612.
(61) Mantsch, H. H.; McElhaney, R. N. Chem. Phys. Lipids. 1991, 57, 213.
(62) Blume, A.; Hubner, W.; Messner, G. Biochemistry 1988, 27, 8239.
(63) Hubner, W.; Mantsch, H. H. Biophys. J. 1991, 59, 1261.
(64) Lewis, R. N. A. H.; McElhaney, R. N.; Pohle, W.; Mantsch, H. H. Biophys.
J. 1994, 67, 2367.
(65) Hubner, W.; Blume, A. Chem. Phys. Lipids 1998, 96, 99.
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Table 1. Comparison of the IR Band Positions for Crystalline and Molten PEG with the IR Band Positions of the Tetraethylene Glycol Spacer in a
DPTL Solution in CCl4 and in the SAM at the Au(111) Electrode Surfacea
crystalline PEG53,54
-1

frequency (cm )
1364 m

molten PEG54

symmetry
E1

-1

frequency (cm )
1352m
1326w
1296m
1249m

mode
CH2 wag (gauche)
CH2 wag (trans)
CH2 twist
CH2 twist

DPTL in solution

1345s
A2
1283m
E1
1244m
A2
1236w
E1
1149s
E1
1140sh
C-O, C-C stretch, CH2 rock
C-O, C-C stretch, CH2 rock
1119s
E1
1107s
C-O, C-C stretch, CH2 rock
1102vs
A2
1038m
C-O, C-C stretch, CH2 rock
1062m
E1
992w
C-O, C-C stretch, CH2 rock (trans)
963s
A2
945m
CH2 rock (gauche); C-C stretch
947m
E1
a
The w, s, sh, and m symbols indicate weak, strong, shoulder, and medium strength bands, respectively.

Figure 9. PM-IRRAS spectra of the CdO stretching region in the

SAM of DPTL (middle traces) at the Au(111) surface measured in
0.1 M NaF in H2O at the selected potentials indicated in the figure.
The top and bottom traces show the spectra for randomly oriented
molecules calculated using optical constants determined for a
solution of DPTL in CD3OD (top trace, solid line) and in CCl4
(bottom trace, dotted line).

at ∼1640 cm-1, the hydrogen bond formation with the carbonyl
group is usually investigated in deuterium substituted solvents
such as CD3OD or D2O.) The splitting of this mode into three
bands indicates a partial solvation of the ester group and coexistence of different solvates. The band at 1742 cm-1 marks the
presence of a non-hydrogen-bonded group, and the two bands at
lower frequencies may be assigned to a partially solvated and to
the fully solvated group.
The five traces in the middle of Figure 9, collected at different
values of the electrode potential, correspond to PM-IRRAS
spectra of the SAM of DPTL molecules. The spectra display a
maximum at ∼1737 cm-1 and a broad shoulder at lower frequencies, which is analogous to the spectrum of DPTL in CD3OD
that can be deconvoluted into two bands with maxima at ∼1720
and ∼1700 cm-1. The presence of these bands indicates that in
0.1 M NaF solution the SAM has a mixture of nonhydrated,
partially hydrated, and fully hydrated ester groups. The ratio of
the integrated intensity of the 1737 cm-1 band in the deconvoluted
spectrum to the overall band intensity can be taken as a measure
of the fraction of the nonsolvated ester group in the SAM.
The open circles in Figure 10 show how this ratio changes with
the electrode potential. At the most positive potential, the fraction
of nonhydrated CdO groups is ∼50%. The fraction decreases
as the potential is decreased, attaining a value of ∼30% at
10362 DOI: 10.1021/la900907d

DPTL PM-IRRAS

1367m
1352m
1326w
1284w
1244m

1366m
1354m

1150sh
1122s
1103sh
1043m
994w
941m

1143sh
1123s
1102sh
1032m
∼980vw
946m

1290m
1249m

E = -600 mV, which indicates increasing hydration of the spacer
layer at these negative potentials. This change in hydration with
potential correlates well with a slow increase of the differential
capacitance of the interface shown earlier in Figure 2. At
potentials that are more negative than -600 mV, the monolayer
is desorbed from the gold surface and the spacer region is
apparently somewhat less hydrated in the desorbed state than
at E = -600 mV.
The direction of the transition dipole of the CdO stretching
band coincides with the direction of the CdO bond. The
integrated intensity of the band in a randomly oriented monolayer
calculated from optical constants determined for a solution of
DPTL in CCl4 agrees within 1% with the integrated intensity of
the band in the spectrum calculated using optical constants in
CD3OD. The differences in the solvation of the CdO group have
little effect on the integrated band intensity. Therefore, eq 3 can be
used to determine the direction of the transition dipole (and hence
the direction of the CdO bond) with respect to the surface
normal, from the ratio of integrated band intensities in the PMIRRAS spectrum and in the spectrum of randomly oriented
molecules calculated using the optical constants. The solid circles
in Figure 10 correspond to the angle between the direction of the
transition dipole and the surface normal (tilt angle of the
CdO bond) as a function of the electrode potential. Within the potential range +400 to -200 mV, the angle has a constant value of
∼66. As the potential is made more negative, the angle decreases.
The tilt angle corresponding to a random orientation is equal to
54. A decrease of the tilt angle therefore may indicate a more
random orientation of the ester group at the negative potentials.

4. Summary and Conclusions
We have applied PM-IRRAS to obtain molecular level information concerning the orientation, conformation, and hydration
of the self-assembled monolayer of DPTL at a Au(111) gold
electrode surface. The PM-IRRAS technique allowed us to collect
the IR spectra for the SAM at the electrode in solution under
potential control. In this way, the effect of the electrode potential
on the structure of the SAM could be assessed. The PM-IRRAS
spectra reported in this work are more complete than the RAIRS
spectrum of the DPTL SAM previously measured in air.26a Using
both DPTL and DPTd16L, a molecule with deuterium substituted
hydrogen atoms in the tetraethylene spacer, we were able to
separately analyze the properties of the phytanyl chains, the
tetraethylene spacer, and the lipoic acid headgroup of this
complex molecule.
Our results show that the SAM of DPTL displays a remarkable
stability in a broad range of potentials applied to the gold
Langmuir 2009, 25(17), 10354–10363
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vided significant information concerning the hydration of the
headgroup region. The IR data demonstrated that a significant
fraction of the ester group is not hydrated, which indicates that
the amount of water molecules in the spacer region is small.
DPTL monolayers have been initially employed26-29 to build
biomimetic systems assuming that the tetraethylene glycol spacer
behaves as a water-rich hydrogel. Our results indicate that pure
DPTL monolayers do not provide a water-rich spacer separating
a biomimetic membrane from the metal surface. This conclusion
is supported by independent neutron reflectivity measurements by
Vockenroth et al.66

Figure 10. For the SAM of DPTL at the Au(111) electrode in 0.1
M NaF solution: the angle between the direction of the transition
dipole of the CdO stretch and the surface normal (b) and the
fraction of nonhydrated carbonyl ester groups (O) plotted as a
function of the applied potential. The error in the reported fraction
of the nonhydrated CdO groups depends on the uncertainty of the
band deconvolution procedure and is reflected in the scatter of the
experimental points.

electrode. The orientation of the phytanyl chains does not change
even upon desorption of the monolayer from the electrode surface. In the desorbed state, the monolayer most likely remains in
close proximity of the electrode, retaining the laminar structure.
The O-C-C-O unit of the spacer exists predominantly in the
gauche conformation. The TEG is coiled but this section of the
monolayer is disordered. The large value of the angle between
transition dipoles of the CD2 bands in the TEG unit indicates that
the coils are extended and that their axis forms a small angle with
respect to surface normal. This conformation and the structure of
the spacer region are weakly dependent on the electrode potential.
The CdO stretching bands of the lipoic acid ester group pro-
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Figure SI 1 Isotropic Optical Constants for BLA obtained from the
transmission IR containing 0.6458 (v/v)% solution in CCl4 for the C-O
stretching/C-H bending (A), C=O stretching (B) and C-H stretching bending
(C) regions. The refractive index, n, and the attenuation coefficient, k, are
represented by a dotted and solid line respectively.
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Figure SI-2 Isotropic Optical Constants for TEG obtained from the
transmission IR containing 1.743 (v/v)% solution in CCl4 for the C-O
stretching/C-H bending (A) and C-H stretching bending (B) regions. The
refractive index, n, and the attenuation coefficient, k, are represented by a
dotted and solid line respectively.
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Figure SI 3 Isotropic Optical Constants for DPTL obtained from the
transmission IR containing 0.744 (v/v)% solution in CCl4 for the C-O
stretching/C-H bending (A), C=O stretching (B) and C-H stretching bending
(C) regions. The refractive index, n, and the attenuation coefficient, k, are
represented by a dotted and solid line respectively.
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Figure SI 4 Isotropic Optical Constants for DPTd16L obtained from the
transmission IR containing 0.221 (v/v)% solution in CCl4 for the C-D
stretching (A) and C-H stretching regions (B). The refractive index, n, and the
attenuation coefficient, k, are represented by a dotted and solid line
respectively.
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Figure SI 5: Peak centers (solid squares) and FWHMs (open squares) of the deconvoluted bands in
the CH stretch region of the PM IRRAS spectra of DPTd16L: A) vs(CH3-t), B) vs(CH3-m) and C)
vs(CH2) bands plotted as a function of the electrode potential.
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Figure SI 6: PM-IRRAS spectra for the C-D stretching region of the DPTd16L
molecules self assembled at the Au(111) electrode surface in 0.1M NaF/H2O
at selected electrode potentials. The top trace plots the spectrum of the
monolayer of randomly oriented DPTd16L molecules, calculated from the
optical constants. This spectrum was attenuated 5 fold in order to be plotted
on scale of PM IRRAS spectra.
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Figure SI 7: For the 1400-900 cm-1 spectral region, PM-IRRAS spectra for the SAM of DPTL
at the Au(111) surface in 0.1M NaF/H2O recorded at selected potentials indicated in the figure.
The top trace plots spectrum calculated from optical constants for a monolayer of randomly
oriented molecules.

Computational methods.
DPTL was examined with ab initio computations at the Hartree-Fock level with a split-valence
basis set, 3-21G*. The size of the DPTL molecule, 886 basis functions, limited the basis set to 321G*. Geometries, 558 degrees of freedom, were fully optimized. Harmonic vibrational
frequencies were predicted using analytic second derivative methods. Computations were carried
out with Gaussian03 Rev. C.02 1 on SHARCNET computers. The predicted harmonic vibrational
frequencies were scaled by 0.8953 as explained by Scott and Radom2 . Harmonic vibrational
frequencies were visualized including animation with Gaussview3.09 3 to assist in the
interpretation of the experimentally observed spectrum. The following files:CH3terminal.avi;
CH2.avi;CH3middle.avi attached separately to this supplementary material allow to see the
animations of vibrations corresponding to ~2843; ~2854;~2868 cm-1 bands.
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